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Abstract 

Diseases of the oral mucosa are highly prevalent and can be debilitating. Treatment options are 

restricted by the limited range of therapeutic agents that can be delivered to the oral cavity 

using existing dosage forms, which offer little site-specificity and result in short exposure 

times. Fibrous mucoadhesive formulations prepared using electrospinning are promising for 

oral mucosal delivery because of their flexibility and high surface area, which allows them to 

adhere and efficiently deliver therapeutic agents to the affected tissue. This emerging 

technology has been investigated previously for a narrow range of conventional therapeutic 

agents. To expand the potential for novel therapies, this thesis has further developed the 

technology to allow the delivery of functional proteins, peptides, and antibody-based therapies. 

Lysozyme, bradykinin, and F(ab) antibody fragments were incorporated into polymeric 

mucoadhesive patch formulations that contained poly(vinyl pyrrolidone) and Eudragit® RS100  

using electrospinning from ethanol/water solvent mixtures. These hydrophilic proteins were all 

eluted from the formulation over suitable timescales for oral mucosal delivery, within 

approximately 2 h. Proteins were stabilised by the polymer system during processing, resulting 

in highly conserved functionality. The formulation was investigated in greater detail for the 

delivery of cytokine-neutralising F(ab) antibody fragments to treat chronically inflamed 

autoimmune ulcers. Patches applied to tissue-engineered models of oral ulcers reduced 

detectable levels of key disease-causing molecules, providing the first experimental evidence 

that topical biologic therapies may be an effective treatment for oral diseases. Patches applied 

to tissue-engineered oral epithelia delivered a comparable dose of F(ab) to an equivalent dose 

in solution, providing preliminary evidence that patches may also be suitable for the systemic 

delivery of highly permeating peptides via the oral mucosa. 
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Chapter 1: Introduction 

1.1. Motivation 

Formulations for delivering medications to the inside of the mouth have, until recently, been 

greatly limited in the range of therapeutics that they can deliver effectively. This is the cause 

of many unmet clinical needs in oral medicine. Medicated polymer fibre-based oral patches 

prepared using electrospinning are a new technology offering numerous advantages including 

efficient drug release, site-specific delivery, increased exposure times, and flexibility. Further 

developing this technology for the delivery of peptide and protein drugs, classes of molecules 

which are particularly difficult to deliver with existing dosage forms, would introduce new 

treatment options for a wide range of debilitating mucosal conditions, including chronic oral 

ulcers caused by autoimmune disorders.  

1.2. Oral mucosa 

1.2.1 Anatomy 

The oral mucosa is the mucous membrane lining the oral cavity and consists of a stratified 

squamous epithelium, basement membrane, lamina propria and submucosa (Figure 1.1).4 The 

epithelium typically consists of five layers (stratum basale, stratum spinosum, stratum 

granulosum and stratum corneum) depending on level of keratinisation. The epithelium is made 

up of oral keratinocytes that originate in the stratum basale (basal layer), where they divide by 

uneven mitosis. In this process one daughter cell remains in the basal layer and is attached to 

the basement membrane where it can undergo further rounds of cell division.  Daughter cells 

migrate apically into the stratum spinosum. Once in the spinous layer, the keratinocytes lose 

the ability to divide and begin a programme of terminal differentiation as they progress into 

the stratum granulosum. Here, the keratinocytes contain membrane coating granules that 
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extrude lipids and these, along with the low intracellular volume, act as a highly efficient 

permeability barrier against hydrophilic materials.5 The keratinocytes finally enter the stratum 

corneum, where they can either shed their nuclei and increase keratin production to become 

keratinised or retain their nuclei and become non-keratinised, before eventually being lost to 

the oral cavity by desquamation. 

The hard palate, dorsum of the tongue and the gingiva are covered in masticatory, keratinised 

stratified squamous epithelium whilst the inner lips (labial mucosa), cheek (buccal) mucosa, 

soft palate and floor of the mouth are covered in lining mucosa that consists of a non-keratinised 

stratified squamous epithelium. Although oral keratinocytes make up 95% of the total cell 

number in the oral epithelium, other important cells are present including dendritic cells that 

perform immuno-surveillance roles and sensory Merkel cells. The surface of the epithelium is 

bathed in mucins (highly glycosylated proteins) and inorganic salts are primarily secreted by 

sublingual salivary glands. These cause the gelation of the outer layer into a protective and 

lubricating layer of mucous 40–300 µm thick followed by an additional 70 µm coating of 

saliva.4 

Basolateral to the oral epithelium is the lamina propria, a fibrous connective tissue layer where 

oral fibroblasts produce extracellular matrix, elastin, and type I and III collagen fibres. The 

lamina propria contains blood vessels and nerves. The submucosa beneath the lamina propria, 

which may or may not be present depending on the region of the oral cavity, consists of loose 

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

mucosa, such as that of the buccal mucosa, consists of approximately 40 to 50 epithelial cell 

layers,6 with an average thickness of 294 ± 68 μm.7 Epithelial thickness varies at different 

mucosal sites, with the floor of the mouth having the thinnest mucosa. 
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Figure 1.1. Histological (left) and schematic (right) image of the buccal oral mucosa (Histological image courtesy of Prof. 
Keith Hunter, Unit of Oral Pathology, University of Sheffield) Scale bar = 100 µm. 

1.2.2 Drug permeation 

The permeability of the oral epithelium is dependent on its thickness, lipid content in the 

granular layer and degree of keratinisation. In general, the higher lipid content in keratinised 

regions reduces the permeability.6 Oral mucosal permeability is lower than in the intestine due 

to greater thickness and lower surface area of the epithelium. There are multiple routes for a 

drug to pass through the oral mucosa and the predominant route depends on the 

physicochemical properties of the drug.8 Small lipophilic drugs such as fentanyl9 often partition 

into cell membranes, and so diffuse predominantly through the epithelial cells (transcellular 

route) and often cross the oral mucosa efficiently without any permeation enhancers. In the 

case of ionisable small molecule drugs, such as lamotrigine, the pH of the delivery system may 

be adjusted to favour the non-ionised form to promote transcellular diffusion.10 

Larger and more hydrophilic compounds, including peptides, tend to favour transport around 

keratinocytes (paracellular route) and are usually less well absorbed.11 For certain drugs, 

transcellular transport across the oral mucosa may occur via carrier-mediated transport. For 
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example, there is evidence that monocarboxylate12 and glucose13 transporters are expressed on 

the keratinocyte cell surface; therefore, drugs that are substrates for transporters may have 

increased epithelial uptake. 

Diseased oral tissue usually originates in the epithelium. For example, malignancy occurs due 

to genetic defects in the basal keratinocytes leading to uncontrolled cell division. Auto-

inflammatory diseases such as oral lichen planus occur as a result of immune cell-mediated 

damage of the stratum basale, whilst fungi such as Candida albicans can infect the upper 

epithelial layers causing oral candidiasis or denture stomatitis. The epithelium is the main drug 

delivery target for most oromucosal indications;14 therefore, the drug is required to permeate 

the epithelium to some extent to achieve therapeutic local concentrations. Many mucosal 

diseases produce lesions or ulcers in which the barrier properties of the epithelium are disrupted 

or absent, which may facilitate efficient topical delivery to the diseased tissue.  

Transmucosal delivery through the oral mucosa is of interest for the minimally invasive 

delivery of drugs with low oral bioavailability. To achieve systemic transmucosal delivery, 

drugs must efficiently permeate the intact sublingual or buccal epithelium and reach the 

underlying tissue, which is well vascularised, enabling rapid absorption into the bloodstream 

and bypassing first-pass metabolism.11 The oral mucosa has recently attracted attention as a 

site for vaccine delivery.15 Theoretically, the delivered antigen could induce the desired 

immune response by activating resident immune cells within the epithelium or lamina propria. 

RNA-based vaccines would need to be delivered to the cytoplasm of epithelial cells using 

membrane-permeable carriers to translate the encoded antigen. 

1.2.3 Current oromucosal drug delivery systems 

A variety of commercially available formulation types target the oral cavity. These have been 

reviewed by Hearnden et al.16 and some commercial examples are highlighted in Table 1.1. A 
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recent detailed market analysis on oromucosal formulations with a focus on systemic delivery 

has been published by Bastos et al.17 Mouthwashes are commonly used for the local delivery 

of antimicrobials and fluoride.18 Mucoadhesive gels, pastes, and hydrogel-forming films are 

also mostly used for topical delivery or to form protective layers over wounds, for example to 

treat ulcers and sores.19 Gels have also been trialled for the systemic delivery of analgesics20 

and anti-hypertensives.21 Buccal tablets and lozenges are used for both topical and systemic 

delivery and may include mucoadhesives. Here, drugs are released as the tablet dissolves, 

offering exposure times of up to 30 minutes.22 The tablets are typically applied on the inside of 

the lip, sandwiched between the buccal and gingival mucosa, and are easily dislodged if applied 

to other surfaces within the oral cavity. Buccal tablets are primarily used for systemic delivery 

of drugs with low oral bioavailability and have been developed with several drugs including 

opioid painkillers,22 nitroglycerin, and steroid hormones for hormone replacement therapy.16 

Buccal tablets have also been used for the local delivery of antifungals to treat oral 

candidiasis.23  

Similarly, films are thin polymer strips that usually dissolve rapidly when applied.16,24,25 They 

typically provide exposure times of less than thirty seconds. They are used for the systemic 

delivery of highly permeating drugs, are easy to self-administer, and enable rapid delivery due 

to the high blood flow in the oral mucosa. Films are in a late stage of development for the 

delivery of painkillers and antinausea drugs (IntelGenx corp.).  

 Patches are an emerging alternative dosage form for oromucosal drug delivery. They are 

flexible and can provide longer residence times than buccal films and tablets, lasting up to 15 

h.26 They can release drugs by dissolution or by diffusion, allowing a controlled release rate. 

Soluble patches are typically used to release drugs into the oral cavity for local delivery. 

Insoluble patches may also have an impermeable backing layer to promote unidirectional 

delivery into the oral mucosa. Besides drug delivery, buccal patches may also be useful on their 
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own as wound dressings for oral ulcers. Patches can consist of soluble or cross-linked polymer 

hydrogels27 or more recently of electrospun fibres.28  

Table 1.1 Commercial examples of oromucosal drug delivery systems 

Type Example Reference 

Mouthwashes Chlorhexidine mouthrinses are antibacterial 
and are used to treat gingivitis and periodontal 
disease (Periogard®, Proctor and Gamble) 

 

16 

Creams/ointments/gels/pastes Gelclair® mucoadhesive gel (EKR 
Therapeutics, Inc.) reduces the pain of mouth 
sores by providing a lubricating protective 
barrier 

 

Daktarin® oral gel (Johnson & Johnson) 
contains miconazole to treat fungal infections 
such as oral candidiasis 

 

16 

Sprays Mucosamin® spray (Professional Dietetics, 
S.p.A) contains amino acids and hyaluronic 
acid to promote regeneration of the oral 
epithelium thereby providing relief from oral 
mucositis 

 

29 

Tablets Buccastem M® buccal tablets (Alliance 
Pharmaceuticals, Ltd.) allow transmucosal 
delivery of prochlorperazine maleate to relieve 
migraine nausea 

30 
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1.3. Electrospun mucoadhesive materials 

1.3.1 Electrospinning 

Electrospinning uses a high voltage (5-30 kV) to produce polymer fibres with diameters 

ranging from 2 nm up to several µm from a polymer solution or melt.31 At least 16 electrospun 

medical devices are in late stages of regulatory or market approval, with the majority being 

used as surgical grafts, coatings for medical devices, or for tissue regeneration.1,32 The 

technique is particularly promising for drug delivery due to the high surface area of the 

resulting fibre mesh, which allows a drug to be incorporated and released at a controlled rate 

by either diffusion or the degradation of the fibres.33  

A typical electrospinning setup consists of a spinneret loaded with polymer solution, a high 

voltage power supply, and a grounded or charged collector (Figure 1.2 A). The power supply 

injects charge into the solution causing a stream to accelerate away from the tip due to the 

electrical repulsion overcoming surface tension and viscosity. A syringe is pushed at a 

controlled flow rate by a syringe pump to refill the spinneret tip. Polymer entanglements 

increase viscosity, leading to the formation of continuous fibre rather than droplets. The 

polymer stream undergoes whipping motions caused by electrostatic repulsions between bends 

in the stream, which further elongates the fibres.34 The solvent evaporates rapidly during the 

flight, leaving a mat of polymer fibres on the collector plate (Figure 1.3).  
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Figure 1.2 (A) Schematic diagram of typical electrospinning apparatus. A high voltage power supply injects charge into the 
metallic syringe tip causing a polymer jet to be ejected towards the grounded or oppositely charged collector plate. The jet 
dries during flight, depositing a micro- or nanofibre mesh. (B) Static collectors result in a randomly aligned mesh of fibres; 
moving collectors can be used to produce aligned fibres; patterned collectors result in textured membranes. (C) Multiple 
needles in combination with a moving collector allow increased output or the production of mixed fibre types; coaxial needles 
allow the production of core-sheath fibres with multiple polymer domains; needleless spinnerets allow many polymer jets to 
be produced simultaneous to give increased output. 

 

 

Figure 1.3. (A) Scanning electron microscopy image of fibres electrospun from a solution of Eudragit® RS100 and 
poly(vinylpyrrolidone) in ethanol/water using a static collector. Scale bar = 100 μm (B) Aligned polyhydroxyalkanoate blend 
fibres electrospun from chloroform using a rotating cylinder collector. Scale bar = 100 μm. Reproduced from J. Tissue Eng. 
Regen. Med. 2019, 13, 1581–1594 under CC BY 4.0.35 (C) Poly(3-hydrroxybutyrate-co-3-hydroxyvalerate) fibrous 
membranes with rectangular micropatterns electrospun from dichloromethane/methanol using a micropatterned static 
collector. Image courtesy of Dr Ílida Ortega Asencio, University of Sheffield. Scale bar = 1mm.  
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Several different types of collectors can be used for electrospinning, most commonly a static 

plate or a rotating drum (Figure 1.2 B). Rotating drums allow a more uniform membrane 

thickness or the collection of aligned fibres, which are typically less porous and have different 

surface and mechanical properties.31,36 Removable templates or device coating can also be used 

to produce a three-dimensional patterned surface.37 Solution and processing parameters affect 

fibre morphology, including diameter and the incidence of defects. These effects have been 

reviewed in detail.31 In general, higher solution conductivity and lower solution viscosity are 

associated with narrower fibres while viscosity must be suitable to counteract solution surface 

tension effects and allow a continuous stream to flow. 

Other modifications to the electrospinning technique include the production of fibres with 

multiple polymer domains using coaxial, triaxial, emulsion, or side-by-side electrospinning 

(Table 1.2 C).38–42 For drug delivery, these can be used to improve the processability of a drug-

containing phase using a second polymer phase or to influence release rate or surface properties 

by encapsulating the drug within a sheath. There has recently been interest in high throughput 

micro- and nanofibre production to allow more economical mass production. Needleless 

electrospinning involves injecting charge into a trough or surface containing polymer solution, 

causing many polymer jets to be produced simultaneously.43,44 Centrifugal 

spinning/electrospinning involves a heated rotating cylinder as the spinneret, which ejects 

molten polymer or solution through narrow outlets under centrifugal force or in combination 

with an applied electrical field. These techniques potentially enable high-throughput or solvent-

free production but are challenging to optimise and validate for biomedical applications.45 

Currently, arrays of uniaxial needles are routinely used to increase scale in industrial settings. 
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Table 1.2. Variations and modifications to the electrospinning technique 

Modification Type Application Reference 
Focusing ring Attachment Controlled jet shape 46

Solvent guard Attachment Prevents needle clogging 
Rotating mandrel 
collector 

Collector 
Aligned fibres, more uniform membrane 
thickness 

35

Belt collector Collector Increased output 47

Patterned collector Collector Patterned membranes 37

Coaxial Spinneret Multiple domain fibres 48

Side-by-side/Janus Spinneret Multiple domain fibres 42,49

Simultaneous 
electrospinning 

Spinneret and 
collector 

Mixed-fibre membranes 50

Multi-needle Spinneret Increased output 50

Needleless Spinneret Increased output 44

Centrifugal Spinneret Increased output 45

Emulsion Feedstock Multiple domain fibres 39

Sequential 
electrospinning 

Feedstock Multiple-layered membranes 50

Melt Feedstock Solvent free manufacture 51

In Situ mixing Feedstock Porous fibres 52

1.3.2 Biocompatible polymers 

It is important that the device and its components be non-irritant and non-toxic both in the oral 

cavity and in the gastrointestinal tract in case it is accidentally swallowed. The most commonly 

used polymers for electrospun drug delivery systems are biodegradable polyesters such as 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA), and 

poly(caprolactone) (PCL).53 These polymers, which have been extensively studied for use in 

orthopaedic devices where biodegradability is often desirable,54 are typically soluble in organic 

and halogenated solvents such as chloroform, dichloromethane (DCM), dimethylformamide 

(DMF), and tetrahydrofuran55 and have high tensile strengths.  

Biodegradable polyesters are also suitable for oromucosal devices as they are often non-

inflammatory over the relevant timescales, easily processed, easily sterilised, and have good 

shelf lives. These polymers are not typically adhesive but can be blended with a mucoadhesive 

or used as part of a composite system to improve residence time. Poly(ethylene glycol) (PEG), 
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poly(vinyl alcohol) (PVA) and poly(vinylpyrrolidone) (PVP) are commonly used water-

soluble polymers. These have been included in a wide variety of pharmaceutical products and 

are generally considered biologically inert,56,57 which makes them a good option for rapidly 

dissolving membranes or for increasing hydrophilicity in combination with an insoluble 

polymer.  

1.3.3 Mucoadhesive polymers 

The moistness of the oral mucosa makes it a challenging site for adhesion; therefore, 

mucoadhesives are often required to achieve acceptable residence times. Depending on the 

nature of the polymer, several different mechanisms may be involved in mucoadhesion. These 

include the effects of surface tension, dehydration, diffusion, electrostatic interactions, and 

chemical adsorption.58 Water-soluble polymers such as PVP swell rapidly, causing the 

dehydration of the mucus layer.58 The swelling results in intimate contact between the polymer 

and mucus glycoproteins and hydrates the polymers, further increasing the rate of diffusion 

into the substrate. Prolonged adhesion arises due to hydrogen bonding or ionic interactions 

between the interpenetrating polymers and glycoproteins.  

In general, higher molecular weight water-soluble polymers result in improved residence times 

due to slower dissolution and increased chain length for interpenetration.59 More flexible 

polymers with linear-chain configurations tend to diffuse more easily into the biological tissue, 

resulting in increased number of interactions and improved adhesion.60 Non-linear polymers, 

such as dextrans, are more bulky and less able to interpenetrate with the tissue. Polymers with 

similar surface chemistry to the glycoproteins are likely to be miscible and able to diffuse into 

the mucus.61  

Natural carbohydrate and protein polymers that have been widely reported to have 

mucoadhesive properties include chitosan,62 gelatin,63 hyaluronic acid,64 and alginates.65 These 
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polymers are charged at physiological pH; therefore, electrostatic interactions in combination 

with hydrogen bonding are likely involved in the adhesion mechanism. Synthetic polyionic 

polymers such as poly(acrylic acids), including Carbopol®,66 and the Evonik Eudragit® series 

have also shown mucoadhesive properties.67,68 Thiolated polymers such as thiolated chitosan69 

and thiolated hyaluronic acid,70 adhere by forming disulfide bridges with cysteine domains in 

mucins, resulting in adhesion through chemical adsorption. 

The mucoadhesive formulations investigated in this thesis are based on the work of 

Santocildes-Romero et al., who developed an electrospun mucoadhesive patch for the oral 

mucosa containing adhesive fibres made from a blend of PVP, Eudragit® RS100 (RS100), and 

poly(ethylene oxide) (PEO).67 PVP is a non-toxic water-soluble polymer that facilitates the 

hydration of the patch (Figure 1.4). The manufacturer states that RS100 is a statistical 

copolymer of ethyl acrylate, methyl methacrylate and trimethylammonioethyl methacrylate 

chloride (1:2:0.1 molar ratio, Mw = 32000 g/mol). It is insoluble in aqueous conditions, and so 

prevents the patch from dissolving but swells and becomes water permeable, allowing the patch 

to become rapidly hydrated. The high surface area associated with the microfibre morphology 

further increases the rate of hydration and brings the surfaces into contact through capillary 

action and osmotic pressure. Prolonged adhesion is most likely a result of electrostatic 

interactions involving the cationic RS100 segments as well as hydrogen bonding of both PVP 

and RS100 to the mucosa. PEO, a water-soluble polymer, is also included. PEO was found to 

reduce long-term mucoadhesion,67 likely due to the overhydration of the interface and PEO 

interacting less strongly with the mucosa than the other polymers. 
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Figure 1.4. Polymer components of the mucoadhesive layer of the Rivelin® patch. PVP and PEO promote swelling and initial 
mucoadhesion. Prolonged adhesion is likely caused by interpenetration and hydrogen bonding of carbonyl groups with 
glycoproteins in the mucus layer as well as electrostatic interactions involving the quaternary amine groups of RS100. 

1.3.4 Encapsulation and release of drugs and proteins 

There has been extensive research into medicated electrospun fibres for various drug delivery 

applications.53,71 These are typically prepared by adding drug to the polymer solution before 

electrospinning, which often results in highly efficient encapsulation. In general, drug 

compatibility with the solvent and the effect on solution properties, which affect 

electrospinning performance, are important considerations. Release of the drug is often rapid 

and efficient for hydrophilic fibres, which release the drug as they dissolve or swell.72 

Hydrophobic fibres are considered for controlled or sustained drug release. Drug release from 
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hydrophobic fibres is often bi- or trimodal, a phenomenon illustrated in an article by Wu et 

al.73 An initial rapid burst of first-order release is frequently observed due to desorption of drug 

at the fibre surface or within pores. Burst release is often more prominent for drugs with a 

lower affinity for the solvent, which tend to partition to the fibre surface during 

electrospinning.53 A period of sustained zero-order release is typical, often over a period of 

days or weeks, mediated by slow diffusion of the drug through the fused polymer structure.73 

For degradable fibres, a third stage may be observed in which the remaining drug is released 

as the fibres break down. Multiple-domain fibres are often considered for encapsulating drugs 

with incompatible solvent requirements or for tuning release kinetics. For example, coaxial and 

triaxial systems can be used to prevent burst release and achieve a sustained zero-order 

release.41,74 Alternatively, bioactive molecules may be chemically or physically adsorbed onto 

pre-formed fibres.75,76 

Protein encapsulation into synthetic polymer fibres by electrospinning has recently been 

reviewed by Moreira et al.77 There has also been considerable investigation into entirely 

protein-based fibres for tissue engineering purposes, as reviewed by Khadka et al.78 

Encapsulation within monolithic uniaxial fibres is generally achievable using non-denaturing 

aqueous polymer solutions,79 although this usually produces water-soluble materials with a 

limited range of uses. Chitosan is soluble in acidic solutions but insoluble at physiological pH. 

This has been exploited to allow encapsulation of proteins from an acidified aqueous solution 

within mucoadhesive gel-forming fibres.80  

Multiple studies have attempted to encapsulate proteins within hydrophobic fibres by fully 

dissolving them in an organic solvent mixture before electrospinning, for example with DMF 

as a protein-solubilising cosolvent. Eriksen et al. incorporated a fluorescent labelled 

antimicrobial peptide into PCL fibres by electrospinning with 19:1 chloroform/methanol.81 The 

peptides was found to aggregate into particles within the fibres and antimicrobial activity could 
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not be confirmed in inhibition zone assays, suggesting that the peptide may have been 

denatured. Gandhi et al. encapsulated an immunoglobulin G (IgG) antibody within PCL fibres 

using 60:40 w/w DMF/DCM with bovine serum albumin (BSA) as an excipient.82 At least 

some activity was observed in the partially-released antibody using a non-quantitative cell 

staining assay. 

To minimise exposure to denaturing solvents, emulsion or coaxial electrospinning have been 

investigated for protein encapsulation.77 Emulsion electrospinning involves emulsifying the 

aqueous protein phase with the organic polymer solution before electrospinning. Coaxial 

electrospinning uses concentric needles to allow the processing of separate solutions (a protein-

containing aqueous phase and an organic phase) such that the protein is encapsulated within 

the core of core-sheath fibres. Ji et al. compared coaxial and emulsion electrospinning for 

incorporating alkaline phosphatase into PCL fibres.83 PCL in 2,2,2-trifluoroethanol was used 

as the organic phase and PEO used to improve electrospinning performance of the aqueous 

phase. An enzymatic assay showed that the protein maintained 49% and 76% activity for 

emulsion and coaxial electrospinning respectively. Both materials provided sustained protein 

release over a period of 2-3 weeks, although release was slower for the coaxial fibres. A solid-

in-liquid emulsion strategy was used by Liu et al., who added lysozyme nanoparticles to a 

solution of PLGA in 2,2,2-trifluoroethanol before electrospinning.84 The lysozyme was 

dispersible but insoluble in the solvent, which facilitated electrospinning. The hydrophobic 

nature of the fibres resulted in incomplete release; however, the partially released lysozyme 

was functional. These studies, and others,85 have reported that emulsion electrospinning is 

challenging to optimise to produce uniform fibres, although it is possible.86 In most cases, these 

processes reduce, but may not fully eliminate, solvent-induced denaturation.  
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1.3.5 Excipients and other considerations 

Where permeability is a limiting factor, permeation enhancers may be incorporated into the 

delivery system. There are a variety of classes of permeation enhancers with different modes 

of action that are outlined in reviews by Sudhakar et al. and Sohi et al.11,87 In general, lipophilic 

uncharged drugs are more strongly affected by enhancers that increase membrane fluidity, such 

as fatty acids or laurocapram.87 The mechanism of action of these classes is theorised to be a 

result of improved solubility of the drug in cell membranes, leading to faster uptake. Supporting 

evidence for this mechanism has recently been produced using permeation kinetic experiments 

and mass spectrometry imaging, showing co-localisation of the drug with the enhancer and 

increased capacity for the drug in the mucosa.88  

Hydrophilic drugs are generally more affected by surfactants, including bile salts, which are 

believed to extract lipids from the epithelium and form aqueous reverse-micelle channels 

within the tissue.87 This increases the intracellular space available for paracellular 

transportation and thus increases the rate of permeation. At this stage there has been little 

research involving electrospun systems containing permeation enhancers; however, many 

mucoadhesive polymers, in particular chitosan, are often theorised to enhance permeation by 

disrupting the structure of mucins, lipids, and tight junctions at the mucosal surface, although 

evidence for this in the oral mucosa is lacking.89  

In some cases, excipients have been included in electrospun systems to further enhance drug 

solubility, for example emulsifiers or complexing agents.90–92 Nanoparticle drug delivery 

vectors, such as liposomes have previously been incorporated into electrospun materials for a 

variety of non-oromucosal applications.93–95 Research on oromucosal films containing 

nanoparticles has shown improvements to absorption and drug solubility and may protect 

certain drugs from enzymatic degradation.96 
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Other considerations for a topical dosage form that adheres to the oral mucosa include 

disturbances to taste, speech, eating, and drinking.16 It is preferable to avoid foul tasting drugs 

and excipients or to deliver them unidirectionally into the mucosa. Thin and flexible dosage 

forms may reduce the likelihood of the device becoming dislodged by mechanical forces in the 

mouth; therefore, flexible polymeric films or patches may be preferable to more traditional 

tablets in this regard.  

1.3.6 Material characterisation 

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

correlation in results between methods. The most common tests involve use of a texture 

analyser to measure mucoadhesive strength, the perpendicular force required to break, pull, or 

peel away the sample from a model membrane.97–99 Alternatively, in vitro residence time tests 

may be used to measure time until detachment, for example from ex vivo animal mucosa in a 

simulated saliva medium.28  

Different experimental in vitro set-ups have been used to quantify drug release kinetics. One 

such set-up is the paddle-over-disc method for transdermal patches, which measures 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 samples are then analysed by spectrophotometry techniques72 or high 

performance liquid chromatography (HPLC)100 to obtain a graph of the drug release over time. 

Simplified versions of this may also be performed by immersing the patch freely in the release 

medium72 or adhered to a glass slide101 and stirring the medium with a magnetic stirrer bar or 

laboratory shaker. 

In vitro cell-based assays are important at the pre-clinical stage for evaluating irritation 

potential. Cell metabolic assays are often used to give an indirect measure of cytotoxicity, for 
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example the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 

which is recommended by the Organisation for Economic Co-operation and Development 

(OECD) to assess potential for skin irritation.102 To obtain a more direct measure of irritancy, 

the concentrations of pro-inflammatory cytokines, such as interleukin-1 alpha, in the cell 

supernatant can be measured using an enzyme-linked immunosorbent assay or associated gene 

expression can be measured using quantitative polymerase chain reaction (qPCR).103–105 

Monolayers of cultured oral keratinocytes isolated from healthy tissue or keratinocyte cell lines 

can be used as in vitro models to test oromucosal materials.106,107 Three-dimensional oral 

mucosal equivalents are increasingly preferred, being more physiologically representative and 

offering more accurate predictions of cell-toxicity while avoiding the use of animal 

models.108,109  

Drug diffusion across ex vivo oral mucosa may be measured using drug permeation chambers, 

such as the Franz diffusion cell. In such chambers, the tissue is placed between donor and 

receptor chambers, where the donor chamber contains the dosage form and the receptor 

chamber holds a temperature-controlled physiologically relevant buffer solution. In some 

cases, synthetic membranes may be appropriate to eliminate variability in animal tissue.110 For 

these methods the solution is removed from the receptor chamber at pre-determined time points 

to measure the drug permeation over time, for example using a spectrophotometer or HPLC.  

More recently, the localisation of small molecule permeants within the oral mucosa itself has 

been visualised down to a micrometre scale resolution using matrix-assisted laser desorption 

ionisation-mass spectrometry imaging (MALDI-MS) on sectioned tissue.111 Many biologics 

are detectable using antibodies; therefore, immunohistochemistry or immunofluorescence can 

be used to visualise their distribution within the targeted tissue.112 Fluorescent labelling of the 

permeant is also possible; however, the effect on the physicochemical properties and specific 

interactions between the dye and the dosage form should be considered.  
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1.4. A review of mucoadhesive electrospun fibre-based dosage forms for 

oral medicine 

1.4.1 Anti-inflammatory agents 

Chronic inflammatory diseases in the oral cavity are often mediated by dysregulated immune 

responses initiated by pathogens, foreign bodies, ionising radiation, or autoimmune disorders. 

Diseases include oral lichen planus (OLP), which produces white lesions affecting 1–3% of the 

world’s population, and recurrent aphthous stomatitis (RAS), also known as aphthous ulcers 

or canker sores.113,114 The aetiology of many chronic oral inflammatory diseases is poorly 

understood and no prophylactic treatments are available. Instead, corticosteroids or other anti-

inflammatory agents are commonly used off-label to manage the severity of ulcers and lesions. 

Systemic corticosteroid delivery often results in unacceptable side effects, whereas existing 

topical formulations, such as rinses, lozenges, and ointments, must be reapplied several times 

per day and result in inconsistent dosing. Topical corticosteroids are also associated with some 

serious adverse effects, including adrenal suppression and secondary candidiasis,115 therefore 

formulations that allow the specific delivery of well-defined doses are desirable. Ulcers and 

lesions are often highly sensitive, therefore mucoadhesives, once carefully applied, may also 

prevent pain by providing a protective barrier against mechanical stimulation. 

Colley et al. (2018) conducted a pre-clinical study on Rivelin® patches loaded with the 

corticosteroid clobetasol-17-propionate to treat chronic oral inflammatory diseases. The 

patches consisted of a drug-loaded (up to 20 μg per patch) layer of mucoadhesive fibres 

consisting of PVP and RS100 with PEO particles electrospun from 97% ethanol.28 Drug-loaded 

patches released 80% of the drug over a 6 h period. In vitro cytotoxicity testing with tissue-

engineered oral mucosal equivalents concluded that the patches were non-irritant.109 This 
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formulation recently successfully met the primary end point in phase IIb clinical trials 

(ClinicalTrials.gov identifier: NCT03592342) for the treatment of OLP, showing a significant 

reduction in ulcer area, and is in the development pipeline to become the first such electrospun 

mucoadhesive on the market. 

Wei et al. (2019) used needleless electrospinning with a double ring shaped spinneret for the 

rapid production of 3-layer composite meshes consisting of a layer of mucoadhesive PEO fibres 

containing 30% w/w diclofenac sodium electrospun from water, and a layer of hydrophobic 

PLA fibres electrospun from 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) containing curcumin at 

up to 4% w/w. Curcumin was used as a model anti-inflammatory agent that may be beneficial 

for the treatment of RAS and diclofenac sodium, an antimicrobial analgesic, to reduce the risk 

of infection and relieve pain. The fibres were then placed onto a hypromellose-based gel in a 

mould and allowed to dry to produce an adhesive backing layer. Diclofenac sodium was shown 

to inhibit the growth of Staphylococcus aureus by placing the patches onto a bacterial lawn 

grown on a blood agar plate. Curcumin was shown to maintain its anti-inflammatory properties 

by measuring reduced pro-inflammatory gene expression by activated human monocytes. The 

release of curcumin from the fibres was sustained over a period of two weeks.43 A relatively 

slow release, which is typical of hydrophobic fibres loaded with a hydrophobic drug and would 

potentially be disadvantageous for more expensive drugs, given that shorter residence times 

are more appropriate for RAS ulcers. The multiple layers of fibres make the system suitable 

for the co-administration of water soluble and insoluble drugs, which is useful for inflammatory 

diseases, where a combination of different therapeutic agents may be beneficial (for example 

corticosteroids, antimicrobial agents, and analgesics).  

Alipour et al. (2022) integrated triamcinolone, a corticosteroid, into fibres made from a blend 

of ethylcellulose and gliadin.116 Gliadin is a plant-derived protein. It’s inclusion in the fibres 

significantly increased the rate of drug release, likely due to increased hydrophilicity and 
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swelling. In vitro testing using human gingival fibroblasts cultured on the surface of the 

material indicated that the material was non-cytotoxic and the released steroid inhibited the 

release of inflammatory cytokines following stimulation with lipopolysaccharides, providing 

evidence for an anti-inflammatory effect. 

Inflammatory oral diseases are highly prevalent and represent a great unmet clinical need. 

Electrospun patches offer improved residence times over topical ointments and rinses and, 

unlike buccal tablets, are flexible and therefore less likely to place mechanical stress on 

sensitive lesions and ulcers. There is potential for further biological research in this area to 

improve our understanding of the aetiology of these diseases and identify the most appropriate 

active pharmaceutical ingredients. 

1.4.2 Local anaesthesia and analgesics 

Chronic oral mucosal pain is a common complaint that can have a wide variety of causes 

including infections, inflammation, chemotherapy, or surgery.117 Over the counter oral non-

steroidal anti-inflammatory agents (NSAIDs) and paracetamol are effective for oral pain 

management, but with some side effects associated with long-term use. NSAIDs can cause or 

delay the healing of oral ulcers, and so may not be appropriate for all kinds of oral pain.118 

Topical anaesthetics, such as lidocaine, are also highly effective for local pain relief and are 

commonly applied as gels or lozenges. Over 50% of patients undergoing treatment for head 

and neck cancer suffer from oral mucositis,119 a disruption in the oral epithelium, leading to 

painful inflammation and ulceration. Magic mouthwashes are a commonly used palliative 

treatment, typically containing combinations of local anaesthetics (lidocaine), antihistamines, 

antimicrobial agents, corticosteroids, and coating agents. These have unclear effectiveness and 

often result in side effects.120 Some studies recommend morphine mouthwashes for superior 

pain relief with reduced side effects.121,122Anaesthetic injections are used for many dental 
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procedures; however, dental injections are the cause of dental anxiety for some patients.123 

Alcohol-based solutions may be applied topically using a cotton swab as an alternative. These 

have an unpleasant taste and can spread across the oral mucosa uncontrollably.124 Electrospun 

mucoadhesive patches may offer another useful delivery method for dental anaesthesia or the 

treatment of chronic pain with improved site-specificity and prolonged delivery in comparison 

to rinses and ointments and with reduced thickness and improved flexibility over adhesive 

tablets.  

Rapidly dissolving electrospun membranes were previously developed as a potential delivery 

method for dental anaesthetic. Illangkoon et al. (2014) successfully fabricated electrospun PVP 

fibres loaded with mebeverine (up to 30% w/w), a drug with several applications including as 

a local dental anaesthetic. As would be expected of high surface area fibres of a water-soluble 

polymer, dissolution studies showed very rapid release, with the fibres dissolving within 10 s, 

allowing for a convenient application method with improved dissolution over the neat drug.72 

Reda et al. (2017) incorporated ketoprofen, a non-steroidal anti-inflammatory drug, into 

Eudragit EL or Eudragit ES polymer fibres by electrospinning from ethanol/water mixtures 

and investigated their use for treating oral mucositis.125 The fibres were compared to solvent-

cast films and found to release the drug much more efficiently due to their higher surface area. 

A simulated buccal ulcer was induced in rabbits by injuring with acetic acid and applying 

medicated Eudragit EL membranes daily for 5 days. Histological analysis seemed to show less 

serve ulceration in the treated rabbits in comparison to those left untreated. It is unclear to what 

extent this can be attributed to drug delivery or the effect of a wound dressing. The study does 

not provide evidence that the formulation would have a pain-relieving effect and a chemically 

induced ulcer may not be representative of oral mucositis.  
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Clitherow et al. (2019) investigated the Rivelin formulation, consisting of drug-loaded fibres 

of blended PVP and RS100 with a PCL backing film, for the delivery of lidocaine HCl to the 

oral mucosa for the management of prolonged pain and as a local anaesthetic. Lidocaine HCl 

was loaded into the fibres at 2.5% w/w. The patches released around 80% of the loaded 

lidocaine within 1 h and permeation experiments showed a permeability of 136 μg cm-2 min-1 

in ex vivo porcine buccal tissue. Additionally, lidocaine released from the patches inhibited 

veratridine-mediated opening of voltage-gated sodium channels in SH-SY5Y neuroblastoma 

cells in a real-time functional assay, showing that therapeutic activity was maintained. The 

distribution of lidocaine in porcine buccal mucosa was imaged using MALDI-MS to show 

time-dependent permeation, providing for the first time strong evidence of the electrospun 

patches’ efficacy as a local delivery method for dental anaesthetic to the oral mucosa.113 

Oral pain represents a large market with multiple unmet clinical needs and is therefore a 

promising application for electrospun systems. Multiple studies have reported suitable release 

of lidocaine HCl from biocompatible mucoadhesive materials and some early results show 

effective targeted delivery. Further in vitro and in vivo investigation is expected in the near 

future. There is also scope to investigate the versatility of electrospun fibres for the delivery of 

alternative agents, which may be more effective for treating oral mucositis, such as 

benzydamine HCl, opiates, and amylmetacresol/dichlorobenzyl alcohol.120,126 

1.4.3 Antimicrobials 

Oral candidiasis is caused by the opportunistic overgrowth of Candida, most commonly C. 

albicans in the oral cavity. It is common in predisposed patients, such as people with dentures, 

diabetics, immunocompromised patients, and those on long-term antibiotic or steroidal 

therapy.127 The infection can be present as superficial plaques, red lesions, or chronic plaques 

caused by fungal invasion of the epithelium. In some cases, oral candidiasis may cause burning 
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sensations, unpleasant tastes, or difficulty swallowing. Topical antifungal steroid rinses 

containing nystatin or miconazole are the first line treatment and are usually effective. Even 

the most well tolerated antifungal rinses are sometimes associated with side effects including 

vomiting and diarrhoea and their high sucrose content can exacerbate other conditions such as 

tooth decay and diabetes.127 Although rinses are effective when applied 4 times per day, there 

is potential to minimise side effects using a specific delivery method. Sustained release through 

mucoadhesive patches may allow the minimum inhibitory concentration to be maintained 

without requiring such a high initial dose, thus reducing side effects. Recent increases in 

antifungal resistance show a need for alternative antifungal therapies.128 Some alternative 

therapies that have been explored include surfactants,129 synthetic peptides,130 and fatty 

acids.131 Fibre encapsulation can enhance drug solubility and may be useful for the delivery of 

alternative antifungal agents that are incompatible with rinses.  

Tonglairoum et al. (2014) developed electrospun PVP fibres with hydroxypropyl-β-

cyclodextrin to rapidly release and improve the solubility of clotrimazole, a poorly soluble 

antifungal drug, for the treatment of OC. PVP was used as a rapidly dissolving polymer and 

the cyclodextrin as an excipient to form inclusion complexes to enhance drug solubility. 

Clotrimazole was loaded at up to 20% w/w and the fibre mats electrospun from mixtures of 

ethanol, water, and benzyl alcohol. The fibres rapidly dissolved in artificial saliva and were 

effective at eliminating the viability of C. albicans and C. dubliniensis suspensions within 2 

h.90 To prolong the effect, the material was further developed into a sandwich patch by

electrospinning a second mucoadhesive layer from water consisting of 5:1 w/w PVA/thiolated 

chitosan. The resulting sandwich patches released clotrimazole at a rate more suitable for 

prolonged antimicrobial effect, with around 70% released within 4 h.106 

Similarly, Szabó et al. (2016) incorporated terbinafine HCl at around 7% w/w into 5:1 w/w 

PVA/chitosan fibres from an aqueous solution. The fibres dissolved rapidly in artificial saliva, 
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releasing all of the drug within four minutes. In silico modelling with GastroPlus™ software 

predicted that up to 66% of the dose would be absorbed in the oral cavity if oral transit is 

properly regulated.91 

Aduba et al. (2013) also developed an electrospun material for the delivery of poorly soluble 

antifungal agents against oral candida. 1:1 w/w gelatin/nystatin fibres were electrospun from 

HFIP and subsequently immersed in PEG diacrylate and 2,2-dimethoxy-2-phenylacetophenone 

as a photoinitiator dissolved in ethanol. Removing and curing using UV exposure produced 

cross-linked fibres with improved structural stability in aqueous solutions. The release rate was 

dependent on the degree of cross-linking and relatively slow, with around 20–70% released 

within 24 h.132 

Clitherow et al. (2020) incorporated various unsaturated fatty acids as alternative antifungal 

agents into both the PCL and PVP/RS100 layers of the Rivelin patch formulation at loadings 

of up to 22% and 12% w/w, respectively. Unlike in previous studies, disk diffusion inhibition 

and biofilm viability assays were used to demonstrate the potential of the patches at inhibiting 

both wild type and azole resistant C. albicans when applied directly to biofilms, thus clearly 

showing the effectiveness of mucoadhesive electrospun patches at treating OC. Dodecanoic 

acid was found to be the most effective of the fatty acids tested against pre-existing C. albicans 

biofilms.115  

Research so far has shown that a wide variety of alternative antifungal agents that could 

otherwise not be delivered using rinses can be incorporated and released from electrospun 

mucoadhesives and one study has shown effectiveness against biofilms in vitro. It is expected 

that further in vitro and in vivo research could translate these materials for clinical use. 
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1.4.4 Chemotherapy applications 

Head and neck cancer is the sixth most common cancer worldwide.133 A significant proportion 

occurs as cancer of the mouth and lip, which has an annual incidence and mortality of 

approximately 378,000 and 178,000 respectively in 2020.134 Malignancy most commonly 

affects the epithelium and presents as squamous cell carcinoma. Major risk factors include 

exposure to tobacco, alcohol, and human papillomavirus. Surgery and radiation therapy, 

separately or in combination, are the primary treatment modalities for malignant oral 

cancers.133 Oral cancer requires the accumulation of multiple of genetic or epigenetic 

alterations to become malignant; hyperplastic or dysplastic lesions are frequently observed as 

a precancerous intermediate condition that may or may not eventually progress to invasive 

carcinoma. Preventative treatment of these lesions would have obvious benefits.  

Preventative surgery is usually not recommended,135 therefore lesions are repeatedly monitored 

for malignant transformation before starting treatment. There have been several trials 

investigating preventative chemotherapy with systemic agents (retinoids, cyclooxygenase-2 

inhibitors, epithelial growth factor receptor inhibitors) to halt the progression to oral cancers.136 

In general these agents have shown some limited efficacy but with unacceptable systemic 

toxicity. The ability to deliver a chemopreventative agent topically to the affected epithelium 

could potentially produce improved efficacy with reduced systemic side effects. Potential 

therapeutics include cyclooxygenase-2 inhibitors (e.g. celecoxib) or histone deacetylase 

inhibitors (e.g. suberoylanilide hydroxamic acid, sodium valproate) which target enzymes 

overexpressed in many cancers.136–138 Notably, sodium valproate is currently under assessment 

in a stage II trial as a chemopreventative agent that potentially treat high risk oral dysplasia 

through epigenetic modification.139 Tyrosine kinases inhibitors (e.g. gefitinib) or monoclonal 

antibodies that block epidermal growth factor receptor (e.g. cetuximab) may reduce 

proliferation and promote apoptosis of overexpressing dysplastic cells.140,141  
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A case study reported that imiquimod, an immune response modifier available as a dermal 

cream, appeared to successfully treat oral dysplasia.142 The case report highlighted the need for 

formulations suitable for the oral mucosa. Topical chemotherapy may also be beneficial for 

preventing recurrence of resected oral cancers.133 Due to the great burden of these diseases, 

chemoprevention is perhaps the indication for which oral patches have the greatest potential 

benefit.  

Zhang et al. (2022) incorporated astaxanthin into PCL/gelatin fibres by electrospinning from 

2,2,2-trifluoroethanol and used PCL fibres as a hydrophobic backing layer.143 Astaxanthin is a 

lipid-soluble antioxidant terpene that can block key molecules in oncogenic signalling 

pathways, causing apoptosis in oral cancer models.144 It is highly hydrophobic and has low oral 

bioavailability, but is an interesting candidate as a topical chemopreventative treatment. The 

fibres eluted approximately 60% of the molecule within 4 h. Membranes applied to porcine 

mucosa adhered in the presence of flowing saliva and were non-cytotoxic to human gingival 

fibroblasts. Immunohistochemistry showed that membranes applied to rat oral mucosa 

supressed expression of ki67 and COX-2 slightly. These are biomarkers associated with oral 

cancers, suggesting early promise as a chemopreventative treatment.   

There are few papers that have investigated mucoadhesive fibres specifically for 

chemoprevention in the oral cavity. Relatedly, Zong et al. (2015) prepared blended PEG/PLA 

fibres containing 10% cisplatin by electrospinning using dimethyl sulfoxide.145 The material 

adhered to ex vivo tissue and released 60% of the loaded drug within 6 h, as shown using a 

media flow-based setup. Cervical cancer was induced in mice by injecting a cervical cancer 

cell line. Applying the medicated material caused a significant reduction in tumour mass. Such 

a treatment is more appropriate for unresectable malignant tumours rather than 

chemoprevention. Liu et al. (2022) prepared patches by 3D-printing that contained poly(acrylic 

acid) as an adhesive and a combination of oxaliplatin and mycophenolate.146 Oral dysplasia 
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was induced in rats using 4-nitroquinoline-1-oxide and histological analysis appeared to show 

that the applied medicated patches caused ablation of superficial dysplastic keratinocytes, 

while the underlying healthy cells remained intact. 

1.4.5 Summary and outlook 

There are a great number of papers investigating the encapsulation of drugs by electrospinning 

and implantable electrospun materials for regenerative medicine. Therefore, the scope of this 

review is mostly limited to electrospun materials that are intrinsically mucoadhesive and 

illustrate an application for the topical treatment of oromucosal conditions (Table 1.3). These 

range from rapidly dissolving membranes to allow easy administration of poorly soluble drugs 

through to devices that adhere for hours, delivering sustained doses. It remains challenging to 

evaluate and compare mucoadhesive and mechanical performance due to the lack of 

standardised mucoadhesion tests.  

Although several different electrospun devices for oral medicine are under development, the 

Rivelin patch is the only device so far that has been tested both in vitro and in humans to show 

a suitable residence time, of approximately 2 h, and good patient acceptability. Future drug 

delivery devices are likely to bring other advantages, such as longer residence times or the 

ability deliver drugs that are incompatible with non-aqueous electrospinning solvents. 

Therefore, it is expected that more electrospun drug delivery materials will be developed with 

an emphasis on clinical translation. So far, the technology has been applied to a narrow range 

of oral conditions as an improvement on exiting treatments; however, it is expected that, as the 

technology matures, it will enable more unmet clinical needs to be addressed. 
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Table 1.3. Electrospun mucoadhesives under development for use in oral medicine 

Indication Polymer Drug Solvent Processing Ref. 
Oral lichen 
planus 

Adhesive/drug 
release: PVP, RS100 

 
Backing layer: PCL  

Clobetasol-17-
propionate 

97:3 v/v 
ethanol/water 
 

 
9:1 v/v DCM/DMF 

Sequential 
electrospinning, 
heat treatment 

109,147 

Recurrent 
aphthous 
stomatitis  

Lower layer: PEO 
 

Upper layer: PLA 

Diclofenac sodium 
 

Curcumin 

Water 
 

HFIP 

Double-ring slit 
needleless 
spinneret 

43 

Oral ulcers Gliadin, 
ethylcellulose 

Triamcinolone 70% v/v ethanol 
with 10% w/w 
acetic acid 

Conventional 
electrospinning 

116 

Pain relief 
 

Adhesive/drug 
release: PVP, RS100 

 
Backing layer: PCL 

Lidocaine 97:3 v/v 
ethanol/water 

 
 
9:1 v/v DCM/DMF 

Multiple-layer 
electrospinning, 
heat treatment 

148 

Eudragit L Ketoprofen 10-25% w/v ethanol Conventional 
electrospinning 

125 

Oral 
candidiasis 

PVP Clotrimazole  
Excipient: 
hydroxypropyl-β -
cyclodextrin 

7:2:1 ethanol/water/ 
benyl alcohol by 
volume 

Conventional 
electrospinning 

90 

PVP 
 

Backing layer: 
PVA/thiolated 
chitosan 

Clotrimazole  
Excipient: 
hydroxypropyl-β -
cyclodextrin 

7:2:1 ethanol/water/ 
benyl alcohol by 
volume 

Sequential 
electrospinning 

106 

PVA/chitosan Terbinafine 
hydrochloride 

Water Conventional 
electrospinning 

91 

gelatin Nystatin HFIP Electrospinning, 
UV crosslinking 

132 

Adhesive/drug 
release: PVP, RS100 

 
Backing layer: PCL 

Dodecanoic acid 97:3 v/v 
ethanol/water 
 

 
9:1 v/v DCM/DMF 

Sequential 
electrospinning, 
heat treatment 

149 

Oral 
dysplasia 

Adhesive layer: 
PCL/gelatin 
 
Backing layer: 
PCL 

Astaxanthin 2,2,2-
trifluoroethanol 
 
 

Sequential 
electrospinning 

143 

 

Another potential use for electrospun mucoadhesive is to prevent and treat alveolar osteitis (dry 

socket), a painful condition caused by the lack of a blood clot at the site of tooth extraction.150 
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The device could act as protective cover to prevent loss of the blood clot or protect underlying 

bone and nerves and deliver pain relief. This would likely require a device with a residence 

time of a few days. 

Electrospun mucoadhesives make use of a scalable and industrially proven manufacturing 

process and are highly versatile in the range of drugs they can incorporate. They are attractive 

for drug delivery to the oral mucosa in that they are flexible and have a high surface area for 

drug release and, unlike existing dose forms, allow targeted delivery and prolonged retention 

times. It is envisioned that electrospun drug delivery devices and wound dressings will expand 

the range of treatments that can be applied to the oral mucosa and will have wide-ranging 

implications for the treatment of oral diseases 

1.5. Oromucosal delivery of therapeutic polypeptides 

1.5.1 Systemic peptide delivery 

Peptides are short polypeptide chains, usually under 20 amino acid residues in length. They 

represent a rapidly growing class of injectable therapeutics that are being applied to a wide 

range of diseases. An recent and detailed review of their applications has been published by 

Wang et al. (2022).151 Oral delivery is the most convenient method of administration for small 

molecule drugs due to high levels of patient compliance and comfort, and a reduced risk of 

infection in comparison with intravenous administration. Peptides and proteins are degraded 

by proteases or denatured by the low pH inside the gastrointestinal tract. Furthermore, they are 

often hydrophilic and have high molecular weights, resulting in poor absorption. This typically 

gives rise to oral bioavailabilities of less than 1%.152  

Despite substantial research,153 oral peptide delivery remains challenging. Mucoadhesive 

dosage forms present an interesting alternative, as prolonged intimate contact with the oral 

mucosa may allow non-invasive transmucosal peptide delivery, which circumvents 
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gastrointestinal proteolytic degradation and hepatic first-pass metabolism. Sudhakar et al. 

(2006) list a variety of mucoadhesive systems that have been investigated for transmucosal 

peptide delivery in their review, including patches, tablets, and solutions.11 An early study was 

carried out by Anders et al. (1983) on 10 human volunteers with protirelin as a 3 amino acid 

(AA) long model peptide drug.154 A wet circle of filter paper was placed in the centre of a 

Teflon disk and 20 mg of the peptide spread over and dissolved. The device was placed on the 

buccal oral mucosa for 30 minutes and the blood plasma concentration of thyrotropin and 

prolactin, which are released in response to protirelin, monitored over time using 

radioimmunoassays. The results showed a response to the buccal-administered peptide with a 

peak plasma concentration at 30 – 60 minutes, whereas oral administration results in a peak 

after 2 – 3 h.  

The earliest attempts at transmucosal peptide delivery involved insulin (51 AA), which has 

been studied in humans and several animal species since shortly after its first isolation in the 

1920s.155 Therapeutically relevant transmucosal bioavailability has only been achieved in 

humans by using permeation enhancers.155,156 Generex Biotechnology developed an insulin 

buccal aerosol spray for the management of Type I and Type II diabetes called Oral-Lyn™. 

The proprietary formulation contains a mixture of surfactants which encapsulate and stabilise 

insulin in large aerosol particles and act as permeation enhancers.157  The product reached a 

late stage of regulatory approval in a number of countries and has been on the market in India 

and Ecuador.156 However, in its current formulation, the buccal absorption rate of 10% means 

that up to 10 puffs per dose are required and that a single canister can only provide 40 IU of 

insulin. There may also be concerns over the long-term tolerability of the surfactants. 

 Insulin is a challenging candidate for transmucosal delivery due to low permeability and the 

relatively high mass of the peptide that must be absorbed to provide the therapeutic effect. 

Other blood glucose-regulating peptides with higher potency and lower molecular weight may 
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be more feasible for transmucosal delivery.151 Glucagon-like-peptide 1 (GLP-1) (30 AA) has 

been incorporated into 100 mg buccal tablets containing sodium taurocholate as a permeation 

enhancer.158 The tablets were applied on 8 human volunteers for 4.5 h. The blood serum levels 

of the bioactive form of GLP-1 were monitored using a radioimmunoassay, showing that 

7.1 ± 0.9% of the dose reached circulation in the active form. This corresponds to a 

bioavailability of 47% relative to subcutaneous administration. The desired therapeutic effect 

of GLP-1 was to reduce blood glucose levels as a potential treatment for noninsulin-dependent 

diabetes mellitus. Plasma glucose levels were monitored to show that hypoglycemia was 

induced for 90 minutes. 

Calcitonin (32 AA) is secreted in thyroid C-cells.159 It is responsible for regulating blood serum 

calcium concentration and has received attention for transmucosal delivery to treat 

osteoporosis.160 Calcitonin is released in response to elevated calcium levels and has the effect 

of reducing calcium levels by activating membrane receptors on osteoclast cells in bone tissue, 

inhibiting bone resorption.161. Variants of calcitonin are commercially available from several 

different species, with salmon calcitonin being the most widely used in clinical practice due to 

its activity in mammals being 40-50 times higher than human calcitonin.159  

Multiple mucoadhesive delivery systems for salmon calcitonin (32 AA) have been reported 

including buccal tablets containing Hakea Gibbosa gum as a mucoadhesive162 and thin films 

of Eudragit S-100 and polycarbophil.163 These methods result in relatively high 

bioavailabilities of 37 ± 6% and 43.8 ± 10.9% respectively without permeation enhancers when 

tested on rabbits. Reductions in serum calcium below baseline levels lasted longer compared 

to intravenous administration (400 minutes for the film; 240 minutes for solution) due to a 

steadier release rate (lower maximum serum concentration) and, possibly, the oral mucosa 

acting as a drug reservoir. A study with fluorescently labelled human calcitonin applied to 

bovine nasal mucosal tissue showed intracellular fluorescence.164 This suggests that an 



33 
 

endocytotic pathway may contribute towards mucosal absorption, which would explain the 

relatively high bioavailability. Permeation of salmon calcitonin through porcine buccal tissue 

has been shown using Franz cells to be enhanced by applying ethanol, sodium 

deoxyglycocholate (a bile salt), or N-acetyl-L-cysteine (reducing agent).165 Adding 1% N-

acetyl-L-cysteine alone resulted in a 9.5 times higher permeability coefficient, and 1% sodium 

deoxyglycocholate gave 8.2 times higher. There seem to have been no investigations into 

oromucosal calcitonin delivery in humans. 

In summary, only a narrow range of peptides have been investigated for transmucosal delivery 

in humans and absorption through the epithelium tends to be poor, although surfactant 

permeation enhancers can increase bioavailability. Animal studies have historically been the 

main option for studying transmucosal peptide delivery,87 although there are large differences 

in oromucosal permeability between humans and small mammals.166 Pigs are preferred for 

animal experiments, as their oral anatomy is similar to humans.166 Increasingly, ex vivo porcine 

tissue is being used to study drug transport. This presents some limitations for studying peptide 

delivery. Hydrophilic drugs tend to accumulate within the lamina propria of ex vivo tissue, 

resulting long lag times, whereas rapid uptake from the lamina propria is expected in vivo due 

to high blood flow.167 For therapeutically relevant doses of many peptides, saturation of the 

tissue may not be achievable ex vivo, as is required to produce steady state flux during Franz 

cell experiments.  

Furthermore, the viability and effect of handling on the biological function of the tissue should 

be considered, as many peptide drugs are closely related to naturally occurring molecules and 

uptake cannot be presumed to occur through passive paracellular diffusion. For these reasons, 

tissue-engineered epithelial models are perhaps underutilised as a high throughput system for 

studying oromucosal transport while providing additional biological and viability readouts. 

Xue et al. grew monolayers of TR146 cells (a tumour-derived buccal cell line) on tissue culture 
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inserts.168 These successfully acted as a permeability barrier to insulin and were used to screen 

potential buccal permeation enhancers in terms of permeation enhancement and toxicity. There 

is potential to develop on this strategy by using a model that more closely resembles the healthy 

oral epithelium.  

1.5.2 Local peptide and protein delivery 

Local delivery of polypeptides to the oral mucosa may be more easily achievable. Potential 

oral health applications of topical protein delivery to the oral mucosa include antimicrobial 

peptides and proteins to treat resistant infections or target specific strains of pathogen.169,170 

Lysozyme is an antimicrobial enzyme naturally present in human saliva that causes broad-

spectrum inhibition of gram-positive bacteria.171 It is included in oral rinses (e.g. bioXtra® dry 

mouth rinse) to treat patients with reduced saliva production (xerostomia).  

Certain cytokines, such as keratinocyte growth factor (KGF), show potential for regenerating 

the oral mucosa,172 for example following damage caused by oral mucositis, and could be 

effective if delivered directly to the affected site rather than systemically. Palifermin, a 

recombinant peptide closely related to KGF, can be administered intravenously to relieve 

mucositis in patients undergoing high dose chemotherapy.172 Due to its high cost, targeted 

delivery may be useful. However, oral mucositis tends to affect the entire lining of the mouth; 

therefore, rinses containing delivery vectors may be more appropriate than patches.173  

The pro-inflammatory cytokines interferon-alpha and interleukin-2 have been found to have 

minor benefit as an immunotherapy for certain cancers by increasing the anti-tumour immune 

response.174 These may have potential as a topical chemotherapy or chemopreventative 

treatment in combination with other agents. 
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1.5.3 Monoclonal antibodies and derivatives  

Antibodies, also known as immunoglobulins, are large glycoproteins that form an integral part 

of the adaptive immune system in all jawed vertebrates.175 Antibodies comprise of a series of 

domains, including a highly variable complementary-determining region which is 

complementary to a particular antigen and binds with high specificity mediated through 

numerous non-covalent interactions. Other domains are present in a limited number of varieties 

known as isotypes. The isotype affects the functional properties of the antibody but has little 

or no effect on antigen specificity.  

Immunoglobulin G (IgG) is the most common circulating antibody isotype, making up 75% of 

serum antibodies. IgGs have a 2-fold symmetrical structure and comprise two identical heavy 

chains and two identical light chains (Figure 1.5). In the centre of the molecule is the hinge, at 

which the heavy chains are attached together by 2 disulfide bonds. Light chains are attached at 

the second domain from the N-terminus of each heavy chain by a single disulfide bond (CL to 

CH1). Together, the variable domains at the N-termini of each heavy and light chain pair (VL 

and VH) form a CDR. The 2 lobes on one side of the hinge, each made up of a light chain and 

half of a heavy chain, are known as antigen binding fragments (F(ab)). The other side of the 

hinge, made up of the remainder of the heavy chains, is the fragment crystallisable (Fc) region. 

The Fc is glycosylated and is recognised by Fc receptors and complement proteins to perform 

various biological functions.176  

Antibodies are secreted by B lymphocytes, each cell of which expresses a novel pair of 

polypeptide sequences. A functional gene encoding the antibody is assembled from a selection 

of gene segments by a process known as V(D)J recombination.176 Antigen affinity is refined 

through the processes of somatic hypermutation and clonal selection. Antibodies have 

numerous effector mechanisms. Most simply, some antibodies can directly bind and neutralise 
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extracellular toxins or pathogens by blocking the surface or cross linking to induce 

agglutination. Various leukocytes recognise the Fc region of antigen-bound antibodies and 

perform effector functions, for example phagocytosis, apoptosis of an infected cell, or the 

release of inflammatory cytokines. Complement proteins can also interact with Fc receptors to 

form C1 complexes, which activate the classical pathway of the complement system, which 

further promotes phagocytosis and inflammation and eventually leads to the destruction of 

targeted cell membranes.177  

Figure 1.5. Schematic structure of an IgG antibody (150 kDa) and F(ab) IgG antibody fragment (50 kDa). Each IgG consists 
of 2 identical heavy polypeptide chains (azure) and 2 identical light chains (green) connected by disulfide bonds (yellow).   

Therapeutic antibody-based drugs are traditionally derived by fusing a B cell with an 

immortalised cell.178 The resulting cell line can be used to produce a population of identical 

antibodies, called monoclonal antibodies (Mab), which are specific to a single region (epitope) 

of the target antigen. The simplest Mab therapies involve whole IgG Mab that bind to and 

thereby directly block the activity of a molecule. For example, muromonab-CD3, the first 
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therapeutic Mab (approved in 1986), blocks the CD3 membrane protein on T cells, preventing 

their activation and thereby acting as an immunosuppressant.179  

Therapeutic applications of Mabs include anti-cancer therapies (targeting cancer specific 

antigens) and treating autoimmune diseases (by blocking pro-inflammatory molecules). A 

detailed list of approved Mab drugs is included in a review by Carter et al.180 Increasingly, 

recombinant technology and rational design approaches allow the development of new formats 

of antibody-based drugs. These include antibody fragments, antibody-drug conjugates, and 

bispecific antibodies.180 

As with most biologic and peptide drugs, Mab drugs are almost exclusively administered 

systemically by injection. Multiple studies have investigated local delivery, primarily through 

local injections to the eye, skin, or tumours.181 In general, this strategy tends to be effective and 

allows treatment with a lower dose and reduced side effects. Topical non-invasive delivery of 

vascular endothelial growth factor antagonist Mab is possible in the eye using eye drops, and 

lower molecular weight F(ab) antibody fragments (Figure 1.5) show moderately improved 

effectiveness due to greater epithelial permeation or the smaller protein.182 Several studies 

show that topical delivery of anti-inflammatory Mab drugs to dermal ulcers can be effective, 

as the impaired barrier of the skin allows direct application to the affected tissue.181 There has 

been little investigation into the topical delivery of antibody-based therapies to treat oral 

diseases. However, there seems to be considerable interest from the oral medicine community 

in topical Mab therapy to treat various lesions of the oral mucosa.183,184 

1.6. Summary 

Diseases of the oral mucosa are often unpleasant, painful, and interfere with day-to-day 

activities. Existing topical formulations offer little site specificity and dose control, which 

limits the selection of therapeutics that can be delivered. As a result, many oral diseases lack 
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effective clinical management. In particular, inflammatory ulcerative diseases, such as OLP, 

have no approved treatments, and medicines used off-label are poorly tolerated.  

Among emerging oral patch technologies, electrospinning is of particular interest for 

fabricating flexible fibrous materials with a high surface area to facilitate mucoadhesion and 

efficient drug release. The technique is highly versatile in the range of materials and therapeutic 

agents that can be processed and allows the production of composite or multi-layered devices. 

Literature on electrospun mucoadhesive materials for use in oral medicine reports devices that 

address inflammatory diseases, infections, and provide pain relief. Previous research at the 

University of Sheffield led to the development of a mucoadhesive bilayer patch for site specific 

delivery that has since shown efficacy in phase II trials to deliver clobetasol to treat lichen 

planus ulcers. 

 Previous research has focused on mucoadhesive devices for enhancing the delivery of 

conventional therapeutics. Further research would be beneficial to consider novel therapies 

targeting the oral mucosa that would be impossible to deliver effectively using existing dosage 

forms. These include polypeptides, which represent a rapidly growing class of pharmaceuticals. 

Systemic delivery of therapeutic peptides (small polypeptides) via the oral mucosa is a 

challenging area of research that is limited, in part, by the lack of suitable dosage forms. Local 

delivery of peptides and proteins to the oral tissues may enable new antimicrobial therapies or 

allow the modulation of cell growth and immune response to restore healthy tissue function. 

Oral medics have identified neutralising antibody-based therapies as a particularly interesting 

candidate for topical delivery due to their potential to introduce new treatment options for 

inflammatory mucosal disorders. 
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1.7. Hypothesis 

Biologically active peptides and proteins can be incorporated into mucoadhesive polymer 

patches using electrospinning and delivered to provide a potentially therapeutic effect in the 

oral mucosa.  

1.8. Aims and objectives 

1. Adapt an existing electrospun mucoadhesive patch formulation to allow the

incorporation and release of biologically active proteins, peptides, and antibody-based

therapies. The formulations will be characterised in terms of morphology,

encapsulation efficiency, homogeneity, drug release kinetics, mucoadhesion, and

preservation of protein function.

2. Investigate the effect of applying patches containing pro-inflammatory-cytokine-

neutralising antibody derivatives (F(ab) fragments) to a tissue-engineered model of an

inflammatory oral ulcer. The treatment will be assessed in terms of its ability to

neutralise the target cytokine (tumour necrosis factor alpha) and the consequent effect

on the concentrations of chemotactic cytokines that are implicated in disease

progression.

3. Develop methods suitable for measuring protein delivery across an oral epithelium and

assess the suitability of patches for transepithelial biologic delivery. Tissue-engineered

in vitro models are preferred for their potential to mimic the biological functions of

living tissue and provide additional biological and viability readouts.
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Chapter 2: Incorporation of lysozyme into a mucoadhesive 

electrospun patch for rapid protein delivery to the oral 

mucosa 

Supplementary information for the journal article is reproduced in Appendix 1. 

Additional material characterisation that has not been published previously is available in 

Appendix 2. 

 

  



Contents lists available at ScienceDirect

Materials Science & Engineering C

journal homepage: www.elsevier.com/locate/msec

Incorporation of lysozyme into a mucoadhesive electrospun patch for rapid
protein delivery to the oral mucosa

Jake G. Edmansa,b, Craig Murdocha, Martin E. Santocildes-Romeroc, Paul V. Hattona,
Helen E. Colleya,⁎, Sebastian G. Spainb

a School of Clinical Dentistry, 19 Claremont Crescent, University of Sheffield, Sheffield S10 2TA, UK
bDepartment of Chemistry, Brook Hill, University of Sheffield, Sheffield S3 7HF, UK
c AFYX Therapeutics, Lergravsej 57, 2. tv, 2300 Copenhagen, Denmark

A R T I C L E I N F O

Keywords:
Electrospinning
Drug delivery
Proteins
Mucoadhesion
Oral medicine

A B S T R A C T

The delivery of biopharmaceuticals to the oral mucosa offers a range of potential applications including anti-
microbial peptides to treat resistant infections, growth factors for tissue regeneration, or as an alternative to
injections for systemic delivery. Existing formulations targeting this site are typically non-specific and provide
little control over dose. To address this, an electrospun dual-layer mucoadhesive patch was investigated for
protein delivery to the oral mucosa. Lysozyme was used as a model antimicrobial protein and incorporated into
poly(vinylpyrrolidone)/Eudragit RS100 polymer nanofibers using electrospinning from an ethanol/water mix-
ture. The resulting fibrous membranes released the protein at a clinically desirable rate, reaching 90 ± 13%
cumulative release after 2 h. Dual fluorescent fibre labelling and confocal microscopy demonstrated the
homogeneity of lysozyme and polymer distribution. High encapsulation efficiency and preservation of enzyme
activity were achieved (93.4 ± 7.0% and 96.1 ± 3.3% respectively). The released lysozyme inhibited the
growth of the oral bacterium Streptococcus ratti, providing further evidence of retention of biological activity and
illustrating a potential application for treating and preventing oral infections. An additional protective poly
(caprolactone) backing layer was introduced to promote unidirectional delivery, without loss of enzyme activity,
and the resulting dual-layer patches displayed long residence times using an in vitro test, showing that the
adhesive properties were maintained. This study demonstrates that the drug delivery system has great potential
for the delivery of therapeutic proteins to the oral mucosa.

1. Introduction

Due to advances in protein synthesis in recent decades, proteins and
peptides now represent one of the fastest growing classes of pharma-
ceuticals [1]. The ability to modify the chemical structure of native
proteins allows the development of more stable analogues with high
specificity, high potency, and low toxicity, resulting in higher success
rates than traditional small molecule new chemical entities in clinical
development stages [2]. A variety of potential applications for bio-
pharmaceutical delivery to the oral mucosa have been identified. These
include antimicrobial peptides as a treatment for bacterial [3] and
fungal [4] infections, such as in periodontal disease or oral candidiasis,
with resistance to traditional antimicrobials. Topical recombinant cy-
tokines such as epidermal growth factor and basic fibroblast growth
factor have shown potential in vivo for regenerating oral wounds or
ulcers caused by oral mucositis [5,6]. Some therapeutic peptides,

including salmon calcitonin and insulin, in combination with permea-
tion enhancers, have been shown in animals or humans to permeate the
oral mucosa sufficiently to achieve therapeutic doses [7,8]. Therefore,
the oral mucosa is also of interest for systemic delivery, circumventing
proteolytic degradation in the gastrointestinal tract and offering the
potential for controlled release and needleless delivery.

A significant challenge for the delivery of proteins to the oral mu-
cosa is the lack of suitable formulations that allow specific delivery. The
most commonly used formulations targeting the oral mucosa include
mouthwashes [9], gels [10], tablets [11], and dissolvable films [12].
These drug delivery systems work well for highly permeable drugs [13]
but release of the active ingredient is often non-specific, across the
entire oral cavity rather than localised into a specific region of the oral
mucosa where the drug is required. Variations in salivary flow and
mechanical forces mean that doses are poorly defined where prolonged
contact is required. To address this, we have developed an electrospun
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mucoadhesive patch with a backing layer film to promote unidirec-
tional drug delivery [14]. The system is comprised of FDA-approved
polymers and offers several advantages over existing alternatives in-
cluding in vivo residence times of up to 2 h, high patient acceptability,
high surface area, and fast release rates [15]. This system in currently
undergoing phase 2 clinical trials for the delivery clobesasol-17-pro-
pionate to treat oral lichen planus. The patches also show early promise
for the delivery of lidocaine as a topical dental anaesthetic or analgesic
[16].

A range of proteins and peptides have previously been encapsulated
into polymer nanofibers using electrospinning [17]. However, most
examples of electrospun drug delivery systems focus on biodegradable
polyesters, which tend to require chlorinated solvents to achieve solu-
bility. This leads to concerns over protein denaturation and loss of ac-
tivity [17]. Several different approaches for incorporating proteins into
electrospun membranes have been identified, for example, surface
functionalisation by chemically bonding proteins to pre-spun fibres
[18]. However, this immobilises the protein and is therefore more re-
levant for slow release applications. Much current work focuses on
electrospinning emulsions or suspensions to allow electrospinning of
proteins and polymers with incompatible solvent requirements [19,20].
This can result in activity loss and poor encapsulation efficiency due to
the solvent phases having different conductivities and separating during
the spinning process. Two separate solutions may also be electrospun
into core-shell fibres using coaxial electrospinning with two capillary
feeding channels [21]. Proteins encapsulated in the fibre core from
aqueous solutions have been shown to maintain some or all of their
activity [22,23]. However, the outer sheath layer is likely to influence
drug release profiles and the manufacturing process is considerably
more complex. To date, there are no published studies describing the
encapsulation and release of bioactive proteins from a single-phase
organic solvent mixture using uniaxial electrospinning. Here, we report
the incorporation of lysozyme as a model protein into an electrospun
mucoadhesive patch and investigate its potential for therapeutic pro-
tein delivery. This protein delivery system is unique in that it uses a
simple uniaxial electrospinning manufacturing process to encapsulate a
biologically active protein into an insoluble drug delivery system. For
the first time, we show that proteins encapsulated in these uniaxial fi-
bres retain biological activity upon release and significantly advance
the field of electrospun-mediated protein delivery.

2. Methods

2.1. Materials

Poly(vinylpyrrolidone) (PVP; MW 2000 kDa) and Eudragit RS100
(RS100; MW 38 kDa) were kindly donated by BASF, UK and Evonik
Industries AG, Germany, respectively. Poly(caprolactone) (PCL; MW

80 kDa), dichloromethane (DCM), lysozyme from chicken egg white,
lyophilised Micrococcus lysodeikticus cells, phosphate-buffered saline
tablets, fluorescein isothiocyanate isomer I (FITC), Texas red sulfonyl
chloride, sodium bicarbonate, and sodium carbonate were purchased
from Sigma-Aldrich (Poole, UK). Ethanol and dimethylformamide
(DMF) were purchased from Fischer Scientific (Loughborough, UK).
Pierce™ BCA protein assay kit was purchased from Thermo Scientific
(Loughborough, UK). Brain heart infusion broth was purchased from
Oxoid (Basingstoke, UK).

2.2. Electrospinning system

Electrospun membranes were fabricated using a system composed
of a PHD2000 syringe pump (Havard Apparatus, Cambridge, UK) and
an Alpha IV Brandenburg power source (Brandenburg, Worthing, UK).
Plastic syringes (1 mL volume; Henke Sass Wolf, Tuttlingen, Germany)
were used to drive the solutions into a 20-gauge blunt metallic needle
(Fisnar Europe, Glasgow, UK). Electrospinning was performed at room

temperature with a potential difference of 19 kV, a flow rate of 2 mL/h,
and a flight path of 14 cm.

2.3. Preparation of polymer solutions and fabrication of bioadhesive
membranes

All electrospinning solutions contained 0.1025 ± 0.00025 g/mL
PVP and 0.1225 ± 0.0005 g/mL Eudragit RS100 (by total solvent
volume before mixing). The required amounts of PVP and RS100 were
added to ethanol or an ethanol/water mixture and mixed at room
temperature using a magnetic stirrer until dissolved. Lysozyme was
dissolved in ice cold PBS (75 mg/mL) and added to the polymer solu-
tion and stirred until uniformly distributed, contributing 3 v/v % to the
final solvent composition. Electrospinning was started within 1 min of
adding the lysozyme. Placebo solutions and membranes were prepared
using 3 v/v % distilled water instead of lysozyme in PBS.

2.4. Conductivity of polymer solutions

Electrical conductivity of the polymeric solutions was measured
using a Mettler Toledo FG3 conductivity meter (Mettler Toledo,
Schwerzenbach, Switzerland), applying a conductivity standard of 1413
μS cm−1 (Mettler Toledo).

2.5. Rheology of polymer solutions

The viscosity of the polymeric solutions was measured using an
MCR 301 rheometer (Anton Paar, Graz, Austria) with a cone-plate
measuring system CP25-4/IMG1 (25 mm diameter, 4° cone angle, and
253 μm truncation) at a constant temperature (25 ± 0.1 °C) and a
sample volume of approximately 0.4 mL. Logarithmic shear rate sweep
tests were performed with 31 points in the range of 0.1 to 100 s−1

lasting 20 s per point.

2.6. Scanning electron microscopy

Electrospun membranes were imaged using a TESCAN Vega3
scanning electron microscope (SEM; Tescan, Cambridge, UK). Samples
were sputter coated with gold and imaged using an emission current of
10 kV. All images were processed using ImageJ software tools [24].
Fibre diameters were measured by ImageJ, using randomly generated
coordinates and a superimposed grid to select fibres to measure. Three
images were analysed for each composition with at least 10 measure-
ments per image.

2.7. Degree of swelling of electrospun membranes

Pre-weighed 15 mm discs (5–14 mg) were placed in sample tubes
with 1 mL distilled water for 2 h. If intact, samples were removed, and
each side pressed against a glass surface to remove excess water before
reweighing. The percentage degree of swelling was calculated using the
formula:

−
×

(M M )
M

100s d

d

where Ms is the mass of the sample after swelling in distilled water and
Md is the dry mass of the sample before swelling.

2.8. Activity and encapsulation efficiency measurement

Electrospun membrane (9–12 mg) was prepared and immersed in
2 mL PBS for 24 h. to elute the protein. A bicinchoninic acid (BCA)
protein assay was used as directed to determine encapsulation effi-
ciencies. Absorbance was measured at 562 nm using a spectro-
photometer (Tecan, Theale, UK). The apparent mass fraction de-
termined from the protein concentrations in the samples was
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normalised against the dry mass fraction of lysozyme in the electro-
spinning solution.

Lysozyme enzyme activity in samples was measured using a pho-
tometric enzyme kinetic assay as previously described [25]. Briefly,
10 μL of membrane supernatant diluted in PBS (1:10, v/v) was added to
a clear plastic 96-well plate along with 200 μL of lyophilised Micro-
coccus lysodeikticus cells (0.4 mg/mL in PBS). The change in optical
density at 450 nm (OD450) was measured over time for 10 min. Active
lysozyme concentrations of the samples were interpolated from a
standard curve created using lysozyme standards (0, 20, 40, 60, 80, and
100 μg/mL) and normalised against the total protein concentration.

2.9. Homogeneity of lysozyme incorporation

Electrospun membranes were divided into three concentric regions:
the central circle of the membrane with one third the diameter of the
whole membrane, an intermediate ring with two thirds the diameter of
the whole membrane, and the remaining outer ring. The activity and
encapsulation efficiencies of the different regions where measured as
previously described.

2.10. Fluorescent labelling of PVP and lysozyme

To label PVP, a complex with fluorescein isothiocyanate isomer I
(FITC), as described by Aulton et al., was produced [26]. FITC in 0.1 M
pH 9.2 carbonate-bicarbonate buffer (2 mg/mL, 1 mL) was added
dropwise with vigorous stirring to PVP in the same buffer (25 mg/mL,
10 mL) in an opaque sample tube. The tube was sealed and incubated at
room temperature for 3 h. The complex was purified by adding drop-
wise with stirring to acetone (500 mL) and the precipitate collected and
washed with acetone (2 × 10 mL). Excess solvents were removed by
freeze drying.

Lysozyme was labelled with Texas red sulfonyl chloride. Texas red
sulfonyl chloride (1 mg) was added, with vigorous stirring until dis-
solved, to lysozyme in 0.1 M pH 9.2 carbonate-bicarbonate buffer
(75 mg/mL, 1 mL) in an opaque sample tube. The tube was sealed and
incubated at room temperature for 24 h and the product purified using
gel permeation chromatography with Sephadex G-25 and PBS. The
solvent was removed by freeze drying.

2.11. Fabrication and imaging of fluorescent electrospun fibres

Electrospun fibres were prepared as previously described with 97 v/
v % ethanol but using Texas red labelled lysozyme and substituting 24
w/v % of the PVP with the FITC-PVP complex where appropriate.
Samples were placed on glass slides and overlaid with glass cover slips.
Imaging was performed in dual-channel mode using a Nikon A1 laser
scanning confocal microscope with 457–514 nm argon and 561 nm
sapphire lasers. All images were processed using ImageJ software tools
[24].

2.12. Release profile

Samples of electrospun membranes (20 mg) were immersed in 4 mL
PBS and 10 μL samples taken at time intervals (0, 10, 20, 30, 60, 120,
180 min.) following vortexing for 5 s. Active lysozyme concentration
was measured as previously described. To calculate cumulative release,
the active concentration was normalised against the theoretical max-
imum concentration, assuming 100% encapsulation efficiency, release,
and activity.

2.13. Growth inhibition assay with Streptococcus ratti

Streptococcus ratti (NCTC 10920, Public Health England, Salisbury,
UK) was grown overnight in 10 mL brain heart infusion broth (BHI) at
37 °C, 5% CO2 before diluting to OD600 of 0.1 in BHI. Samples of

electrospun membrane (50 ± 0.1 mg) were immersed in 1 mL sterile
PBS for 24 h with vortexing for 30 s after immersing and before sam-
pling the eluate. Sterile PBS was used as a negative control and 0.5 mg/
mL lysozyme in PBS as a positive control. Additionally, placebo patch
samples were eluted in a stock 0.5 mg/mL lysozyme solution. A 12-well
plate was filled with BHI (0.5 mL per well) before adding eluate and
controls in triplicate (0.5 mL). Each well was inoculated with 0.1 mL
bacteria and the plate incubated at 37 °C with OD600 measured every
10 min for 15 h with shaking for 1 min before each reading.

2.14. Fabrication of hydrophobic backing layer

The hydrophobic backing layer (BL) was prepared by electrospin-
ning a PCL solution on top of the bioadhesive PVP/RS100 layer. PCL
was added to a blend of DCM and DMF (90:10 v/v %) and stirred at
room temperature until dissolved to prepare a solution of concentration
10 w/v %. To enhance the attachment between the bioadhesive and
backing layer a thermal treatment was applied by heating at 65 °C for
15 min in a dry oven.

2.15. In vitro adhesion study of dual-layer patches

The adhesive properties of electrospun membranes with backing
layers were investigated in vitro. For each composition, two discs of
1 cm diameter were cut from three membranes (n = 6) and applied to
20 μL droplets of PBS on a plastic petri dish with gentle pressure from
the index finger for 5 s. The petri dishes were filled with PBS (20 mL)
and then incubated on an orbital shaker at 250 rpm at room tempera-
ture for a total of 2 weeks. The samples were inspected daily to observe
any detachment of the backing layer.

2.16. Data analysis

All data and statistical analyses were performed using GraphPad
Prism 8.0 software (GraphPad Software, La Jolla, CA). One-way
ANOVA with post hoc Tukey tests or Welch's t-tests were used to
compare differences between groups and results considered statistically
significant if p < 0.05.

3. Results and discussion

3.1. Physical properties of solutions

The morphology of electrospun fibres is strongly influenced by
processing parameters and solution properties. Conductivity and visc-
osity measurements were used to determine how the addition of a
protein affects solution properties. A typical dose of a therapeutic
peptide is in the order of micrograms [27–29], therefore a loading of
1% lysozyme by dry mass was used to simulate a loading that may be
suitable for mucosal peptide or protein delivery. Including lysozyme in
PBS caused an increase in solution conductivity from 118.4 ± 7.2 to
168.6 ± 8.6 μS/cm (p = 0.0247) and an increase in viscosity at 5 s−1

from 1.14 ± 0.18 to 1.477 ± 0.091 Pa·s (p = 0.0369) in comparison
to the equivalent solution prepared with distilled water. The increase in
conductivity on addition of lysozyme, a cationic protein, was expected
due to increased electrolyte concentration. The increase in viscosity is
typical of a protein solution [30]. An organic solvent such as ethanol is
required for the dissolution of RS100, however ethanol can act as a
protein denaturant [31]. It was therefore hypothesised that reducing
the proportion of ethanol in the electrospinning solvent mixture would
improve protein activity. Therefore, solvent mixtures with different
proportions of ethanol were investigated. Decreasing the proportion of
ethanol in the solution and replacing with water caused a linear in-
crease in conductivity (R2 = 0.9878) reaching 504 ± 33 μS/cm at 40
v/v % ethanol (Fig. 1A). This follows a similar trend to that previously
reported for pure ethanol-water mixtures and is expected due to ethanol
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having a much lower conductivity than water [32]. Reducing the pro-
portion of ethanol from 97 to 80 v/v % reduced viscosity from
1.477 ± 0.091 to 1.103 ± 0.032 Pa·s (p = 0.0214, Fig. 1B). The
decrease in viscosity at lower ethanol concentrations is consistent with
polymers adopting a globule conformation with a smaller hydro-
dynamic volume due to poorer solvation. PVP in ethanol-water mix-
tures has previously been shown to have a reduced hydrodynamic ra-
dius at lower ethanol concentrations, suggesting a transition from
chains to less solvated globules [33]. RS100 is a less hydrophilic, water-
insoluble polymer, therefore it is also likely to be poorly solvated at
lower ethanol concentrations. All polymer solutions behaved approxi-
mately as Newtonian fluids with no clear shear thickening or thinning
trend (Fig. S1).

3.2. Fabrication and morphology of electrospun membranes

Electrospun fibres containing 1 w/v % lysozyme and made using 97,
80, 60, and 40 v/v % ethanol mixed with distilled water as solvent and
a placebo membrane manufactured with 97 v/v % ethanol without
lysozyme were analysed by scanning electron microscopy. All samples
had some merged fibres and almost no bead defects (Fig. 2). No other
defects were observed. Including lysozyme caused a decrease in dia-
meter from 2.50 ± 0.71 to 2.04 ± 0.92 μm (p = 0.0402). The re-
duced fibre diameter is consistent with the observed increase in con-
ductivity, which allows the polymer solution to hold more charge,
resulting in more efficient elongation in the electric field. There was no
significant difference in diameter between 97 and 80 v/v % ethanol,
however there was a significant decrease in fibre diameter from
2.34 ± 0.63 μm to 1.28 ± 0.41 μm (p < 0.0001) and
0.58 ± 0.13 μm (p < 0.0001) when the ethanol content was reduced
from 80 v/v % to 60 and 40 v/v % ethanol respectively. Higher solution
conductivity and lower viscosity are well known to be associated with
narrower fibres [34], therefore these measurements broadly follow the
trend expected from the solutions properties. These results also similar
to those reported by Nartetamrongsutt et al., who showed that in-
cluding ionic salts in solutions of PVP in ethanol-water mixtures re-
sulted in reduced fibre diameters and increased solution conductivity
[35]. They also found that reducing the proportion of ethanol below 50
v/v % resulted in narrower fibres and a narrower distribution of fibre
diameters along with reduced solution viscosity and increased solution
conductivity.

3.3. Swelling and integrity of electrospun membranes

To be suitable as a mucoadhesive drug delivery system, the protein-
loaded membranes must swell to promote adhesion but also remain
intact in a wet environment. Samples were placed in distilled water for

2 h and visually inspected for loss of integrity and, where possible, the
degree of swelling was measured. All samples electrospun using 40 v/v
% ethanol and one of three membranes using 60 v/v % ethanol rapidly
disintegrated into small insoluble particles when added to water. In
contrast, fibres electrospun from 97 and 80 v/v % ethanol and placebo
membranes remained intact after 2 h and did not differ significantly in
degree of swelling (Fig. 3, p = 0.4342). These data suggest that 97 or
80 v/v % ethanol are suitable solvents for this polymer system and
application. The disintegration of narrower fibres may be a result of
PVP-rich domains rapidly dissolving and creating discontinuations in
the fibres. This would be expected of narrower fibres, since the smaller
diameter would make it easier for discontinuations to form and the
higher surface area and smaller contacts between fibres facilitates the
rapid dissolution of PVP.

3.4. Effect of solvent mixture on encapsulation and activity

Lysozyme was eluted from the fibres and the amount released
measured using a protein assay and its activity assessed using an en-
zyme kinetic assay relative to freshly prepared lysozyme stock solu-
tions. Encapsulation efficiency ranged from 75 ± 10 to 98 ± 8%, and
no statistically significant difference between solvents was shown
(Fig. 4, p = 0.0750). It was initially hypothesised that reducing the
concentration of ethanol in the electrospinning solution would limit
protein denaturation, leading to higher enzyme activity. However, it
was found that enzyme activity was close to 100% (96 ± 3 to
108 ± 18%) with no difference between the solvent mixtures tested.
Placebo membranes were used as negative controls and showed ap-
parent protein loading, as measured by a BCA assay, close to zero,
0.017 ± 0.015 w/w % compared to 0.928 ± 0.070 w/w % for ly-
sozyme loaded membranes (p < 0.005). The activity of the placebo
patches was also close to zero, corresponding to an active lysozyme
loading of 0.055 ± 0.042 w/w % compared to 0.892 ± 0.049 w/w %
for lysozyme-loaded membranes (p < 0.0005). This shows that the
observed protein release and enzyme activity was not a false positive
caused by dissolved polymer. Changing the ratio of solvents did not
provide a noticeable benefit in terms of activity, therefore further ex-
periments focused on 97 v/v % ethanol as the solvent, which gave an
encapsulation efficiency of 93 ± 7% and activity of 96 ± 3%. The
high encapsulation efficiencies reported here are comparable to those
previously reported for small molecule drugs encapsulated using uni-
axial electrospinning. For example, Xie et al., reported the encapsula-
tion of paclitaxel in PLGA nanofibers with loading of around 10 w/w %
and an encapsulation efficiency over 90% [36]. There is very little
published research reporting encapsulation of active proteins using
uniaxial electrospinning of a single phase solution. Eriksen et al., in-
corporated a fluorescently-labelled antimicrobial peptide into PCL

Fig. 1. Conductivity of electrospinning so-
lutions containing lysozyme with different
mixtures of ethanol and water as solvents
and placebo (P) solutions in 97 v/v %
ethanol without lysozyme (A). Viscosity of
electrospinning solutions measured at a
shear rate of 5 s−1 (B). Data are presented
as mean ± SD, with 3 independent repeats
and analysed using one-way ANOVA with
post hoc Tukey tests. *, p < 0.05; **,
p < 0.01; ***, p < 0.001.
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fibres at a loading of approximately 0.1 w/w% using a miscible me-
thanol/chloroform solvent mixture, but were unable to confirm biolo-
gical activity [37]. Conversely, emulsion and coaxial electrospinning,
with the protein in an aqueous phase, have been frequently studied for
protein encapsulation. Due to separation of solvent phases in the Taylor
cone, emulsion electrospinning often results in low encapsulation effi-
ciencies of only a few percent for globular proteins [19], however a
higher efficiency of 87.2 ± 1.8% has been achieved for collagen-like
protein in poly(lactic-co-glycolic acid) (PLGA) fibres at a loading of 5

w/w% [20]. Ji et al., compared emulsion and coaxial electrospinning
for the encapsulation of alkaline phosphatase into PCL fibres at a
loading of 0.16 w/w% from water and 2,2,2-trifluoroethanol [23].
Coaxial electrospinning resulted in 76.2 ± 8.4% enzyme activity,
while electrospinning from an emulsion resulted in 49.3 ± 4.5% ac-
tivity. Lysozyme has also previously been encapsulated in PCL/poly
(ethylene glycol) (PEG) fibres using coaxial electrospinning at loadings
of 2–6 w/w% and shown to be active, however the activity was not
quantified [22]. The polymer/solvent system described here enables
encapsulation efficiencies and activity preservation superior to what
has been achieved previously with uniaxial single phase and emulsion
electrospinning and at least as high as that achieved with coaxial
electrospinning.

Fig. 2. Scanning electron micrographs of a placebo membrane (A) and electrospun fibres containing lysozyme manufactured using different concentrations of
ethanol, shown in bottom left as v/v% (B–E). Fibre diameter distributions (F). Data are presented as median, interquartile range, and range with 3 independently
prepared samples for each solvent mixture and 10 diameter measurements per sample and analysed using one-way ANOVA with post hoc Tukey tests. *, p < 0.05;
***, p < 0.001.

Fig. 3. Degree of swelling in water of lysozyme-containing electrospun fibres
using different ethanol concentrations and placebo membranes (P). Data are
presented as mean ± SD, with 3 independent samples and analysed using one-
way ANOVA with post hoc Tukey tests. For 60 v/v % ethanol only 2 in-
dependent measurements could be made, therefore SD was not calculated.

Fig. 4. Encapsulation efficiency and activity of lysozyme in fibres electrospun
using different mixtures of ethanol and water as solvents. Data is presented as
mean ± SD, with 3 independent samples per solvent mixture, and analysed
using one-way ANOVA with post hoc Tukey tests.
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3.5. Homogeneity of electrospun membranes

To determine the distribution of PVP and lysozyme within the fibres
a novel dual fluorescent labelling approach was used. A FITC-PVP
complex and Texas red conjugated lysozyme were added before elec-
trospinning and the resulting fibres imaged using confocal microscopy.
Singly labelled control samples showed that signals were not caused by
auto fluorescence or crosstalk between channels (Fig. S2). PVP appears
to be homogenously distributed within the fibres, with any polymer
phase separation occurring over a nanometre scale below the resolution
of the microscope (Fig. 5A). Lysozyme is fully incorporated into the
fibres and almost homogeneously distributed (Fig. 5B). Some aggrega-
tion is viably present over a microscopic scale as bright regions, how-
ever this does not appear to significantly affect its activity. To de-
termine the homogeneity of the lysozyme distribution over a
macroscopic scale, the loading and activity of different regions (centre,
intermediate, outer edge) of the membrane were compared (Fig. 5D).

The loading and activity were similar across all regions tested in-
dicating that the protein is homogeneously distributed at the macro-
scopic level.

3.6. Characterisation of release kinetics using an enzymatic assay

We previously showed that a mucoadhesive drug delivery device
with a similar polymer composition had a residence time of
96 ± 26 min when applied to the human buccal oral mucosa [15]. To
be useful as a mucosal peptide delivery system, the membranes must
release their payload over a similar timescale. To measure the release
profile, lysozyme was eluted from the fibres and the active concentra-
tion measured using enzyme kinetics for up to 3 h (Fig. 6). Lysozyme
was released rapidly with 76 ± 23% released within 30 min and
88 ± 16% within 1 h. The release then begins to plateau, reaching
90 ± 13% after 2 h. The release is likely to be facilitated by rapid
water penetration due to the dissolution of PVP and the swelling of

Fig. 5. Confocal micrographs of electrospun fibres containing FITC-PVP complex and Texas-red conjugated lysozyme to show the distribution of PVP (A, green) and
lysozyme (B, red) within the fibres and an overlay of both distributions (C). Encapsulation efficiency (EE) and activity of central, intermediate, and outer regions of
lysozyme-containing membranes electrospun from 97 v/v % ethanol (D). Data is presented as mean ± SD, with 3 independent samples for each region, and analysed
using one-way ANOVA with post hoc Tukey tests. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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RS100. The lack of sheath layer associated with coaxial electrospinning
also increases release rate by decreasing the diffusion path required for
release [38]. Proteins previously encapsulated in water-insoluble
polymer fibres have shown considerably slower release rates. Eriksen
et al., reported that an antimicrobial peptide was released linearly from
uniaxial PCL fibres, with<50% released within 2 h [37]. Ji et al.,
reported that bovine serum albumin undergoes biphasic release from
PCL fibres prepared both with emulsion and coaxial electrospinning,
with an initial burst of around 15% released within 4 h, followed by
prolonged release which begins to plateau at around 50–70% after
35 days [23]. Wei et al., showed that collagen-like protein was released
from PLGA fibres prepared by emulsion electrospinning linearly for the
first 1–2 weeks, reaching 50–70% depending on fibre diameter [20].
Although other polymer systems may be more suitable for sustained
release over a period of days, the system reported here is unique in that
it enables protein release over timescales relevant for delivery to the
oral mucosa without rapidly dissolving.

3.7. Fabrication of backing layer and effect on activity

A film of hydrophobic PCL was introduced to act as a backing layer
to promote unidirectional delivery and protect against mechanical
forces in the mouth as previously described by Colley et al., in dual-
layer patches for the unidirectional delivery of clobetasol to the oral
mucosa [14]. PCL was electrospun on top of the protein-loaded mu-
coadhesive layer and the dual-layer patch heated at 65 °C to melt the
PCL fibres into a continuous film. SEM micrographs show the fabrica-
tion of patches with a continuous backing film and that the fibrous
structure of the lower layer was preserved (Fig. 7A–B). Activity

measurements revealed that thermal treatment did not cause significant
loss of enzyme activity (p = 0.8326). Applying dry heat at 100 °C for
1 week resulted in a decrease in activity from 84 ± 4% to 30 ± 16%
(p = 0.0017), showing that lysozyme in the electrospun fibres is sus-
ceptible to heat denaturation in extreme conditions.

3.8. In vitro testing of residence time

A simple in vitro residence time test was applied to assess whether
lysozyme had a detrimental effect on patch adhesion or structural in-
tegrity. Samples were applied to a petri dish, immersed in PBS and
shaken for two weeks with daily inspection for detachment of the
backing layer. Both the lysozyme-containing patches and the placebo
patches remained attached until the end of the experiment, suggesting
that lysozyme does not disrupt membrane integrity, adhesion, or at-
tachment of the backing layer.

3.9. Lysozyme released from membranes inhibits the growth of
Streptococcus ratti

Over 600 different species of microbes reside commensally within
the oral cavity in healthy individuals [39]. Many of these organisms
have the ability to become pathogenic if the oral mucosa is wounded or
compromised, or if there is significant dysbiosis in the microbial flora.
Lysozyme is a glycoside hydrolase and acts as an antimicrobial agent by
catalysing the hydrolysis of linkages between N-acetylmuramic acid
and N-acetyl-D-glucosamine residues in peptidoglycan, the major cell
wall component of Gram-positive bacteria. We next tested if membrane-
released lysozyme was able to cleave peptidoglycan and cause bacterial
cell lysis in Streptococcus ratti, a Gram-positive oral bacterium found in
the oral cavity that has been associated with dental biofilms [40] and is
known to be affected by lysozyme activity [41]. Lysozyme was eluted
from electrospun membranes and its effects on inhibiting bacteria
growth assessed. Eluted lysozyme significantly inhibited the growth of
S. ratti by 51% after 15 h compared to eluate from a placebo membrane
control (51.1 ± 5.7 vs 0.6 ± 1.6, p < 0.0001, Fig. 8). These data
clearly show that lysozyme released by electrospun membranes retains
its biological activity and is able to inhibit bacterial growth and indicate
that these membranes may be effective at treating oral bacterial in-
fections or as covering for oral wounds or lesions that may be suscep-
tible to bacterial infection.

Interestingly, the lysozyme membrane eluate contained
0.43 ± 0.07 mg/mL protein content and caused 51% bacterial in-
hibition, whereas purified lysozyme of a similar protein concentration
(0.5 mg/mL) almost completely abolished S. ratti growth over the same
time period (p < 0.0001, Fig. 8). To investigate the cause of this ap-
parent reduction in activity, samples of placebo membranes were eluted
in 0.5 mg/mL lysozyme solution. The resulting eluate inhibited growth

Fig. 6. Cumulative release of lysozyme from membranes electrospun using 97
v/v % ethanol as a solvent following immersion in PBS. Data is presented as
mean ± SD, with 3 independent samples for each time point.

Fig. 7. SEM micrographs of the continuous PCL backing layer film formed after thermal treatment (A) and the edge of the patch showing the PCL film backing layer
and lower layer of lysozyme-containing PVP and RS100 fibres (B). Activity of lysozyme released from patches with PCL backing layers before and after melting at
65 °C for 15 min (C). Data is presented as mean ± SD, with 3 independent samples, and analysed using Welch's t-test.
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to the same extent as the lysozyme membrane eluent, suggesting that
this disparity related to polymer in the sample and not loss of activity
during electrospinning. This may be a result of water soluble PVP
leaching from the fibres and inhibiting lysozyme activity or en-
capsulating and protecting the bacteria. PVP has previously been shown
to inhibit the enzyme phenolase [42], however its effect on lysozyme
has not been studied. Further investigation would be required to elu-
cidate the mechanism of this effect.

4. Conclusions

This mucoadhesive system enabled the encapsulation of an enzyme
into polymer fibres with superior encapsulation efficiency and biolo-
gical activity preservation compared to what has previously been ac-
complished with uniaxial electrospinning. The approach described here
is considerably simpler to scale up to an industrial manufacturing set-
ting than the frequently reported emulsion and coaxial electrospinning
techniques, with fewer parameter to optimise and control. Unlike pre-
vious systems, the fibres released the majority of the protein in a single
burst at a rate appropriate for drug delivery to the oral mucosa.
Furthermore, the protein was homogenously distributed, and data
suggest that the dual-layer patches maintained mucoadhesive proper-
ties similar to those previously reported [14]. The biological activity of
the encapsulated protein was further demonstrated by the inhibition of
growth of an oral bacterial strain. This illustrates that the patches could
be useful for the local delivery of antimicrobial proteins. In practise,
there are likely to be many more suitable candidate protein drugs, since
lysozyme is only active against specific bacterial strains [41]. For ex-
ample, patches loaded with the antifungal peptide histatin-5 may be
effective against chlorhexidine resistant periodontal Candida biofilms
[43]. The food-grade preservative nisin has broad spectrum activity
against many Gram-positive bacteria, and could potentially be in-
corporated into the patches to treat multi-species bacterial biofilms
[44]. The patch technology reported here holds great promise as a
novel therapeutic protein delivery system for the oral mucosa.
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Abstract 

Protein-based biologics constitute a rapidly expanding category of therapeutic agents with high target 

specificity. Their clinical use has dramatically increased in recent years, but administration is largely 

via injection. Drug delivery across the oral mucosa is a promising alternative to injections for 

administration of local or systemic-bound proteins or peptides, so avoiding the gastrointestinal tract 

and first-pass metabolism. However, development is hindered by current drug delivery formulations 

such as liquid sprays, mucoadhesive tablets and films that lack precise dose control in the presence of 

salivary flow. To address this, electrospun membranes that adhere tightly to the oral mucosa surface 

and release drugs locally have been developed. Here we investigated the suitability of these 

membranes for peptide or protein release. Bradykinin or insulin were incorporated into mucoadhesive 

membranes by electrospinning from ethanol/water mixtures. Immersing the membranes in buffer 

resulted in rapid release of bradykinin, with a maximal release of 70 ± 12% reached after one hour for 

fibres with a loading of 0.1% w/w. Insulin was released more slowly with 88 ± 11% released after eight 

hours for fibres with a loading of 1% w/w. Membrane-eluted bradykinin retained pharmacological 

activity, inducing intracellular calcium release in oral fibroblasts at similar levels to bradykinin 

delivered in solution. These data show that electrospun membranes may be a highly effective vehicle 

for site-specific administration of therapeutic proteins or peptides directly to the oral mucosa to 

achieve either local or systemic drug delivery. 
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1. Introduction

Peptide and protein biologics are a rapidly growing class of pharmaceuticals with high clinical success

rates, high specificity, high potency and low toxicity.1 However, these types of therapeutics suffer from

low oral bioavailability due to limited gastrointestinal absorption, enzymatic degradation and first-

pass hepatic metabolism, and are therefore almost exclusively administered parenterally by injection.

This has significant associated drawbacks including patient discomfort, non-compliance due to

trypanophobia and, in many cases, the need for administration by healthcare professionals. For these

reasons, there is much interest in drug delivery via mucosal surfaces.2,3 Transmucosal drug delivery via

the oral cavity enables easy self-administration and is painless, thus increasing compliance rates.

Furthermore, the ability to deliver biologics topically to the oral mucosa may enable new treatments

for oral diseases while mitigating off-target side effects. Although there is much interest in this mode

of delivery, progress is limited by the lack of suitable dosage forms that allow site-specific delivery to

mucosal surfaces.

The only formulation that has successfully reached market deployment for transmucosal peptide 

delivery to date is the Oral-Lyn™ insulin aerosol spray for the management of Type 1 Diabetes.4 Unlike 

competing alternatives, this formulation is absorbed through the buccal oral mucosa rather than the 

respiratory tract and uses a mixture of surfactants to enhance epithelial permeation as well as to allow 

aerosol formation.5 The relatively high doses of insulin required and its poor epithelial permeability 

make it a challenging candidate drug for transmucosal delivery. Indeed, significant disadvantages of 

buccal insulin sprays include modest bioavailability of approximately 10% and the large volume of 

spray required to achieve a therapeutic dose.4 In vivo investigations into transmucosal biologic 

delivery suggest that several hydrophilic lower molecular weight therapeutic peptides including 

glucagon-like-peptide 1,6 salmon calcitonin,7 and desmopressin8 delivered to the buccal or sublingual 

mucosa can permeate sufficiently to achieve therapeutically relevant systemic doses without the need 

for permeation enhancing excipients. Low molecular weight peptides with fewer rotatable bonds tend 

to permeate the oral epithelium more easily, facilitating uptake. Absorption of these molecules is 

often hypothesized to occur by passive diffusion through the epithelial paracellular spaces.9 There is 

great potential to develop new dosage forms for the delivery of permeable proteins or peptides into 

or across the oral mucosa depending on epithelial or systemic targeting. However, previous studies 

have examined dosage forms with limited suitability for further translation, typically consisting of 

solutions or dissolving tablets/films that are readily removed from the mucosal surface by saliva, 

resulting in limited drug/tissue contact times.10,11  
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Electrospinning has recently attracted interest for the fabrication of oromucosal dosage forms with 

improved flexibility and high surfaces areas to facilitate drug release and mucoadhesive interactions.12 

Furthermore, dual-layer electrospun membranes with hydrophobic backing layers are highly effective 

at promoting the retention of drugs on the oral mucosa in the presence of saliva flow.13,14 Previous 

studies investigating electrospinning for protein or peptide encapsulation have primarily focused on 

more complex emulsion and coaxial electrospinning techniques, due to the perception that organic 

electrospinning solvents would cause unacceptable denaturation during uniaxial electrospinning.15 

Emulsion and coaxial electrospinning tend to produce multi-domain fibres that are more applicable 

for sustained release applications.16 Alternatively, protein-loaded fibres have been prepared from 

aqueous polymer solutions to avoid potential solvent-induced denaturation. This is possible using gel-

forming polyelectrolyte carbohydrate polymers such as chitosan or alginate to prevent rapid 

dissolution and promote mucoadhesion.17,18 A dual-layer mucoadhesive electrospun drug delivery 

patch consisting of a mucoadhesive inner membrane layer and a protective outer membrane layer has 

been developed to facilitate site-specific delivery to the buccal mucosa.19 The patch is fabricated 

entirely from approved medical grade polymers using a simple uniaxial electrospinning technique with 

ethanol as a solvent. These membranes were highly effective in phase II clinical trials in the delivery 

of clobetasol-17-propionate for treatment of erosive oral lichen planus,20 and have potential for 

several applications in oral medicine.14,21,22  

Although several electrospun mucoadhesive materials have now been developed that might be 

suitable for oromucosal protein delivery, a limited range of proteins have been investigated and the 

pharmacological activity of a therapeutically relevant peptide following elution from the polymer 

fibres has not been investigated fully.17 In this study, a peptide (bradykinin, 9 amino acids; 1060 Da) 

and protein (insulin, 51 amino acids; 5808 Da) of different molecular weights and physicochemical 

properties were incorporated into mucoadhesive electrospun fibres and their release kinetics 

examined to further investigate the versatility of the technology for mucosal delivery. Moreover, the 

biological activity of bradykinin following elution was assessed to determine if released molecules 

retain their biological activity upon release.  

2. Material and Methods 

2.1 Materials 

Poly(vinylpyrrolidone) (PVP; MW 2000 kDa) and Eudragit® RS100 (RS100; MW 38 kDa) were kindly 

donated by BASF, Cheadle Hulme, UK and Evonik Industries AG, Essen, Germany, respectively. 

Bradykinin ELISA kit was purchased from Abcam, Cambridge, UK. Fluo-4 Direct™ calcium assay kit was 
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purchased from ThermoFisher Scientific, Loughborough, UK. Bradykinin and cell culture reagents were 

purchased from Sigma-Aldrich, Poole, UK. 

2.2 Electrospinning system 

Electrospun membranes were fabricated using a system composed of a PHD2000 syringe pump 

(Harvard Apparatus, Cambridge, UK) and an Alpha IV Brandenburg power source (Brandenburg, UK). 

Plastic syringes (1 mL volume; Henke Sass Wolf, Tuttlingen, Germany) were used to drive the solutions 

into a 20-gauge blunt metallic needle (Fisnar Europe, Glasgow, UK). Electrospinning was performed at 

room temperature with a potential difference of 19 kV, a flow rate of 2 mL/h, and a flight path of 14 

cm.19,23  

2.3 Fabrication of electrospun membranes containing bradykinin or Insulin 

Electrospinning solutions contained 0.1025 g/mL PVP and 0.1225 g/mL Eudragit® RS100 (by total 

solvent volume before mixing). PVP and RS100 were added to ethanol and mixed at room temperature 

using a magnetic stirrer until dissolved. Bradykinin was dissolved in ice cold phosphate buffered saline 

(PBS), added to the polymer solution shortly before electrospinning and stirred until uniformly 

distributed, contributing 3% v/v to the final solvent composition. Placebo solutions and membranes 

were prepared using 3% v/v distilled water instead of bradykinin in PBS. For Insulin, all electrospinning 

solutions contained 0.0825 ± 0.00125 g/mL PVP and 0.1025 ± 0.00125 g/mL Eudragit® RS100 (by total 

solvent volume before mixing). The required amounts of PVP and RS100 were added to ethanol and 

mixed at room temperature using a magnetic stirrer until dissolved. The required concentration of 

insulin was prepared in 2 % acetic acid in PBS in a glass vial and vortexed for approximately 60 s with 

gentle heating until a clear solution was produced. Insulin solutions were combined with the polymer 

solutions at 20 % v/v and mixed until homogenous shortly before electrospinning. Placebo solutions 

and membranes without insulin were prepared under identical conditions.  

2.4 Surface pH  

Membrane samples (10 ± 0.5 mg) were placed in a 24-well plate, submerged in deionized water (1 

mL), and shaken briefly until wetted. After 10 minutes, pH was measured using a pH meter (Hanna 

Instruments, Rhode Island, USA). 

2.5 Scanning electron microscopy 

Electrospun membranes were imaged using a TESCAN Vega3 scanning electron microscope (SEM; 

Tescan, Cambridge, UK). Samples were sputter coated with gold and imaged using an emission voltage 

of 10 kV. All images were processed and fibre diameters measured using ImageJ software tools,24 using 
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randomly generated coordinates and a superimposed grid to select fibres. Three images were 

analysed for each membrane composition with at least 10 measurements per image. 

2.6 Release profile of bradykinin from electrospun membranes 

Samples of electrospun membranes (20 mg) containing bradykinin were immersed in 4 mL PBS and 10 

μL samples taken at time intervals up to 4 h following vortexing for 5 s. Bradykinin concentration was 

quantified using a competitive ELISA kit (ab136936) and used according to the manufacturer’s 

instructions (abcam, Cambridge, UK). To calculate percentage cumulative release, the active 

concentration was normalised against the theoretical maximum concentration, based on the dry mass 

fraction of bradykinin in the electrospinning solution. 

2.7 Release profile of insulin from electrospun membranes 

Membrane samples (3-6 mg) containing insulin were cut using a circular punch and placed in a 12-well 

plate. Pre-warmed PBS (2 mL) was added to the wells and the samples incubated at 37 °C with shaking. 

50 μL aliquots were taken every 0.5 h for 8 h and the volume replaced with fresh media. Protein 

concentration was measured using a Pierce™ bicinchoninic acid (BCA) assay kit as directed 

(ThermoFisher Scientific). Percentage cumulative release was calculated and normalised against the 

theoretical maximum concentration, based on the dry mass fraction of insulin in the electrospinning 

solution. 

2.8 Cell isolation and culture 

Normal oral fibroblasts (NOF) were isolated from the connective tissue of biopsies obtained from the 

oral mucosa of patients during routine dental procedures with written informed consent (Ethical 

Approval No. 09/H1308/66) and cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 

foetal bovine serum (FBS; 10% v/v), 2 mM L-glutamine, 100 IU/mL penicillin and 100 μg/mL 

streptomycin.25 

2.9 Intracellular calcium mobilisation using flow cytometry 

NOF were removed from cell culture flasks and resuspended as directed in buffered Fluo-4 cell-

permeant acetoxymethyl ester (ThermoFisher Scientific) at a suspension of 106 cells/mL and incubated 

for 45 minutes at 37 °C followed by 30 minutes at room temperature. Bradykinin-loaded or placebo 

membranes (10 mg) were eluted in 2 mL PBS for 24 h and stored at ˗20 °C prior to the experiment. A 

stock solution of bradykinin in PBS matching the theoretical concentration of the membrane eluent (5 

μg/mL) was prepared as a positive control and stored in identical conditions. Samples and standards 

were diluted by a factor of 10 in PBS before assaying by flow cytometry. To determine intracellular 
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calcium responses, fluorescence was measured at 488 nm excitation and 530 nm emission using a 

FACSCalibur flow cytometer (BD Biosciences, Wokingham, UK). For each sample, baseline fluorescence 

was measured for 40 s before sample addition (10 μL in 1 mL) after which fluorescence was measured 

for approximately 160 s. Change in relative fluorescent units (ΔRFU) was calculated by subtracting the 

median relative fluorescent unit value of the baseline from the maximum median fluorescence (over 

a 1 s interval) following sample addition. The experiment was performed in triplicate using three 

independently prepared sets of membranes and different batches of cells. 

2.10 Intracellular calcium mobilisation using confocal microscopy 

NOF (2.5 × 104 in 25 µL) were seeded in a half-area glass-bottomed 96-well plate and incubated 

overnight to give a confluent monolayer. Bradykinin samples and controls were prepared as previously 

described and diluted by a factor of 1000 prior to assaying. Before imaging, 25 µL buffered Fluo-4 cell-

permeant acetoxymethyl ester was added and the cells incubated for 45 minutes at 37 °C, followed 

by 30 minutes at room temperature. Imaging was performed using a Nikon A1 laser scanning confocal 

microscope with 457-514 nm argon laser.  Cells were imaged at room temperature with approximately 

1200 cells per image to obtain a baseline. Samples (50 µL) were added, and images immediately 

acquired every 10 s for 60 s using identical capture settings. The fold-change in fluorescence was 

calculated from the mean intensity of each the micrograph relative to the baseline. All images were 

processed using ImageJ software tools using automatic brightness/contrast adjustment on each series 

of images. The experiment was performed in triplicate using three independently prepared sets of 

membranes and different batches of cells. 

2.11 Data analysis 

All data and statistical analyses were performed using GraphPad Prism 9.4.1 software (GraphPad 

Software, La Jolla, USA). Student’s t-test was used for pairwise comparisons while One-way ANOVA 

with Tukey’s post hoc test was used to compare differences between groups and results considered 

statistically significant if p < 0.05. 
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3. Results 

3.1 Incorporation of bradykinin and insulin into electrospun membranes 

Electrospun membranes containing 0.1% w/w bradykinin by dry mass were prepared by 

electrospinning from a solution of 97% v/v ethanol. SEM images revealed a randomly aligned fibre 

morphology similar to those previously observed,19 with few defects, and an average diameter of 2.23 

± 0.81 μm that was similar to control membranes (Figure. 1).  

 

 

Figure 1. Characterisation of bradykinin-loaded mucoadhesive electrospun membranes. Bradykinin was incorporated into 

polymer fibres by mixing with ethanolic polymer solutions immediately before electrospinning. The resulting fibres were 

imaged by SEM. SEM micrographs of (A) control electrospun fibres (B) electrospun fibres containing 0.1% w/w bradykinin, 

scale bar = 20 µm. (C) Fibre diameter distribution presented as box and whisker plots displaying median, interquartile range 

and range (n = 30). Statistical analysis was performed by Student’s t-test. 

 

Due to the relatively low aqueous solubility of insulin, a solvent composition of 80 % v/v ethanol was 

used to allow the mixing of a larger volume of aqueous protein solution. The aqueous component of 

the electrospinning solution was acidified with acetic acid to dissolve the insulin. Membranes were 

fabricated to contain 0, 1, 3, and 5 % w/w insulin by dry mass. SEM analysis revealing a defect-free 

fibrous morphology in the absence of presence of insulin (Figure. 2 A). Membranes without insulin 

had a mean fibre diameter of 1.29 ± 0.36 μm (Figure. 2 B). Overall, inclusion of insulin produced fibres 

with increased diameters compared to controls. However, this reached statistical significance for 

fibres containing 3 % w/w (2.16 ± 0.78) compared to controls and fibres containing 1 % (1.56 ± 0.57) 

and 5 % (1.55 ± 0.39) w/w insulin (Figure. 2 B, p < 0.001). To investigate the effect of the use of acetic 

acid on surface pH, membranes were immersed in a small volume of distilled water before measuring 

pH with a digital probe. All samples prepared using this method had a surface pH of approximately 6 

(Figure. 2 C), whereas the fibre formulation without acetic acid has a pH of 8.2.14  
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Figure 2. Preparation of mucoadhesive electrospun fibres containing 0, 1, 3, 5 % w/w insulin. Insulin was dissolved in 2 % v/v 

acetic acid in PBS and mixed 1:4 v/v with an ethanolic polymer solution shortly before electrospinning. (A) SEM micrographs 

of electrospun fibres containing 0, 1 3, and 5 % w/w insulin. Scale bar = 20 µm. (B) Fibre diameter distributions presented as 

median, interquartile range, and range. Data were analysed using one-way ANOVA with Tukey post hoc test. ***p < 0.001 (n 

= 30). (C) Surface pH of electrospun fibres presented as mean ± SD (n = 3) and analysed using one-way ANOVA. 

 

3.2 Release of bradykinin and insulin from electrospun membranes 

The release profile of bradykinin or insulin from membranes was measured by eluting in PBS and 

measuring bradykinin concentration by ELISA and insulin by BCA protein assay. Bradykinin release was 

rapid, with 55 ± 17% of the theoretical total dose released within 30 minutes. Maximum bradykinin 

release of 70 ± 12% was observed after 1 h (Figure. 3). Release of insulin was slower than that of 

bradykinin, with maximal but incomplete release after 8 h (Figure. 4 A). When evaluating liberation of 

insulin per mg membrane, release was dependent on insulin content, with the 5 and 3 % w/w patch 

releasing significantly more insulin than the 1 % w/w (p < 0.001 and p < 0.05, respectively) and placebo 

membrane. The percent cumulative insulin release after 8 h corresponded to 88 ± 11, 69.0 ± 5.4, and 

63.9 ± 9.0 % of the total encapsulated dose for membranes containing 1, 3, and 5 % w/w insulin, 

respectively Figure. 4 B). 



10 

Figure 3. Release of bradykinin from mucoadhesive membranes following immersion in PBS. Membrane samples were eluted 

in PBS. Samples were periodically mixed using a vortex mixer and bradykinin concentrations in the media measured by ELISA. 

Data are presented as mean ± SD (n = 3). 

Figure 4.  Cumulative release of insulin from electrospun membranes containing 1, 3, 5 % w/w insulin. (A) Release per mg of 

membrane. Statistical analysis was performed by ANOVA with Tukey’s post hoc test *p<0.05, ***p<0.001. (B) Release as 

percentage of the total mass of insulin in the membrane samples. Membrane samples were eluted in PBS at 37 °C with 

shaking. Cumulative insulin release per mg of membrane. Data presented as mean ± SD (n = 3).  
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3.3 Membrane-eluted bradykinin stimulates intracellular calcium release in normal oral 

fibroblasts 

The release of insulin from other polymer-based drug carriers for diabetic therapy has previously been 

reported in several studies.4,17 We therefore decided to focus further experiments on bradykinin as an 

exemplar test molecule. Bradykinin is a hydrophilic nine amino acid (1060 Da) peptide that exerts its 

effects on cells such as fibroblasts, smooth muscle and endothelial cells that form blood vessels, 

causing vasodilation and increasing vascular permeability following engagement of G-protein coupled 

bradykinin receptors. To test whether the biological activity of bradykinin was preserved following 

release from membranes, its effect on intracellular calcium mobilisation following binding to its cell 

surface G-protein coupled receptor expressed by NOF was measured on a single-cell basis using flow 

cytometry. Bradykinin-containing membranes were eluted in PBS for 24 h and the supernatant added 

to cell suspensions at 5 ng/mL (assuming 100% loading efficiency and complete release from the 

membranes) to approximate physiological concentrations. The addition of placebo membrane eluent 

to NOF had negligible effect on fluorescence as a readout for intracellular calcium release, causing a 

0.51 ± 0.46 maximum change in RFU relative to baseline (Figure. 5 A&D). Bradykinin solution caused 

a maximum 8.4 ± 1.3 ΔRFU (Figure. 5 B&D) while membrane eluted bradykinin caused a 13.2 ± 1.5 

maximum ΔRFU (Figure. 5 C&D). 
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Figure 5. Bradykinin functionality was preserved following release from mucoadhesive membranes. Intracellular calcium 

mobilisation in fibroblasts was determined over time using flow cytometry. Each dot represents a fluorescence measurement 

for an individual cell. Baseline fluorescence was acquired for approximately 40 s before addition of samples (black arrow). 

(A) Placebo membrane eluent, (B) bradykinin (BK) solution, (C) BK membrane eluent. (D) Change in relative fluorescence 

units (RFU) were calculated by subtracting baseline median fluorescence from the maximal median fluorescence (over a 1 s 

interval) following sample addition. Data is presented as mean ± SD (n = 3) and analysed using one-way ANOVA with Tukey’s 

post hoc test. **p < 0.01, ***p < 0.001. 

 

The effect on intracellular calcium mobilisation was also observed in fibroblast monolayers by confocal 

microscopy. Bradykinin samples were added at 2.5 ng/mL (assuming 100% loading efficiency and 

complete release), after which fluorescence micrographs were periodically captured for up to 60 s 

(Figure. 6). An eluted placebo membrane was used as a negative control and as expected, produced 
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negligible change in fluorescence (Figure. 6 A). Bradykinin in solution and as elute from the membrane 

cause a rapid (within 2 seconds) increase in intracellular calcium (Figure. 6 A). Bradykinin in solution 

caused a 2.13 ± 0.21 fold-change in fluorescence intensity peaking at 10 s (p < 0.001) relative to 

placebo, after which fluorescence intensity decreased linearly over time (Figure. 6 B&C). Membrane-

eluted bradykinin produced similar behaviour, peaking at approximately 2 seconds, causing a 1.58 ± 

0.16 fold-change after 10 s (p < 0.001) relative to placebo (Figure. 6B&C).  

 

Figure 6. Membrane-eluted bradykinin increases intracellular calcium mobilisation in oral fibroblast monolayers. (A) 

Representative series of confocal micrographs showing the change in calcium mobilisation over time in NOF monolayers 

following treatment with PBS, placebo membrane eluent, bradykinin (BK) solution (2.5 ng/ml), or BK membrane eluent. (B) 

Fold-change in fluorescence relative units (RFU) over time following addition of solutions. (C) Fold-change in RFU after 10 s 

for each solution. Data is presented as mean ± SD (n = 3). Statistical analysis was performed using one-way ANOVA with 

Tukey’s post hoc test. **p < 0.01, ***, p < 0.001. 
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4. Discussion 

Electrospun mucoadhesive membranes have been developed to address the lack of formulations that 

enable site-specific drug delivery to the oral mucosa.19 These membranes have been successfully 

developed for the delivery of several small molecule drugs14,21,26 and lysozyme,23 a robust antimicrobial 

enzyme, suggesting suitability for oromucosal protein delivery. In order to determine the potential of 

electrospun membranes for transmucosal peptide delivery it is necessary to demonstrate that a 

peptide can be incorporated and released at a suitable rate while maintaining pharmacological 

activity. Bradykinin is a small but highly potent vasoactive peptide. It was used in this study as an 

exemplar test molecule to provide proof-of-concept data that other such small peptides could be 

incorporated into electrospun membranes, released, and retain their biological activity.  

Drug delivery from a membrane or patch applied to the oral mucosa is time-limited due to the 

requirement of patients to refrain from eating and drinking upon membrane application. A previous 

study observed a clinically measured membrane residence time of approximately 100 minutes for 

similar membranes applied to the human buccal mucosa.14 Therefore, efficient peptide release over a 

maximum of 2 hours would be ideal for delivery within this timeframe. Indeed, maximal bradykinin 

release corresponding to around 70% of the total dose was detectable after 1 h. This rapid release is 

consistent with a release mechanism controlled by the swelling of highly hydrophilic fibres.27 The 

release profile is similar to those previously reported for hydrophilic proteins encapsulated within 

swelling electrospun fibres. It was found previously that lysozyme was rapidly eluted from an identical 

polymer system, with approximately 90% of the dose released within 1 h.23 In addition, Stie et al., 

showed that mucoadhesive fibres consisting of blended poly(ethylene oxide) and chitosan rapidly 

released the highly soluble peptide desmopressin through a similar mechanism.13 Desmopressin 

release was even faster than observed in our system, reaching 80% release within 20 minutes. This 

can likely be attributed to narrower fibre diameter of approximately 200 nm, leading to a higher 

surface area and faster swelling.  

Insulin was selected as a second model peptide to investigate the versatility of the patches for the 

delivery of larger, less soluble peptides, with the potential application of membrane that allows 

sustained insulin delivery for diabetics. Insulin has low aqueous solubility at neutral pH. However, it is 

moderately soluble at pH 3, and if necessary, the pH of the solution can be adjusted back to pH 7 

without causing precipitation. The solubility is further increased by increasing the ionic strength of the 

solution, for example by using acidified PBS instead of acid in deionised water. Relatively high 

therapeutic doses in the order of hundreds of micrograms several times daily are required for 

managing diabetes. Therefore, to achieve suitably high loading in the mucoadhesive layer of the patch, 
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the aqueous portion of the electrospinning solvent was increased to 20 % v/v. Acidified PBS was used 

to solubilise insulin before mixing with the ethanolic polymer solution. This method allowed the 

fabrication of defect free fibres containing 0, 1, 3, 5 % w/w insulin.  

The diameter of fibres containing 0 or 1 % w/w insulin was narrower than that those containing 

bradykinin. This is likely a result of the increased conductivity of the electrospinning solution, due to 

the higher water and salt content, which produces more rapid fibre elongation in an electric field. The 

fibres were also narrower than those previously observed for fibres containing 1 % w/w lysozyme, also 

prepared with 80 % v/v ethanol.23 This is likely because PBS was used exclusively instead of deionised 

water, resulting in a more conductive solution, which is associated with narrower fibres.28 Fibres 

containing 3 % w/w insulin were significantly wider than those with 1 or 5 % w/w. Insulin 

concentration affects both solution conductivity and viscosity. These properties are likely the cause of 

an unusual concentration-dependant effect on fibre diameter. The diameter of electrospun fibres can 

be modulated using high molecular weight polymers to increase viscosity or salts to increase 

conductivity.28 Therefore, it would likely be possible to counteract this effect if desired. The use of 

acetic acid to solubilise insulin caused a decrease in surface pH to approximately 6, which is only 

slightly below the natural range for human saliva and so is likely to be tolerable.  

Insulin was released more slowly from the fibres in comparison to the rapid release observed for highly 

water-soluble proteins.13,23,29 A similar electrospun material containing insulin was investigated by 

Sharma et al. which also released insulin slowly, with complete release reached only after 10 h.17 These 

fibres also comprised a blend of a water soluble polymer (poly(vinyl alcohol)) and a gel-forming 

polyionic polymer (sodium alginate). The authors hypothesised that the slow release was mediated by 

the biodegradation of sodium alginate. Considering the similar release profile observed for our 

system, it is possible that the slow release is caused by the intrinsically slow dissolution of insulin at 

physiological pH. A more rapid release profile may be desirable for oral mucosal insulin delivery, as 

eating and drinking could dislodge the membrane and overnight application may present a choking 

hazard.  

There is potential to increase the release rate using off-the-shelf excipients, such as basic amino acids 

or ethylenediaminetetraacetic acid, which are known to increase the solubility of insulin.30 Insulin 

release has been investigated from several polymer-based drug delivery systems. Moreover, it is a less 

promising candidate for transmucosal delivery using electrospun fibres, as the low density of fibrous 

materials means that only relatively small masses of drug can feasibly be delivered, whereas doses of 

several milligrams of insulin would likely be required for sufficient absorption to achieve the desired 
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therapeutic effect. Furthermore, proteins, such as insulin, tend to have low oromucosal permeability 

in comparison to low molecular weight peptides. For these reasons, further investigation into the 

pharmacological activity of insulin upon release was not performed as part of this study.  

Bradykinin causes a rapid but transient increase in intracellular calcium levels in target cells upon 

binding to its cell surface receptor,31 primarily through release from internal stores.32 This effect can 

be measured using commercially available fluorescent calcium probes. Here we show that membrane-

eluted bradykinin induced intercellular calcium mobilisation in oral fibroblasts both using flow 

cytometry and confocal microscopy. These results clearly indicate that bradykinin released from the 

membrane maintained pharmacological activity. We are aware of only one other study verifying the 

activity of a therapeutically relevant peptide following release from electrospun mucoadhesive 

membrane. Sharma et al., applied fibrous membranes containing insulin to rat sublingual mucosa. 

Upon application, these caused a gradual decrease in blood glucose concentration, indicating 

successful delivery of biologically active insulin.17 In conclusion, this mucoadhesive membrane system 

is suitable for the delivery of biologically active small hydrophilic peptides over appropriate timescales 

to the oral mucosa. It is therefore a very attractive new technology for the targeted delivery of highly 

permeating peptides to the buccal or sublingual oral mucosa. Potential applications include the topical 

release of peptides to treat oromucosal diseases locally, or alternatively sub-lingual systemic delivery 

using an optimised dosing regimen.  
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Electrospun patch delivery of anti-TNFα F(ab) for the treatment of 
inflammatory oral mucosal disease 
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A B S T R A C T   

Chronic ulcerative oral mucosal inflammatory diseases, including oral lichen planus and recurrent aphthous 
stomatitis, are painful and highly prevalent, yet lack effective clinical management. In recent years, systemic 
biologic therapies, including monoclonal antibodies that block the activity of cytokines, have been increasingly 
used to treat a range of immune-mediated inflammatory conditions such as rheumatoid arthritis and psoriasis. 
The ability to deliver similar therapeutic agents locally to the oral epithelium could radically alter treatment 
options for oral mucosal inflammatory diseases, where pro-inflammatory cytokines, in particular tumour- 
necrosis factor-α (TNFα), are major drivers of pathogenesis. 

To address this, an electrospun dual-layer mucoadhesive patch comprising medical-grade polymers was 
investigated for the delivery of F(ab) biologics to the oral mucosa. A fluorescent-labelled F(ab) was incorporated 
into mucoadhesive membranes using electrospinning with 97% v/v ethanol as a solvent. The F(ab) was detected 
within the fibres in aggregates when visualised by confocal microscopy. Biotinylated F(ab) was rapidly eluted 
from the patch (97 ± 5% released within 3 h) without loss of antigen-binding activity. Patches applied to oral 
epithelium models successfully delivered the F(ab), with fluorescent F(ab) observed within the tissue and 5.1 ±
1.5% cumulative transepithelial permeation reached after 9 h. Neutralising anti-TNFα F(ab) fragments were 
generated from whole IgG by papain cleavage, as confirmed by SDS-PAGE, then incorporated into patches. F(ab)- 
containing patches had TNFα neutralising activity, as shown by the suppression of TNFα-mediated CXCL8 release 
from oral keratinocytes cultured as monolayers. Patches were applied to lipopolysaccharide-stimulated immune- 
competent oral mucosal ulcer equivalents that contained primary macrophages. Anti-TNFα patch treatment led 
to reduced levels of active TNFα along with a reduction in the levels of disease-implicated T-cell chemokines 
(CCL3, CCL5, and CXCL10) to baseline concentrations. This is the first report of an effective device for the de-
livery of antibody-based biologics to the oral mucosa, enabling the future development of new therapeutic 
strategies to treat painful conditions.   

1. Introduction 

Chronic ulcerative oral mucosal inflammatory diseases greatly affect 
quality of life. Oral lichen planus (OLP) and recurrent aphthous sto-
matitis (RAS) are the most prevalent causes of oral ulcers, affecting up to 
25% of the population worldwide to some degree [1,2]. Although the 
early pathogenesis of these diseases is not fully understood, progression 
towards tissue ulceration is known to be mediated by tumour necrosis 
factor alpha (TNFα), a potent pro-inflammatory cytokine secreted by 

activated T-cells, macrophages and mast cells at lesional sites [3,4]. 
TNFα induces neighbouring oral keratinocytes and fibroblasts to release 
chemokines that recruit further lymphocytes and other immune cells. 
Ultimately, cytotoxic T-cells in the inflammatory infiltrate along with 
TNFα trigger apoptosis of the oral mucosal basal keratinocytes, leading 
to loss of the epithelium and ulcer formation. 

OLP and RAS have no approved licenced treatments and symptoms 
are currently managed using topical corticosteroid ointments or oral 
rinses [1,5]. These are often unpleasant to use and their efficacy is in 
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clinical practise impacted by low patient compliance [6]. In recent 
years, there has been considerable interest in neutralising monoclonal 
antibody therapy as an emerging treatment for oral mucosal inflam-
matory diseases, with particular attention being paid to anti-TNFα 
agents (for example infliximab, adalimumab, etanercept and certolizu-
mab pegol), as these have been effective for other inflammatory con-
ditions such as rheumatoid arthritis [7]. These biologics are considered 
to have a more targeted immunosuppressive effect in comparison to 
corticosteroids and have already shown efficacy when administered 
intravenously to patients with chronic oral ulcers [8,9]. However, sys-
temic delivery requires high dosing and is associated with off-target 
toxicity [8]. Topical delivery of biologics directly to oral ulcers may 
circumvent these problems [10,11]. Indeed, topical dressings containing 
infliximab have been shown to be effective in treating chronic dermal 
ulcers [12]. Despite clinical interest, there has been no investigation to 
date into their efficacy when delivered topically to oral mucosal 
diseases. 

Oromucosal delivery of biologics is hampered by the lack of suitable 
dosage forms that meet the requirement for their specific and efficient 
delivery to mucosal surfaces. Existing formulations such as oral rinses 
[13], gels [14] and tablets [15] deliver poorly defined doses of active 
ingredients uncontrollably throughout the oral cavity with short expo-
sure times. To address this, we previously developed a mucoadhesive 
bilayer patch fabricated using electrospinning technology to promote 
unidirectional mucosal drug delivery [16,17]. We have previously 
shown that this oromucosal patch is highly effective at delivering small 
molecules such as the potent corticosteroid, clobetasol-17-propionate in 
vitro and in humans, where it has been successful at phase II clinical 
trials [18,19]. Moreover, the patch technology is particularly promising 
for the rapid release of biologically active proteins and peptides to oral 
mucosal surfaces [20], an application for which there are currently no 
alternative devices [17]. 

In this study we developed and evaluated a mucoadhesive electro-
spun patch for the delivery of anti-TNFα biologics directly to oral 
mucosal ulcers (Fig. S1). We show effective release of a biotinylated 
antibody fragment (F(ab)) from the patch with no loss of antigen binding 
functionality. Next, a patch was fabricated containing neutralising anti- 
TNFα F(ab) to act as a model therapeutic agent. Patch-eluted anti-TNFα 
F(ab) bound to TNFα and inhibited its pro-inflammatory actions by 
preventing TNFα-mediated release of CXCL8 from monolayer cultures of 
oral keratinocytes. Moreover, anti-TNFα patch treatment inhibited the 
actions of TNFα in a 3D tissue engineered immunocompetent in vitro 
model of an oral mucosal ulcer, leading to a reduction in immunogenic 
TNFα and TNFα-sensitive chemokine levels. This represents the first 
solid dosage form suitable for topical oromucosal biologic delivery and 
provides the first pre-clinical evidence in support of a novel treatment 
strategy that could radically affect the treatment of oral mucosal in-
flammatory diseases. 

2. Material and methods 

2.1. Materials 

Unless otherwise indicated, all reagents used in enzyme-linked im-
munoassays (ELISA) were purchased from Bio-Techne (Abingdon, UK); 
all other reagents purchased from Sigma-Aldrich (Poole, UK). Poly 
(vinylpyrrolidone) (PVP; MW 2000 kDa) and Eudragit RS100 (RS100; 
MW 38 kDa) were kindly donated by BASF (Cheadle Hulme, UK) and 
Evonik Industries AG (Essen, Germany), respectively. 

2.2. ELISA for the measurement of biotinylated F(ab) concentration 

Biotinylated polyclonal goat anti-mouse F(ab) was used as a model 
protein to assess the suitability of the electrospun polymer system for the 
delivery of a biologically active antibody fragment. A direct ELISA 
protocol was developed to quantify the antigen binding activity of 

biotinylated anti-mouse antibodies and derivatives. High-binding 96- 
well plates were coated with IgG from mouse serum (10 μg/mL, 100 
μL per well; Abcam, Cambridge, UK) overnight at room temperature and 
then blocked with BSA (1% w/v) overnight at 4 ◦C. Standards (78–5000 
pg/mL; Abcam, Cambridge, UK) and samples containing biotinylated 
goat anti-mouse IgG F(ab) were loaded in duplicate and incubated for 2 
h at room temperature before aspirating. Streptavidin-conjugated 
horseradish peroxidase (50 μg/mL) was added for 20 minutes before 
aspirating. Stabilised 3,3′,5,5′-tetramethylbenzidine/hydrogen peroxide 
substrate solution was added and incubated at room temperature fol-
lowed 20 minutes later by aqueous hydrochloric acid (50 μL per well, 2 
M) to stop the reaction. Plates were washed (0.05% w/v Tween 20 in 
PBS) 3 times after each aspiration step. Absorbance at 450 nm with a 
correction filter reading of 570 nm was measured using a spectropho-
tometer (Tecan, Männedorf, Switzerland) and concentrations interpo-
lated from a standard curve fitted using the 4-parameter logistic curve 
setting in Graphpad Prism 9.3 software (GraphPad Software, La Jolla, 
USA). 

2.3. Activity of biotinylated F(ab) after exposure to ethanol-water 
mixtures 

Biotinylated goat anti-mouse F(ab) (1 μg/mL, 30 μL) was added to 
ethanol or different ratios of ethanol/water mixtures (970 μL) in glass 
vials. The solutions were incubated at room temperature for 1 h with 
shaking. Samples were then immediately diluted (1:100) in 1% w/v BSA 
and antigen-binding concentrations measured by ELISA. The measured 
antigen binding concentration was normalised against the known con-
centration to calculate percentage antigen-binding activity. 

2.4. Electrospinning system and fabrication of mucoadhesive dual-layer 
patches 

Electrospun membranes were fabricated using a system comprising a 
PHD2000 syringe pump (Harvard Apparatus, Cambridge, UK) and an 
Alpha IV Brandenburg power source (Brandenburg UK Ltd., Worthing, 
UK) as previously described [16]. Plastic syringes (1 mL volume; Henke 
Sass Wolf, Tuttlingen, Germany) were used to drive the solutions into a 
20-gauge blunt metallic needle (Fisnar Europe, Glasgow, UK). Electro-
spinning was performed at room temperature with a potential difference 
of 19 kV, a flow rate of 2 mL/h, and a flight path of 14 cm. Mucoadhesive 
protein-containing membranes were electrospun as previously 
described from solutions containing PVP (10% w/w) and Eudragit 
RS100 (12.5% w/w) in 97% v/v ethanol [20]. The required amounts of 
PVP and RS100 were added to ethanol and mixed at room temperature 
using a magnetic stirrer until dissolved. F(ab) solutions were added, 
contributing to 3% v/v to the final solvent composition, and mixed 
briefly until homogeneous. Non-medicated (NM) patches were prepared 
by substituting the F(ab) solution with 3% v/v PBS. Electrospinning was 
started within 1 minute of addition. Polycaprolactone (PCL; 10% w/v) 
was added to a blend of DCM and DMF (90:10 v/v) and stirred at room 
temperature until dissolved. Hydrophobic backing layers were intro-
duced by subsequent electrospinning of PCL solutions on top of the 
mucoadhesive layer. The resulting materials were placed in a dry oven at 
70 ◦C for 15 minute to melt the PCL layer into a continuous film [16]. 
Experimental samples were taken from the central region of the dual- 
layer patches and the thickness measured 6 times at 1 cm intervals 
using a digital micrometer (Mitutoyo, Kanagawa, Japan). 

2.5. Scanning electron microscopy 

Patches were imaged using a TESCAN Vega3 scanning electron mi-
croscope (SEM; Tescan, Cambridge, UK). Samples were sputter coated 
with gold and imaged using an emission voltage of 10 kV. All images 
were processed using ImageJ software tools [21]. Fibre diameters were 
measured by ImageJ using randomly generated coordinates and a 
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superimposed grid to select fibres to measure [22]. Three images were 
analysed for each composition with at least 10 measurements per image. 

2.6. Fabrication and imaging of fluorescent electrospun fibres 

Fluorescent electrospun mucoadhesive membranes were prepared as 
previously described using fluorescein-conjugated goat anti-mouse IgG 
F(ab) (FITC-F(ab); Abcam, Cambridge, UK). PVP is intrinsically fluo-
rescent, allowing simultaneous imaging of the polymer fibres and FITC- 
conjugated F(ab) [23]. Samples were placed on glass slides and overlaid 
with glass cover slips. Imaging was performed in dual-channel mode 
using a Nikon A1 laser scanning confocal microscope using 403.55 nm 
and 488 nm sapphire lasers with 450/25 nm and 525/25 nm bandpass 
filters. All images were processed using ImageJ software tools. 

2.7. Release profile of F(ab) from electrospun membranes 

Three independently prepared biotinylated-F(ab)-containing or NM 
patches (as controls) were used to measure F(ab) release profiles in PBS. 
PCL backing layers were removed from patch samples using forceps and 
5 mg samples of mucoadhesive membrane placed in a 12-well plate (pre- 
blocked with 1% w/v BSA overnight at 4 ◦C) and immersed in 2 mL PBS 
at 37 ◦C with shaking. Aliquots of 10 μL were taken at predetermined 
intervals and stored briefly at 4 ◦C. Samples were subsequently diluted 
(1:100) in 1% BSA and antigen-binding concentrations measured by 
ELISA. Measured antigen binding concentrations were normalised 
against the hypothetical maximum concentration, determined by the 
dry mass fraction of F(ab) in the electrospinning solution, to calculate 
percentage release. 

2.8. Qualitative flexibility assessment 

A 1 × 12 cm strip intersecting the centre of the electrospun dual- 
layer sheet was cut by scalpel. Flexibility and handleability testing 
were performed by firstly folding the strip in half and visually inspecting 
the mucoadhesive and backing layers for damage or permanent defor-
mation. Secondly, the strip was wrapped around a metal tube (ø 10 mm) 
and inspected once more. These tests were performed using a dry strip 
and a wet strip after immersing in PBS for 30 s. 

2.9. Patch residence time on ex vivo porcine buccal mucosa 

Porcine buccal mucosa was excised from bisected porcine heads 
immediately after slaughter and buccal mucosal grafts (0.5 mm) taken 
using a Braithwaite grafting knife (Swann Morton, Sheffield, UK). 
Samples were sealed in plastic bags, preserved by flash freezing in liquid 
nitrogen and stored at − 80 ◦C before use. Frozen samples were defrosted 
in a 37 ◦C water bath, attached to 100 mm petri dishes using cyanoac-
rylate glue and the surface of the mucosa moistened using PBS. Circular 
patch samples (ø 10 mm) were applied using gentle pressure with a 
gloved fingertip for 5 s. Pre-warmed PBS (30 mL) was added to sub-
merge the samples and the petri dishes shaken on an orbital shaker at 
37 ◦C, 250 rpm. The samples were inspected every 15 minutes for 3 h for 
detachment of the entire patch or backing layer. 

2.10. Cell culture 

FNB6-hTERT immortalized oral keratinocytes (FNB6; Ximbio, Lon-
don, UK) were cultured in a flavin- and adenine-enriched medium 
consisting of high glucose Dulbecco’s modified Eagle’s medium (DMEM) 
and Ham’s F12 medium in a 3:1 v/v ratio supplemented with 10% v/v 
fetal bovine serum (FBS), epidermal growth factor (10 ng/mL), adenine 
(0.18 mM), insulin (5μg/mL), transferrin (5μg/mL), L-glutamine (2 
mM), triiodothyronine (0.2 nM), amphotericin B (0.625μg/mL), peni-
cillin (100 IU/mL), and streptomycin (100μg/mL). Normal oral fibro-
blasts (NOF) were isolated from the connective tissue of biopsies 

obtained from the oral mucosa of patients during routine dental pro-
cedures with written informed consent (Ethical Approval No. 09/ 
H1308/66) and cultured in DMEM supplemented with FBS (10% v/v), L- 
glutamine (2 mM), penicillin (100 IU/mL), and streptomycin (100μg/ 
mL). Monocyte-derived macrophages (MDM) were differentiated from 
peripheral blood primary human monocytes as previously described 
[24]. Briefly, buffy coats obtained from the National Blood Service, UK 
(Ethical Approval No. 012597) were diluted 1:1 in Hank’s balanced salt 
solution (without Ca2+ and Mg2+) and mononuclear cells separated by 
density-gradient centrifugation using Ficoll® Paque Plus (GE Health-
care, Chalfont Saint Giles, UK). Monocytes were purified by plastic 
adherence and differentiated to MDM by 7 days culture in Iscove’s 
modified Dulbecco’s medium supplemented with human AB serum (2% 
v/v), L-glutamine (2 mM), penicillin (100 IU/mL), and streptomycin 
(100μg/mL). 

2.11. Generation of oral epithelial equivalents 

FNB6 cells (5 × 105 in 0.5 mL) were seeded onto the apical surface of 
fibronectin-coated (10 μg/mL) 12-well, 0.4 μm pore cell culture inserts 
(Greiner Bio One Ltd., Stonehouse, UK) and cultured submerged for 2 
days, after which the models were raised to an air-liquid-interface and 
cultured for a further 10 days. 

2.12. Transepithelial electrical resistance 

Before measurement, FNB6 epithelial models were washed with PBS 
and placed in a 12-well plate, 0.5 mL PBS was added to basolateral 
chambers and 0.3 mL to apical chambers. Tissue integrity was assessed 
by measuring transepithelial electrical resistance (TEER) using an 
EVOM2 voltmeter (World Precision Instruments, Madison, USA) at three 
locations per model, and the average of these values calculated. The 
resistance across the epithelium was obtained by subtracting the resis-
tance value derived from a blank cell culture insert. The following 
equation was used to calculate TEER: TEER (Ω.cm2) = Resistance (Ω) ×
Membrane area (cm2). 

2.13. F(ab) permeation in oral epithelium equivalents 

TEER was measured to verify presence of barrier properties and oral 
epithelial equivalents (OEE) placed in a 12-well plate (pre-blocked with 
10% w/v BSA overnight at 4 ◦C) containing 1 mL cell culture medium. 
Samples containing biotinylated-F(ab) were applied to the apical 
chamber and the models incubated with shaking. Sample dose forms 
included F(ab) solutions in PBS (1 μg/mL, 0.5 mL), F(ab) patch (5–7 
mg), NM patch (5–7 mg). Patch samples were carefully placed on the 
apical surface using sterilised forceps without applying additional 
pressure. PBS (0.1 mL) was added before application of the patches to 
simulate the moisture of the oral cavity and hydrate the patches. 
Equivalent patch samples were weighed before and after removal of the 
backing layer, showing that the adhesive F(ab)-containing layer con-
tributes 62 ± 2% w/w to the overall patch. Given a F(ab) content of 130 
ng/mg in the adhesive layer, the patches contained doses of 496 ± 49 
ng, which is equivalent to those applied as solution (500 ng). Media 
samples were taken from the basolateral chamber at predetermined 
intervals and the equivalent volume of media replaced (200 μL). Media 
samples were stored at − 80 ◦C before measuring F(ab) concentration by 
ELISA and calculating cumulative amount permeated. Additionally, 
patches containing FITC-F(ab) were applied identically for 9 h before 
washing with PBS and fixing in neutral buffered formalin (10% v/v) for 
24h. The OEE were sectioned and mounted in antifade mounting me-
dium with DAPI (Vector Laboratories, Upper Heyford, UK) or mounted 
without sectioning before imaging by laser scanning confocal 
microscopy. 
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2.14. Preparation of anti-TNFα F(ab) 

Rabbit anti-TNFα IgG (5 mg/mL, 0.25 mL) was fragmented using a 
Pierce™ F(ab) preparation kit (Thermo Fisher Scientific, Loughborough, 
UK) as per the manufacturer’s instructions. The concentration of the 
resulting F(ab) was estimated as recommended by the manufacturer 
from absorbance at 280 nm, assuming an extinction coefficient of 1.4 
mL mg− 1 cm− 1. The products were analysed without reduction or 
denaturation by SDS-PAGE using a NuPAGE™ 4–12% bis-tris gel as 
directed with NuPAGE™ MOPS running buffer (Thermo Fisher Scienti-
fic, Loughborough, UK) and visualised using Expedeon InstantBlue™ 
Coomassie-based stain (Abcam, Cambridge, UK). The F(ab) product was 
concentrated using Pierce™ 10 kDa molecular weight cut-off poly-
ethersulfone membrane protein concentrators (Thermo Fisher Scientific, 
Loughborough, UK) as directed, and the final concentration calculated 
by mass balance. 

2.15. TNFα neutralisation assay 

The TNFα neutralising activity of anti-TNFα whole IgG and F(ab) 
were measured as a decrease in TNFα-mediated CXCL8 release by FNB6 
monolayers. FNB6 cells (8 × 104 cells per well) were seeded in 24-well 
plates and incubated for 18 h until confluent. Samples in PBS were 
combined 1:1 with cell culture medium with or without recombinant 
human TNFα (10 ng/mL) and incubated at 37 ◦C for 1 h to allow any 
neutralisation to occur. Media were aspirated from the monolayers and 
the cells treated with either 10 ng/mL recombinant TNFα, F(ab)- 
neutralised TNFα or medium alone as control for 24 h. CXCL8 in the 
conditioned media was measured using an ELISA kit (Bio-Techne, 
Abingdon, UK) as directed. Patch-eluted F(ab) activity was measured in 
an identical manner. To elute, F(ab) patch and NM patch samples (30 
mg) were immersed in 2 mL PBS for 3 h at 37 ◦C with shaking. 

2.16. Effect of electrospun polymers on TNFα concentration 

TNFα (1 ng/mL, 1 mL) was added to glass vials with or without 
samples of NM patch (10 mg). The vials were incubated at 37 ◦C for 24 h 
before measuring free TNFα concentration using an ELISA kit (Bio- 
Techne, Abingdon, UK) as directed. 

2.17. Generation and treatment of immunocompetent oral mucosal ulcer 
equivalents 

Immunocompetent oral mucosal ulcer equivalents (OMUE) were 
constructed as previously described [25]. NOF (2 × 105 cells/mL) and 
MDM (1 × 106 cells/mL) in cell culture media (1 mL) were added to a 
collagen gel-forming solution comprising rat tail collagen (3.48 mg/ 
mL), 10 × DMEM (10% v/v), FBS (8.3% v/v), L-glutamine (2 mM), so-
dium bicarbonate (2.3 mg/mL), 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (5 mg/mL), sodium hydroxide (0.25 mg/mL). 
The solution was adjusted to pH 7 by the addition of sodium hydroxide 
(1 mM) and 1mL added to 12mm cell culture inserts. The collagen used 
in all experiments contained <0.2 EU/mL endotoxin when quantified by 
limulus amebocyte lysate assay (Thermo Fisher Scientific, Lough-
borough, UK). The cell-populated collagen hydrogels were incubated in 
a humidified atmosphere at 37 ◦C for 2h to solidify. Sterilised titanium 
cylinders (ø 5 mm, h 10 mm) were placed on the centre of the hydrogel 
before seeding FNB6 cells (0.5 mL, 5 × 105) and culturing submerged for 
2 days. The models were raised to an air-to-liquid interface and cultured 
for a further 9 days, after which the titanium cylinders were removed. 

OMUE were transferred to a 12-well plate containing cell culture 
media (1 mL). Models were pre-treated as required for 24 h by applying 
patch samples carefully to the apical surface using sterilised forceps 
without applying additional pressure. Lipopolysaccharide (LPS) from 
Escherichia coli 0111:B4 (500 ng/mL; Invitrogen, Waltham, USA) was 
added as required to the basolateral chambers to simulate an MDM 

inflammatory response. After 6 h incubation, samples of conditioned 
media were taken from basolateral chambers and replaced with the 
equivalent volume of cell media (300 μL). After a further 18 h, the entire 
conditioned media were collected. Samples were stored at − 80 ◦C until 
analysis. To test for patch cytotoxicity, full thickness oral mucosal 
equivalents were treated with either NM or anti-TNFα-loaded patch for 
18 h. Receptive medium samples from the lower transwell were tested 
immediately for lactate dehydrogenase release (CytoTox Non- 
radioactive Cytotoxicity Assay) as a marker of tissue damage accord-
ing to the manufacturer’s instructions (Promega, Chilworth, UK). 

2.18. Cytokine release analysis 

TNFα concentrations in conditioned media were measured by ELISA 
(Bio-Techne, Abingdon, UK) as directed. The C1 human chemokine 
antibody array (Antibodies-online GmbH, Aachen, Germany) was used 
to provide semi-quantitative measurements of the concentrations of 38 
human chemokines in conditioned media collected after 24 h from 
immunocompetent OMUE. Membranes were visualised using a C-DiGit 
blot scanner (Li-cor, Cambridge, UK) and analysed using Quantity One 
software (Bio-Rad Laboratories, Hercules, USA). Selected chemokines 
(CCL3, CCL5, CXCL10) were further quantified using ELISA (Bio- 
Techne, Abingdon, UK). The experiment and ELISA quantification were 
performed 3 times using different batches of MDM. The presented data 
are from a single representative batch of MDM. 

2.19. Histological analysis 

OEE or OMUE were washed with PBS, fixed in neutral buffered 
formalin (10% v/v) for 24h, and paraffin-wax embedded using standard 
histology procedures. Sections (5μm) were cut using a Leica RM2235 
microtome (Leica Microsystems, Wetzlar, Germany) and mounted on 
Superfrost Plus slides (Thermo Fisher Scientific, Loughborough, UK). 
Sections stained with haematoxylin and eosin were mounted in dibu-
tylphthalate polystyrene xylene and imaged using an Olympus BX51 
microscope with cellSens Imaging Software (Olympus GmbH, Hamburg, 
Germany). 

2.20. Data analysis 

All data and statistical analyses were performed using GraphPad 
Prism 9.3 software (GraphPad Software, La Jolla, USA). Unless stated 
data are presented as mean ± standard deviation of at least three in-
dependent experiments. Unpaired Student’s t-test or one-way ANOVA 
with Tukey’s post-hoc test was used for pairwise or groupwise com-
parisons and results considered statistically significant if p < 0.05. Half- 
maximal inhibitory concentrations (IC50) were calculated using 4- 
parameter logistic regression and presented as mean ± SD. 

3. Results and discussion 

3.1. Stability of biotinylated-F(ab) in ethanol-water mixtures 

Electrospinning involves applying a high voltage electric field to an 
extruded polymer solution, resulting in the production of a micron-scale, 
non-woven mesh of polymeric fibres [17]. We have utilised electro-
spinning technology to develop a dual-layer patch for drug delivery to 
the oral mucosa, which is comprised of a mucoadhesive drug-eluting 
layer that consists of a blend of poly(vinyl pyrrolidone) (PVP) and 
Eudragit® RS100 (RS100), and a water-impermeable backing layer 
made of heat-treated PCL [16]. The high surface area and hydrophilicity 
of the fibres promotes rapid swelling, efficient drug release while max-
imising mucoadhesive interactions. 

The RS100 polymer is an integral component in the electrospun 
mucoadhesive layer of the patch, preventing dissolution in saliva and 
promoting adhesion through electrostatic interactions with mucins. 
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RS100 is not water soluble and therefore an organic processing solvent 
such as ethanol is required to dissolve RS100 for electrospinning. 
Ethanol is generally considered to be a protein denaturant; however, we 
previously observed that lysozyme could be electrospun into PVP/ 
RS100 fibres from various ethanol-water mixtures without significant 
loss of enzyme activity [20]. F(ab) antigen binding activity following 
exposure to different ethanol-water mixtures was measured in order 
select a solvent composition suitable for F(ab) incorporation. Ethanol 
concentrations of 40% v/v and below did not cause significant F(ab) 
activity loss. Incubating F(ab) (1 μg/mL) in 97% v/v ethanol resulted in 
a decrease in antigen binding activity to 32 ± 11% of its initial activity 
(p < 0.001). In contrast, use of 80% v/v ethanol caused a complete loss 
of antigen binding (p < 0.001), whereas 60% v/v ethanol caused com-
parable activity loss to 97% v/v (Fig. 1). We previously overserved that 
fibres prepared with <60% v/v ethanol are prone to disintegration in 
aqueous media [20]. The relatively high F(ab) activity observed at 97% 
v/v ethanol may be a result of lower solvation of the unfolded protein at 
high ethanol concentrations, increasing the free energy barrier for 
ethanol-induced denaturation. Therefore, use of 97% v/v ethanol as the 
solvent was selected for patch fabrication. 

3.2. Encapsulation and release from electrospun patches 

Dual layer mucoadhesive electrospun patches were fabricated using 
a modification to our previously described protocol [20]. Briefly, 
biotinylated-F(ab) or FITC-F(ab) were incorporated within the adhesive 
layer by mixing the aqueous F(ab) solution with the ethanolic polymer 
solution directly before electrospinning, giving a theoretical maximum 
loading of 130 ng/mg by dry mass in the adhesive layer of the patch. No 
noticeable difference in fibre morphology between NM patches and 
biotinylated-F(ab)-loaded patches was observed by SEM (Fig. 2 A-B). 
Furthermore, the inclusion of F(ab) had little effect on fibre diameter, 
with NM fibres having an average diameter of 1.82 ± 0.88 μm and 
biotinylated-F(ab)-containing fibres of 2.31 ± 0.81 μm (Fig. 2C). Dual- 
layer sheets had a thickness of 307 ± 46 μm and 261 ± 22 μm for the 
useable area of NM and F(ab)-loaded sheets, respectively. 

FTIC-conjugated F(ab) was also incorporated to visualise the distri-
bution of F(ab) within the fibres by dual-channel confocal microscopy, 
where patch fibres were imaged making use of the intrinsic fluorescence 
of PVP (Fig. 2D). Interestingly, micrographs of FITC-conjugated F(ab)- 
containing fibres revealed that the F(ab) was dispersed throughout the 
fibres as micro- and nanometre-sized particles/aggregates (Fig. 2E), 
implying the formation of a colloidal precipitate following addition of 
the F(ab) to the polymer solution. Dissolved inert polymers, including 
PVP, are known to induce precipitation of antibodies and large proteins 
through a volume exclusion effect, whereby proteins are sterically 
excluded from interacting with the solvent [26,27]. This, along with the 
reduced solubility of proteins in ethanol, is likely involved in the pre-
cipitation mechanism. 

Elution of the biotin-conjugated F(ab) from the mucoadhesive layer 
into PBS revealed complete preservation of antigen binding activity, 
with 97.1 ± 5.7% of the dose being detectable by ELISA after 3 h 
(Fig. 2F). This contrasts with the reduced activity observed for F(ab) 
after incubation in 97% v/v ethanol in the absence of polymers. It is 
likely that PVP stabilises F(ab) by limiting protein-solvent interactions 
through volume exclusion and by non-specific binding to F(ab) in its 
native conformation [28]. F(ab) was released rapidly, following first- 
order kinetics, with 64 ± 16% released within 0.5 h and 89 ± 28% 
after 1 h. Eluted NM patches produced negligible absorbance across all 
timepoints. This rapid release is similar to our previous observations for 
highly soluble proteins [20], and is likely facilitated by rapid swelling of 
the fibres. Complete release over a short timeframe is appropriate for 
oromucosal delivery, as patients can only be expected to refrain from 
eating and drinking for short periods. A mucoadhesive adhesion assay 
was performed using ex vivo porcine buccal mucosa. F(ab)-loaded 
patches displayed similar mucoadhesive residence times to NM 
patches (2.75 ± 0.32 h compared to 2.0 ± 1.2 h, respectively; Fig. S2). 
These residence times are similar to those previously observed in 
humans [18] and show that inclusion of F(ab) does not adversely affect 
patch adhesive properties. Flexibility is an important property for oral 
patches, which must adhere to curved surfaces within the mouth and 
withstand mechanical forces caused by movement of the tongue and 
jaw. Qualitative assessment of patch flexibility showed that strips of 
both F(ab)-loaded and NM patch in either a wet or dry condition could 
be folded in half or wrapped around a curved surface without breaking 
or permanently deforming. 

Despite strong clinical interest in alternative formulations for anti-
bodies and their derivatives, there have been few studies investigating 
the encapsulation of antibodies into polymer fibres by electrospinning 
and none that we are aware of involving F(ab). Gandhi et al. [29], 
examined the encapsulation of anti-αvβ3 integrin IgG within PCL fibres 
by uniaxial electrospinning from a 60:40 (w/w) mixture of dime-
thylformamide and dichloromethane. Burst release was observed by 
spectrophotometry followed by a period of sustained release, suggesting 
initial release driven by desorption from the polymer surface followed 
by slow release due to fibre degradation. Including bovine serum albu-
min (BSA) as a porogen facilitated anti-αvβ3 release, with 51% release 
being observed after 4 h at the highest BSA loading. Although the sol-
vents used are generally considered to be denaturing, at least some 
antigen binding activity was maintained, as shown by the antigen- 
specific staining of integrin-expressing endothelial cell monolayers 
[29]. Notably, Angkawinitwong et al., encapsulated bevacizumab, a 
monoclonal antibody (mAb) that binds to and inhibits vascular endo-
thelial growth factor A thereby reducing angiogenesis, within PCL core- 
shell fibres by coaxial electrospinning. The use of an aqueous core- 
forming solution enabled preservation of antigen binding activity, as 
confirmed by surface plasmon resonance. As is typical of coaxial fibres, 
slow zero-order release was observed over a 2-month period, suggesting 
a potential application as an implantable material for sustained antibody 
release [30]. 

Shelf-life is another important consideration in developing solid 
dosage forms for biologic delivery. In general, immobilisation of 

Fig. 1. Antigen binding activity of biotinylated-F(ab) following exposure to 
increasing ethanol concentrations. F(ab) was added to glass vials containing 
various ethanol/water mixtures and incubated for 1 h with shaking before 
measuring antigen binding F(ab) concentration by ELISA. Data are presented as 
mean ± SD (n = 3) and analysed by one-way ANOVA with Dunnett’s post-hoc 
test comparing each group to 0% v/v ethanol. ***p < 0.001. 
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proteins within a solid formulation can often improve shelf-life by pre-
venting aggregation [31]. Indeed, lyophilisation in the presence of 
cryoprotectants can considerably increase the shelf-life of many anti-
bodies [32]. Despite this, existing therapeutic antibodies are exclusively 

delivered as liquids [33] and there have been few detailed studies on the 
stability of antibodies within polymer-based solid formulations. Frizzell 
et al., observed that the shelf-lives of horseradish peroxidase and alka-
line phosphatase are improved by encapsulating within electrospun 

Fig. 2. Incorporation by electrospinning and release 
of F(ab) from mucoadhesive patches. Scanning elec-
tron micrographs of mucoadhesive electrospun (A) 
NM and (B) biotin-conjugated F(ab)-containing fibres. 
(C) Fibre diameter distributions presented as median, 
interquartile range, and range (n = 30). (E) Confocal 
micrographs of mucoadhesive electrospun (D) NM 
and (E) FITC-conjugated F(ab)-containing fibres. (F) 
Release of biotinylated F(ab) from mucoadhesive 
membranes following immersion in PBS. Presented as 
mean ± SD (n = 3).   

Fig. 3. F(ab) permeates the oral epithelium when applied as either a patch or solution. Patches and solutions containing biotinylated F(ab) were applied to the apical 
side of oral epithelial equivalents (OEE). (A) Representative haematoxylin and eosin stain of an OEE. Transepithelial permeation was measured by periodically 
measuring F(ab) concentration in the basolateral chamber. (B) Plot of cumulative percentage transepithelial biotinylated F(ab) permeation when applied to OEE as 
solution or patch. Data are presented as mean ± SD (n = 3). Patches containing FITC-F(ab) were applied to OEE for 9 h, formalin fixed, and the distribution of FITC-F 
(ab) visualised by confocal microscopy. (C) Cross section showing distribution of FITC-F(ab) (green) with DAPI nuclear counterstain (blue). Three-dimensional 
projections showing the distribution of FITC-F(ab) with white arrows indicating the (D) apical and (E) basolateral surface of the OEE. 
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polymer fibres and can be further extended by lyophilisation to remove 
residual water from the material [34]. Packaging with dry nitrogen and 
cold storage are routinely used in the pharmaceutical industry and 
might be considered to improve the shelf-life if required. Detailed 
studies on stability and storage conditions of antibody-based therapeu-
tics within solid formulations would be beneficial and necessary for 
clinical translation. 

The release rate and high antigen binding activity indicate that our 
formulation is promising for mucosal F(ab) delivery. The high preser-
vation of protein function suggests that uniaxial electrospinning using 
organic solvents could be considered for the encapsulation of other 
complex biomacromolecules, as the denaturing effect of solvents that 
would otherwise be incompatible may be counteracted in the presence 
of stabilising polymers. 

3.3. Delivery of F(ab) to oral epithelium equivalents 

The intact oral epithelium is generally considered to be an efficient 
barrier against the permeation of hydrophilic molecules [35]. However, 
some small proteins, such as glucagon-like-peptide 1 and insulin, can 
permeate sufficiently to achieve therapeutically relevant blood serum 
concentrations [36,37]. The basal epithelium and lamina propria are the 
primary target for topical delivery to treat most oromucosal diseases. In 
severe RAS and OLP the epithelium is absent or eroded at the affected 
site, resulting in impaired barrier function. For successful delivery, an 
anti-TNFα agent would have to permeate the loose connective tissue of 
the lamina propria in order to neutralise cytokines in the inflammatory 
infiltrate. Ideally, it would also permeate the epithelium at least some-
what, to allow the continued treatment of partially regenerated epithelia 
during wound healing. To assess the ability of the patches to deliver F 
(ab) to a mucosal surface, tissue engineered OEE were used as a model 
barrier. The OEE consist of a stratified squamous layer of oral kerati-
nocytes 60–80 μm in thickness (Fig. 3A). Although thinner than native 
healthy buccal mucosa, the OEE covered the entire insert and had an 
average TEER of 444 ± 74 Ω cm2. This value is comparable to or higher 
than those typically observed for similar 3D oral epithelial models and 
suggests suitable barrier properties [38]. 

Patch samples and solutions containing an equivalent dose of bio-
tinylated F(ab) were applied to OEE and the concentration of F(ab) in 
the basolateral chamber monitored over time (Fig. 3B). At earlier 
timepoints, permeation of F(ab) applied by patch was delayed compared 
to F(ab) applied by solution. This is likely caused by the additional time 
taken for F(ab) to be released from the patch fibres. After 9 h, similar 
levels of cumulative permeation were achieved corresponding to 5.1 ±
1.5% and 8.4 ± 1.5% of the total dose for F(ab) applied in a patch or 
solution, respectively. Patches containing FITC-F(ab) were applied to 
OEE for 9 h before fixing in formalin to immobilise any F(ab) present 
within the tissue. Confocal microscopy (Fig. 3C) followed by z-stack 
analysis (Fig. 3D-E) performed on sections, showed that F(ab) mainly 
accumulated within the upper 3–6 cell layers of the superficial epithe-
lium but could also be detected in isolated regions throughout the lower 
layers of the OEE. 

The data presented here provide the first evidence that biologics can 
be delivered efficiently to oral epithelia using mucoadhesive patches, 
with the patches performing comparably to an equivalent solution. In 
practise, oral rinses would be unsuitable for the delivery of biologics to 
the oral mucosa due to short exposure times and lack of site-specificity. 
Whereas, similar dual-layer patches with hydrophobic backing layers 
have recently been shown to be highly effective for promoting the 
retention of biologics on the oral mucosa in the presence of saliva flow 
[39]. To our knowledge, there are no previous studies investigating 
antibody delivery to the oral mucosa. Saltzman and co-workers observed 
that radiolabelled IgG applied in vivo to mouse vaginal mucosa using 
polymer discs permeated to a similar extent, reaching peak serum con-
centrations corresponding to approximately 1% of the total dose 
[40,41]. The higher permeating dose observed in this study may be due 

to the smaller size of F(ab), leading to increased permeability through 
the intracellular space, or the absence of additional biodistribution and 
elimination effects that would be present in vivo. Although the F(ab) 
permeated the top layers of the oral mucosal epithelium in our study, its 
presence in the lower layers and the levels of complete transepithelial 
delivery across intact epithelium were somewhat low, as might be ex-
pected due to the high permeability barrier this tissue has to high mo-
lecular weight proteins. However, as mentioned previously, in most oral 
mucosal inflammatory lesions the mucosal barrier is absent suggesting 
that topical F(ab) treatment may be feasible for these types of erosions 
and ulcers. 

3.4. Preparation and activity of neutralising anti-TNFα F(ab) 

TNFα neutralising agents are currently one of the most common 
classes of monoclonal antibody therapy [42]. They are available as 
whole IgG and other derivatives. Due to their smaller size, F(ab)s, such 
as certolizumab pegol, are expected to penetrate tissue more easily and 
therefore should be better suited for topical delivery [43]. A polyclonal 
neutralising rabbit anti-TNFα IgG was fragmented by enzymatic degra-
dation with papain to generate a F(ab) to serve as a model biological 
therapeutic for this study. Fc and any unreacted whole IgG were sepa-
rated from F(ab) by binding to immobilised protein A. Non-denaturing 
SDS-PAGE indicated the complete separation of the F(ab) and Fc frag-
ments (Fig. 4A). The neutralising activities of the anti-TNFα F(ab) 
compared to whole IgG were measured by pre-incubating each with 5 
ng/mL recombinant TNFα before adding to FNB6 oral keratinocyte 
monolayers, which are known to secrete CXCL8 in response to TNFα 
stimulation [44]. The neutralising activity of each antibody species was 
confirmed as a dose-dependent decrease in TNFα-mediated CXCL8 
secretion, as detected by ELISA (Fig. 4B–C). Whole IgG exhibited an IC50 
concentration of 1.08 ± 0.46 μg/mL, corresponding to a molar IgG to 
TNFα ratio of 74 ± 30 (assuming IgG and TNFα molecular weights of 
150 kDa and 51 kDa respectively). F(ab) had an IC50 concentration of 
1.45 ± 0.50 μg/mL, corresponding to a molar F(ab) to TNFα ratio of 295 
± 102 (assuming F(ab) molecular weight of 50 kDa). The higher stoi-
chiometric ratio required for neutralisation with the F(ab) may be due to 
its univalency in comparison to the bivalency of whole IgG. It cannot be 
presumed that fragmentation of a neutralising antibody will yield a F 
(ab) with equivalent neutralising activity, as some neutralisation 
mechanisms rely on bivalency for crosslinking or increased avidity [45]. 
In this case, the resulting F(ab) maintained TNFα neutralising activity, 
suggesting utility as a model F(ab) biologic. The relatively high molar 
excess required for neutralisation is typical of affinity purified poly-
clonal antibodies, since not all binding will occur via epitopes that block 
activity. It is likely that approved monoclonal F(ab) drugs would have 
higher potencies because of their single-epitope specificity and opti-
mised binding affinity, however, their availability to researchers is often 
limited. 

3.5. Patch TNFα neutralising activity 

Anti-TNFα F(ab) was electrospun into mucoadhesive patches at a 
theoretical maximum loading of 920 ng/mg by dry mass in the adhesive 
layer. Activity of the F(ab) following 3 h elution in PBS was measured by 
neutralisation of TNFα-mediated CXCL8 release by FNB6 monolayers 
(Fig. 5). Stimulating FNB6 oral keratinocytes with TNFα resulted in a 
significant increase in CXCL8 secretion from 0.093 ± 0.043 ng/mL to 
1.68 ± 0.42 ng/mL (p < 0.001). Pre-incubation of TNFα with NM patch 
eluate reduced CXCL8 levels to 1.24 ± 0.31 ng/mL, although this was 
not statistically significant (p = 0.22). In contrast, preincubation with 
10 μg/mL of an anti-TNFα F(ab) solution reduced CXCL8 secretion to 
baseline levels (0.078 ± 0.044 ng/mL, p < 0.001 relative to NM). 
Similarly, patch-eluted F(ab), with a theoretical maximum concentra-
tion of 8.3 μg/mL, also reduced CXCL8 secretion to baseline levels 
(0.115 ± 0.022 ng/mL, p < 0.001 relative to NM). Solutions containing 
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TNFα (1 ng/mL) were also incubated with and without samples of NM 
patch at 37 ◦C for 24 h before measuring TNFα concentration in the 
media by ELISA (Fig. 6). Interestingly, the presence of the NM patch 
caused a small but significant decrease in TNFα concentration from 
0.1413 ± 0.0051 ng/mL to 0.1135 ± 0.0026 ng/mL (p < 0.01), sug-
gesting that the polymers in the patch itself affect active cytokine con-
centrations, likely through non-specific binding to proteins, which may 
explain the reduced levels of CXCL8 by FNB6 monolayers incubated 
with MN elute alone. 

These results show that the mucoadhesive patch is suitable for 

releasing F(ab) with cytokine neutralising activity. CXCL8 is a neutro-
phil chemokine and although its secretion in 2D keratinocyte mono-
layers is highly sensitive to TNFα, its concentration is not typically 
elevated in OLP lesions, suggesting that it is unlikely to be a major driver 
of oral mucosal ulceration [46]. Furthermore, we have previously 
observed that CXCL8 secretion is significantly higher and affected to a 
lesser degree by immune challenge in 3D cultures in comparison to 2D 
cultures [25]. This emphasizes the importance of further investigation in 
a 3D disease-relevant model. 

3.6. Oral mucosal ulcer equivalents 

TNFα and several other chemokines are upregulated in the diseased 
tissue of patients suffering from oral mucosal inflammatory diseases, 
where they promote the recruitment and proliferation of cytotoxic T- 
cells, thus leading to the destruction of the basal epithelium and ulcer 

Fig. 4. Preparation and cytokine neutralising activity of anti-TNFα F(ab) as shown by the suppression of TNFα-mediated CXCL8 release. (A) Representative non- 
reducing SDS-PAGE analysis of papain-fragmented neutralising anti-TNFα IgG. (Lane 1) Purified F(ab) product, (Lane 2) whole IgG starting material, (Lane 3) Fc 
product, (M) molecular weight marker in kDa. Dose-response curve showing neutralisation of TNFα by (B) anti-TNFα whole IgG and (C) anti-TNFα F(ab) as a decrease 
in TNFα-mediated CXCL8 release by FNB6 keratinocyte monolayers. Data are presented as mean ± SD (n = 3). 

Fig. 5. Patch eluted F(ab) neutralises the activity of TNFα. Patch samples were 
eluted in PBS and the resulting eluates and controls were preincubated with 
TNFα before adding to FNB6 monolayers. TNFα neutralisation was detected as a 
decrease in TNFα-mediated CXCL8 release as measured by ELISA. Data are 
presented as mean ± SD (n = 3) and analysed by one-way ANOVA with Tukey’s 
post hoc tests. **, p < 0.01; ***, p < 0.001. 

Fig. 6. Free TNFα concentration is reduced by contact with the patch. TNFα 
solutions were incubated 24 h in glass vials with or without samples of NM 
patch before measuring TNFα concentrations by ELISA. Data are presented as 
mean ± SD (n = 3) and analysed by unpaired t-test. **, p < 0.01. 
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formation [4,46]. We hypothesized that application of a topical anti- 
TNFα agent could have a potentially therapeutic effect by neutralising 
macrophage-released TNFα, causing a decrease in detectable TNFα 
concentrations and reverting secretion of TNFα-sensitive T-cell chemo-
kines to baseline levels. The lack of clinically relevant oral disease 
models for the investigation of anti-inflammatory drugs is a major bar-
rier to the investigation of anti-inflammatory drugs. There are currently 
no suitable in vivo animal models of OLP and RAS. In addition, small 
animal models may be inappropriate for studying targeted immuno-
therapies due to differences in innate immunity between rodents and 
humans [47]. Tissue-engineered oral mucosal equivalents, typically 
consisting of a fibroblast-populated collagen hydrogel seeded with ker-
atinocytes and differentiated into a stratified squamous epithelium, are 
therefore increasingly being used to study disease processes in the oral 
mucosa [48–52]. To test for biocompatibility, levels of lactate dehy-
drogenase (as a measure of tissue damage) were measured in the 
transwell receptive medium following incubation of tissue engineered 
oral mucosal equivalents with topically applied NM and anti-TNFα F 
(ab)-containing patches and compared to control untreated models. 
We found no statistically significant difference between lactate dehy-
drogenase levels in any of the samples tested (OD492nm untreated control 
1.33 ± 0.13, non-medicated patch 1.48 ± 0.08 and F(ab) patch 1.66 ±
0.19), These data are similar to those previously published for similar 
patches containing clobetasol propionate [18], indicating that these 
patches are biocompatible. 

We recently developed and characterised an immunocompetent oral 
mucosal equivalent containing primary monocyte-derived macrophages 
(MDM) [25]. These MDM specifically secreted TNFα in response to 
bacterial LPS, which then increased the gene expression and secretion of 
downstream chemokines, molecules known for the chemoattractant 

properties that are instrumental in driving leukocyte migration to in-
flammatory sites. Given the central role of TNFα-secreting immune cells, 
including macrophages [53], in the progression of RAS and OLP, this 
model is uniquely applicable for investigating novel therapies for these 
chronic inflammatory diseases. 

RAS and ulcerative OLP produce areas of oral mucosa that are 
denuded of oral epithelium. In the case of RAS, the deleterious actions of 
both TNFα and cytotoxic T-cells result in round shallow ulcers, often 
covered by a thin layer of fibrin (Fig. 7Ai). Histologically, these lesions 
show exposed connective tissue populated by cytokine secreting leu-
kocytes that perpetuate the disease, with epithelium only present at the 
edge of the ulcer (Fig. 7Aii). To replicate these lesions in vitro we 
cultured immunocompetent oral mucosal models in the presence of a 5 
mm diameter titanium cylinder to occlude epithelial growth in a defined 
area (Fig. 7B). Removal of cylinders produced OMUE that resemble 
aphthous or OLP ulcers, with exposed simulated connective tissue, 
consisting of a fibroblast- and macrophage-populated collagen hydrogel. 
Above and at the edge of the ulcer is a stratified epithelium of oral 
keratinocytes (Fig. 7C) analogous to human ulcers. Aphthous ulcers 
typically have diameters ranging from 8 mm to 1 cm; severe OLP pro-
duces irregularly shaped ulcers with an area of approximately 60 mm2 

[19,54]. Therefore, the resulting area of exposed connective tissue in the 
OMUE is a conservative representation of that which would be present in 
patients and provides a useful model with impaired barrier function for 
investigating treatments for ulcerative oral mucosal diseases. 

3.7. Effect of patch application on cytokine release from 
immunocompetent oral mucosal ulcer equivalents 

To investigate their effect in a disease model, TNFα-neutralising 

Fig. 7. Histological and photographic comparison of oral aphthous ulcers and tissue engineered immunocompetent ulcer equivalents. (Ai) Photograph of oral 
aphthous ulcer. (Aii) Haematoxylin and eosin stain of oral aphthous ulcer biopsy. Photographs of tissue engineered oral mucosal ulcer equivalents (Bi) before and 
(Bii) after removal of titanium cylinder and (Biii) after application of anti-TNFα F(ab) patch. (Ci, Cii) Haematoxylin and eosin stains of oral mucosal ulcer equivalent. 
(Image in Ai courtesy of Prof. Martin Thornhill, University of Sheffield, image in Aii courtesy of Dr. Ali Khurram University of Sheffield). 
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patches and NM patches were applied to OMUE for 24 h after which LPS 
was added to the media in the basolateral chamber to induce an immune 
response. MDM in 3D oral mucosal equivalents are known to secrete 
TNFα in response to LPS [25]. After 6 h, LPS stimulation in untreated 
OMUE caused a large increase in TNFα concentration to 1.67 ± 0.63 ng/ 
mL compared to 0.116 ± 0.017 ng/mL for unstimulated OMUE (Fig. 8A; 
p < 0.01). Pre-treatment with TNFα-neutralising patches reduced TNFα 
concentrations to baseline levels of 0.30 ± 0.16 ng/mL (p < 0.05). Here, 
the anti-TNFα adheres to the TNFα released by MDM, preventing its 
binding to capture/detection antibodies in the ELISA, resulting in 
apparent decreased TNFα levels. TNFα concentrations at 24 h were 
mostly comparable to those at 6 h (Fig. 8B). OMUE treated with NM 
patches produced variable TNFα concentrations of 0.77 ± 0.45 ng/mL 
and 0.94 ± 0.56 ng/mL after 6 h and 24 h respectively. These data 
suggest successful delivery of potentially therapeutic doses anti-TNFα F 
(ab), sufficient to bind the secreted TNFα almost entirely. 

The concentrations of chemokines in the media 24 h after LPS 
stimulation were profiled using a protein array (Fig. 9A-B). T-cell che-
mokines CCL3, CCL5 and CXCL10 were identified as having markedly 
increased levels in response to LPS stimulation and therefore these 
chemokines were further quantified by ELISA (Fig. 9 Ci-ii). CCL5 and 
CXCL10 have also been strongly implicated in the pathogenesis of OLP 
(Fig. 9Ciii) [55]. CCL3 concentrations were increased from 0.30 ± 0.11 
to 5.9 ± 1.4 ng/mL in response to LPS stimulation (p < 0.01). Interest-
ingly, treatment with either NM or anti-TNFα patches reduced CCL3 
levels to approximately 2 ng/mL (p < 0.05). CCL3 belongs to the family 
of macrophage inflammatory proteins which promote cytotoxic T-cell 
recruitment and are secreted by several cell types including macro-
phages, monocytes, and fibroblasts [56]. Monocytes and macrophages 
express CCL3 in response to LPS stimulation [57], through a process at 
least partially mediated by TNFα [58]. Similarly, CCL5 concentrations 
were increased from 1.04 ± 0.22 to 2.28 ± 0.15 ng/mL by LPS stimu-
lation (p < 0.01). Treatment with either NM patch or anti-TNFα patch 
reduced CCL5 to baseline concentrations (p < 0.01, p < 0.001). CCL5 is a 
potent T-cell chemokine abundantly expressed by oral keratinocytes in 
response to TNFα [59], as well as by fibroblasts, T-cells, and macro-
phages [60]. It has elevated levels in the oral epithelium and lamina 
propria of OLP biopsies [4]. CXCL10 concentrations were increased from 
1.871 ± 0.098 to 2.30 ± 0.19 ng/mL by LPS stimulation (p < 0.05). 
Treatment with anti-TNFα patch reduced CXCL10 to baseline levels of 
1.769 ± 0.059 ng/mL (p < 0.05). 

These data show successful reduction in TNFα, CCL3, CCL5, and 
CXCL10 close to baseline levels in response to anti-TNFα patch treat-
ment. Interestingly, NM patches also had some effect on cytokine and 

chemokine concentrations, with CCL3 and CCL5 both being significantly 
reduced by NM patch treatment, although levels in NM patch-treated 
OMUEs were variable. The patches likely reduce pro-inflammatory 
cytokine levels through a combination of selective neutralisation of 
TNFα by the released biologic and an anti-inflammatory effect caused by 
non-specific cytokine binding by the patch polymers. Interestingly, 
during a phase II clinical trial involving the same patches but containing 
clobetasol for delivery to OLP ulcers, both clinicians and patients re-
ported that the non-medicated (NM) patches used as a placebo were 
beneficial for the management of OLP [19]. The PVP polymer used in 
these patches is also routinely used in cutaneous wound dressings and 
PVP-containing films were recently found to reduce inflammatory 
cytokine levels, including TNFα, and promote wound healing in a dia-
betic mouse model [61]. Similarly, PVP-coated nanoparticles have also 
been observed to reduce TNFα levels when added to bacteria-infected 
macrophages [62]. To our knowledge there are no other studies that 
have investigated topical delivery of cytokine neutralising antibodies for 
the treatment of oral mucosa diseases. Burgess et al. conducted a phase I 
clinical trial on an inhalable powder containing neutralising anti-IL-13 F 
(ab) for the treatment of asthma. The treatment was well tolerated and 
reduced exhaled nitric oxide levels, providing evidence of anti- 
inflammatory effect in the respiratory epithelium [63]. The suppres-
sion of these key disease-causing cytokines represents the first experi-
mental evidence in support of topical anti-TNFα therapy to treat 
ulcerative oral diseases. 

4. Conclusions 

F(ab) were successfully electrospun into mucoadhesive fibres using 
97% v/v ethanol as a processing solvent. The antibody fragments were 
retained within the fibres as aggregates and were eluted at a clinically 
suitable rate with negligible activity loss. F(ab)-containing and non- 
medicated patches were tested using an in vitro oral epithelium model, 
resulting in transepithelial permeation and detectable levels of F(ab) 
present within the tissue. Patches containing anti-TNFα F(ab) neutral-
ised the activity of TNFα, as shown by the suppression of TNFα-mediated 
CXCL8 release from oral keratinocytes grown as monolayer cultures. 
Patches applied to immune-stimulated oral mucosal ulcer models 
reduced detectable levels of inflammatory cytokines TNFα, CCL3, CCL5, 
and CXCL10 to baseline levels. These molecules are major drivers in the 
pathogenesis of oral ulceration; therefore, this study provides the first 
experimental evidence to support the efficacy of topical anti-TNFα 
therapy. This novel approach could improve interventions for debili-
tating oral diseases such as OLP and RAS, as well as representing a 
platform technology for the site-specific delivery of antibody fragments 
to tissue surfaces to treat a wide range of conditions. 

CRediT authorship contribution statement 

Jake G. Edmans: Conceptualization, Methodology, Investigation, 
Writing – original draft. Bethany Ollington: Methodology, Investiga-
tion, Writing – review & editing. Helen E. Colley: Conceptualization, 
Methodology, Supervision, Project administration, Writing – review & 
editing, Funding acquisition. Martin E. Santocildes-Romero: Super-
vision, Writing – review & editing. Lars Siim Madsen: Supervision, 
Writing – review & editing. Paul V. Hatton: Conceptualization, Meth-
odology, Supervision, Writing – review & editing, Funding acquisition. 
Sebastian G. Spain: Conceptualization, Supervision, Writing – review 
& editing. Craig Murdoch: Supervision, Methodology, Writing – orig-
inal draft, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
The research presented was funded, in part, by AFYX Therapeutics APS. 

Fig. 8. Patches applied to immunocompetent oral ulcer models neutralise LPS- 
mediated TNFα release. NM and anti-TNFα F(ab)-containing patches were 
applied to OMUE for 24 h before stimulating with LPS. TNFα concentrations (A) 
6 h and (B) 24 h following LPS stimulation. Data are presented as mean ± SD (n 
= 3) and analysed by one-way ANOVA with Tukey’s post hoc tests. *, p < 0.05; 
**, p < 0.01. 

J.G. Edmans et al.                                                                                                                                                                                                                              



Journal of Controlled Release 350 (2022) 146–157

156

JE, BO, HEC, SS and CM declare that they have no other known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported within this paper. MES and LSM 
are employed by AFYX Therapeutics. PVH is on the AFYX Therapeutics 
APS scientific advisory board, where AFYX have translated mucoadhe-
sive electrospun patch technology for clinical use and have intellectual 
property (international patent applications WO 2017/085262 A, WO 
2021/072113 A1). 

Acknowledgements 

The authors would like to thank Prof. Keith Hunter (University of 
Sheffield) for use of the FNB6 oral keratinocyte cell line. Confocal mi-
croscopy was performed at the Wolfson Light Microscope Facility where 
the microscope was purchased with funding from the Wellcome Trust 
[WT093134AIA, London, UK]. This work was funded by the Engineering 
and Physical Sciences Research Council [EP/L016281/1, London, UK] 
as a CASE PhD studentship with the Centre for Doctoral Training in 
Polymers, Soft Matter & Colloids where AFYX Therapeutics (Copenha-
gen, Denmark), was the industrial partner. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2022.08.016. 

References 

[1] C. Scully, S. Porter, Oral mucosal disease: recurrent aphthous stomatitis, Br. J. Oral 
Maxillofac. Surg. 46 (2008) 198–206. 
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Chapter 5: Discussion 

5.1 An electrospun mucoadhesive patch formulation for the release of 

functional polypeptides 

The first aim of this project was to adapt a mucoadhesive electrospun fibre formulation for the 

delivery of functional proteins, peptides, and antibody derivatives. Previous research in this 

group used 97% v/v ethanol as an electrospinning solvent to fabricate mucoadhesive polymer 

patches and to encapsulate various small molecule drugs (Chapter 1). This research led to the 

development of the Rivelin patch, which is currently in the process of clinical development. 

Ethanol is known to denature many proteins, yet it is an important processing solvent to allow 

the electrospinning of RS100, a polymer which prevents rapid dissolution in aqueous media 

and confers mucoadhesive properties to the patch fibres.  

Lysozyme was used as a model protein to investigate the effect of protein incorporation and 

ethanol concentration on formulation performance (Chapter 2).2 Lysozyme release and 

functionality were minimally affected, with similar loading efficiency and activity of the eluted 

protein for 97, 80, 60, and 40% v/v ethanol. However, solvent composition had a considerable 

effect on solution and material properties, with 60, and 40% v/v ethanol producing narrower 

fibres that do not maintain their integrity in aqueous media. Fibres prepared with 40% v/v 

ethanol also resulted in the weakest adhesion strength to smooth surfaces in a simple adhesion 

test, although the difference between 97 and 40% v/v was below the threshold of significance 

(Appendix 2). For these reasons, only 97% v/v or 80% v/v ethanol were investigated further in 

this thesis. However, if required, the fabrication of membranes with suitable properties would 

likely be possible at lower ethanol concentrations by increasing the concentration of high 

molecular weight polymers to increase solution viscosity, which would in theory counteract 

the higher conductivity and increase fibre diameter.31 Indeed, Afyx therapeutics A/S, the legal 



manufacturer of the Rivelin patch, have recently disclosed that the manufacturing process used 

to produce patches for clinical trials has been modified to use 50% v/v ethanol for 

electrospinning the mucoadhesive drug-eluting fibres.185 

Proteins were primarily incorporated by dissolving in the aqueous component of the 

electrospinning solution and mixing with the ethanolic polymer component immediately 

before electrospinning. For highly soluble proteins such as lysozyme and antibodies, a 

maximum loading of 1-2% w/w is theoretically achievable using this method with 97% 

v/v ethanol (assuming a solubility of 75-150 mg/mL).186 Although this is likely sufficient for 

high potency therapeutics, higher loading is possible by increasing the volume of the 

aqueous component. By using 80% v/v ethanol, up to 5% w/w loading was achieved for 

insulin, a less soluble protein that requires relatively high therapeutic doses (Chapter 3). 

Alternatively, very high lysozyme loadings of up to 50% w/w were also possible by mixing 

lysozyme powder directly into the 97% v/v ethanolic polymer solution (Appendix 2). 

The mucoadhesive fibre formulation was found to be remarkably suitable for the release of a 

wide variety of proteins. Lysozyme (Chapter 2), bradykinin (Chapter 3), and F(ab) 

antibody fragments (Chapter 4)3 were all eluted rapidly, with complete release 

reached within approximately 2 h. The release of these highly hydrophilic molecules 

followed first-order kinetics. This is consistent with a mechanism involving rapid swelling 

of the fibres, allowing free diffusion of the protein through the fibrous hydrogel.73 Because 

of its intrinsically lower solubility, insulin release was slower than is ideal for oromucosal 

delivery and also followed first-order kinetics (Chapter 3). 

Processing and release of lysozyme and F(ab) from the formulation produced a quantified 

negligible loss in protein function. Bradykinin maintained a high degree of biological activity, 

although it was not measured quantitatively. Incorporating proteins had little effect on the 
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mechanical and adhesive performance of the material (Chapter 2, Chapter 4, Appendix 2) and 

lysozyme was found to be distributed homogeneously throughout the material both on a 

macroscopic and microscopic scale. The high preservation of protein activity following 

electrospinning is somewhat surprising given the denaturing effects of ethanol and suggests 

that the polymer components may have a protective effect on protein function. Indeed, F(ab) 

were observed to lose most of their activity following exposure to 97% v/v ethanol for 1 h in 

the absence of polymers (Chapter 4). 

Soluble polymers are theorised to stabilise proteins through a variety of mechanisms. Polymers 

with mild surfactant properties are known to act as blocking agents, preventing proteins from 

adhering or denaturing at surfaces.187 Weakly interacting polymers can stabilise proteins 

through steric crowding, which limits interactions with denaturing solvents.188 This can result 

in precipitation, which may further protect certain proteins. For some systems, polymers can 

protect against denaturing aggregation, possibly by restricting protein-protein interactions.189 

Protein-binding polymers, including PVP, which is a strong hydrogen bond acceptor, can 

protect proteins through a combination of steric crowding and binding to protein in its native 

state.190 This transient protein binding is stabilising and increases the free energy barrier to 

solvent-induced denaturation.  

The relative contributions of these effects in the preservation of protein function in the reported 

electrospinning fabrication process is unknown. Fluorescent F(ab) were observed in the fibres 

as micro- and nanoscale aggregates (Chapter 4). This suggests a likely stabilisation mechanism 

involving precipitation, induced by ethanol and volume-excluding polymers following addition 

to the electrospinning solution.  However, phase separation could alternatively occur during 

the physical drying and shear processes involved in electrospinning. Lysozyme, a protein with 

high specific charge, did not display the same aggregation (Chapter 2). Literature on protein 

encapsulation by electrospinning is discussed in Chapter 1.3.5. 
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In summary, proteins can generally be electrospun without activity loss from aqueous solutions 

to produce rapidly dissolving monolithic fibres. Multiple-domain fibres prepared using 

emulsion or coaxial electrospinning with an aqueous component can be highly effective for 

slow sustained release of bioactive proteins. Chitosan has been electrospun from acidic 

solutions to encapsulate proteins within mucoadhesive gel-forming fibres for rapid release. The 

work in this thesis presents a useful alternative formulation that allows highly efficient protein 

encapsulation and release using fully synthetic pharmaceutical-grade polymers, with no 

specific pH requirements.  

More generally, the results demonstrate that the denaturing effect of solvents can be negated at 

high concentrations of stabilising polymers to facilitate solvent-processing of 

biopharmaceutical formulations. This principle could be investigated further by considering 

other complex biomacromolecules (nucleic acids, viruses, delivery vectors) or alternative 

polymer/solvent systems. Although outside the scope of this thesis, it may also be possible to 

encapsulate bioactive proteins within hydrophobic polymer fibres by designing a 

biocompatible polymer system with high ethanol solubility and low water solubility. Such a 

material could incorporate proteins such as growth factors and have applications as an 

implantable material for sustained slow release or regenerative medicine.  

5.2 Local delivery applications in oral medicine 

The work in this thesis highlights several potential oral medicine applications for adhesive 

electrospun patches that can deliver biologics locally within the oral cavity. Patch-delivered 

lysozyme maintained its enzymatic activity and inhibited the growth of an oral bacterium 

(Chapter 2). Lysozyme is naturally produced in the saliva of healthy people and can be 

delivered safety using existing dosage forms, such as rinses. However, a patch formulation may 

be beneficial for improving residence time and acting as protective dressings for ulcers that are 
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infected or at risk of infection. Patches may potentially enable the topical application of other 

antimicrobial peptides with low solubility, poor stability in solution, or off-target toxicity. 

Antimicrobial peptides and proteins present several advantages over traditional antibiotics and 

antifungals, including the ability to selectively target specific pathogenic strains or treat 

antimicrobial-resistant strains. 

 Patch-released bradykinin induced calcium mobilisation in oral cells (Chapter 3). Although 

bradykinin has limited relevance as a therapeutic, the work illustrates the potential of topical 

biologic delivery to influence oral cells. For example, growth factors could be delivered to 

promote wound healing. Immune-modulating cytokines could treat autoinflammatory 

conditions or help clear abnormal cell growth. 

The ability of the patches to deliver antibody derivatives to the oral mucosa was investigated 

in greater detail as a novel treatment for inflammatory oral ulcers (Chapter 4). There is strong 

interest from the oral medicine community in topical monoclonal antibody therapies to treat T-

cell-mediated mucosal conditions, such as OLP, that are inadequately managed using existing 

medicines.183,184 Tumour necrosis factor alpha (TNFα) is a key driver of pathogenesis in these 

diseases. It has been hypothesised that by neutralising TNFα using topical antibody-based 

drugs, the maladaptive recruitment of cytotoxic T cells can be prevented, thus allowing healthy 

tissue to regenerate. 

 The suitability of the patches for F(ab) release was first assessed using biotinylated F(ab) as 

model biologic and quantifying its antigen-binding activity using ELISA. F(ab) fragments with 

neutralising activity against TNFα were then prepared and electrospun into mucoadhesive 

patches. The effect of TNFα on oral keratinocytes was successfully blocked by the patch-

released F(ab). A novel tissue-engineered model of an oral ulcer was developed, using 

macrophages to introduce immune-responsiveness and TNFα secretion. Patches applied 
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directly to immune-stimulated ulcer models successfully reduced detectable-levels of TNFα 

and key cytokines involved in T-cell recruitment. This provides the first experimental proof-

of-concept evidence that topical patches containing anti-TNFα agents may be effective at 

treating inflammatory oral conditions. 

Additional preclinical research would be beneficial to further investigate the potential of this 

technology. This research used polyclonal animal-derived F(ab)s. Monoclonal human or 

humanised antibodies are usually required in clinical practise to avoid immune-rejection and 

serum sickness. Further research would ideally involve approved monoclonal biologics that 

can be directly translated to human use. Shelf-life and storage of biologics in electrospun 

formulations requires further investigation. Additional drying, packaging in inert gases, and 

controlled storage conditions may be considered to prevent denaturation or oxidation of the 

biologic to improve shelf-life. Coaxial electrospinning may also be considered to encapsulate 

each individual fibre within a protective sheath. 

Although the treatment reduced levels of T-cell chemoattractants, for further research it would 

be beneficial to investigate effectiveness using activated T cells, for example with standard 

chemotaxis assays on the conditioned media from oral mucosal models.191 T-cell-mediated 

diseases are complex and not yet fully understood and a significant barrier to the development 

of new therapies is the lack of suitable disease models.  Lesions resembling OLP can be induced 

in mice by injecting T helper cells that are reactive to self-antigens, causing the secretion of 

TNFα and interferon gamma to recruit an inflammatory infiltrate of neutrophils and 

mononuclear cells.192,193 However, the involved immune mechanisms are likely somewhat 

different to naturally occurring OLP in humans, which involves basal cell apoptosis caused 

primarily by presentation of unknown antigens to cytotoxic T cells.194 Tissue-engineered 

models of the mucosa and skin represent an active area of research,195 and it is anticipated that 

new in vitro models incorporating T cells and other relevant leukocytes will introduce new 
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methods to evaluate treatments for T-cell-mediated diseases by directly measuring T-cell 

recruitment and T-cell-mediated basal cell apoptosis.  

Interestingly, this work also showed that non-medicated patches significantly reduced 

detectable levels of some T-cell chemokines, although the effect was more variable in 

comparison to the medicated patches. Existing literature also reports that materials containing 

PVP can reduce detectable levels of pro-inflammatory cytokines, including TNFα.185,196,197 

This phenomenon is perhaps related to the observation that the polymer system protects 

proteins from ethanol-induced denaturation, and could be caused by non-specific binding of 

globular proteins to the patch polymers. Alternatively, macrophage phenotype may be affected 

by the material, as has been observed previously for certain wound dressings.198 Analysis of 

RNA expression may provide an insightful readout in future experiments to detect changes in 

cytokines transcription in isolation from the effects of specific and non-specific binding 

following secretion. In addition to oral medicine, a platform technology for the delivery of 

antibody-based medicines to mucosal surfaces may also be applicable for a variety of other 

fields, including gynaecology and topical chemotherapy. 

5.3 Transepithelial delivery 

A third aim of this project was to develop methods suitable for investigating the transmucosal 

permeation of peptides or proteins and use them to assess the patch formulation. Insulin and 

biotinylated F(ab) were used as model compounds. Although there are more promising 

candidate peptides for systemic delivery through the oral mucosa (Chapter 1), the high cost of 

the peptides themselves and ELISA detection is prohibitive at this early stage of research. 

Flash-frozen ex vivo porcine oral mucosa was initially considered as a model permeability 

barrier due to its anatomical similarity to that of humans.199 The tissue was fitted in Franz cells 

and validated using fluorescent dextran and bupivacaine as model permeants, showing that the 
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setup had suitable permeability barrier properties in agreement with previously reported 

literature values (Appendix 4). 

Applying insulin solution produced negligible transmucosal permeation after 8 h for both 

buccal and sublingual tissue (Appendix 4). The insulin was observed using fluorescence 

labelling and immunofluorescence to be present only within the superficial layer of 

keratinocytes, where it accumulated within the cytoplasm and was most concentrated at the 

nuclei. Insulin is internalised by many cell types following binding to membrane-bound 

receptors.200,201 Insulin can either be recycled back into the cell membrane, degraded by 

enzymes, or translocated to the nucleus, which, in many cells types, contains insulin receptors. 

This accumulation of insulin contrasts with observations that have been made in vivo, that 

showed that insulin can permeate the oral mucosa, albeit with modest bioavailability, to induce 

a systemic effect.156,202,203  

This discrepancy is likely due to altered cell behaviour in non-living tissue. Treating the tissue 

with 5% sodium dodecyl sulfate (SDS) impaired the barrier properties, as confirmed by 

transepithelial electrical resistance (TEER). This treatment should be sufficient to lyse the 

epithelial keratinocytes, yet the amount of transmucosal insulin permeation remained 

negligible. The lamina propria of the oral mucosa is highly vascularised and the absence of 

blood flow in ex vivo tissue may cause accumulation of insulin in the connective tissue and 

greatly increased lag times that are not representative of living tissue. The epithelium can be 

separated from the lamina propria by a combination of heat and osmotic shock;64 however, this 

is likely to further affect cell function. 

These results suggest that porcine tissue is poorly suited for measuring the transmucosal 

permeation of bioactive peptides. Lancina et al. claimed that chitosan/PEO/insulin fibres 

applied to porcine buccal tissue could deliver high levels of insulin of corresponding to nearly 
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10% of the loaded dose within 3h.204 This is misleading, as insulin was detected within the 

receptor medium within as little as 10 minutes, suggesting interference from porcine insulin 

released by the tissue itself. Their permeation experiment lacked suitable negative controls to 

account for this. Other articles, for example by Xu et al., report low levels of insulin permeation 

through freshly excised porcine buccal tissue when applied as gelatin/insulin fibres or as a 

solution.205  

In vitro models of the oral epithelium are interesting alternative for studying drug transport, as 

the barrier properties of a metabolically active epithelium can be studied in isolation from the 

lamina propria. Unfortunately, oral keratinocytes require an insulin-containing medium to form 

epithelia in vitro,108 which means that human insulin cannot easily be used as a model 

permeant. Although it may be possible by using non-human insulin in the media and an ELISA 

without species cross reactivity for detection. For this reason, biotinylated F(ab) were used as 

a model biologic to investigate transmucosal delivery via patches in vitro. A protocol for the 

generation of tissue-engineered oral epithelium equivalents (OEE) was developed and barrier 

properties were verified using TEER (Chapter 4). OEE were also validated by measuring 

transepithelial permeation of bupivacaine, showing that permeation over time was similar 

between porcine buccal mucosa and OEE (Appendix 4, Appendix 5). 

F(ab) permeated the OEE moderately, producing cumulative transepithelial permeation 

equivalent to approximately 5 and 8% of the total dose after 9 h for F(ab) applied by patch or 

by solution respectively (Chapter 4). This result is encouraging and suggests that patches could 

be used to efficiently deliver hydrophilic biologics through the oral epithelium, as the patch 

delivered a comparable dose to the applied solution. In practise, an exposure time of several 

hours is not possible for oral rinses but may be possible for mucoadhesive patches. F(ab) are 

relatively large proteins that are not expected to have high permeability in the oral mucosa. 



Nevertheless, this moderate permeation suggests that patches may be suitable for delivering 

antibody-based therapies locally through either intact or impaired epithelia. 

The low density of the formulation means that it would be difficult to deliver a high enough 

dose of antibody to be useful for systemic delivery. However, the patches may be promising 

for the systemic delivery of low molecular weight peptides with lower minimum effective 

doses, some of which have already been shown in humans or animals to be able to permeate 

the oral mucosa to induce a systemic effect (Chapter 1). The methods described in this thesis 

could be used to further develop the formulation for the systemic delivery of peptides and other 

drugs without relying on animal studies in the first instance. 

It may be useful to improve the efficiency of drug transport through the oral mucosa by using 

permeation enhancers. Surfactants are considered the main option for hydrophilic drugs, 

including peptides and proteins (Chapter 1). However, tolerability is an important 

consideration, and it is difficult to assess irritancy potential using animal tissue. A useful 

feature of OEEs is the ability to assess irritancy potential and drug transport in the same model 

system. A preliminary investigation into the effect of a sodium deoxycholate as a bile salt 

permeation enhancer was performed (Appendix 5). MTT viability assay showed that the 

maximum tolerable dose was 0.4 mg/mL. The effect on permeability was assessed by applying 

solutions of model drugs with or without 0.4 mg/mL sodium deoxycholate and measuring 

transepithelial permeation over time or intratissue distribution. 

Permeation of bupivacaine was unaffected by deoxycholate. Surprisingly, the permeation of 

F(ab) was significantly slower in the presence of deoxycholate. 3 kDa Fluorescent-labelled 

dextran was used as a model compound because it is a hydrophilic molecule with similar 

hydrodynamic radius to a large peptide. Fluorescent imaging showed that accumulation of 

dextran within the epithelium was increased in the presence of deoxycholate. At this 
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concentration, the epithelium appeared undamaged by the bile salt. Both the lysine-

functionalised dextran and antibodies are cationic at neutral pH.206 The anionic bile salt 

possibly causes increased accumulation within the epithelium through an ion-pairing effect. 

These preliminary results show that sodium deoxycholate alone is not effective at enhancing 

the transepithelial permeation of hydrophilic molecules at non-irritant concentrations. Bashyal 

et al. also observed that sodium glycodeoxycholate, a similar bile salt, did not increase the 

transmucosal permeation of insulin through porcine tissue at a concentration of approximately 

0.8 mg/mL, when applied as a solution of ion-paired complexes.207 Although, it did increase 

accumulation within the epithelium. At approximately 4 mg/mL, insulin transmucosal 

permeation was significantly increased; however, tolerability was not confirmed at this 

concentration and permeation is likely facilitated by the lysis of epithelial cells. Although a 

suitable permeation enhancer was not identified during this project, chemically-enhanced 

oromucosal delivery of biologics has been achieved previously using mixtures of well-tolerated 

surfactants,156 and the methods developed in this thesis could be useful for screening potential 

permeation enhancers and investigating their usefulness in a patch formulation. 

Besides surfactants, several other classes of chemical permeation enhancers may be 

considered.87 It has been stated in many articles that mucoadhesive polymers, in particular 

chitosan, can act as permeation enhancers in the oral mucosa by disrupting cell junctions.11,204 

It has been shown that chitosan can transiently open tight junctions in the intestinal epithelium 

by binding to junctional adhesion molecules.208 However, to my knowledge, there is no 

evidence that chitosan can affect tight junctions in the oral mucosa and only weak evidence 

that it can act as a permeation enhancer at non-cytotoxic concentrations.209 Misunderstandings 

may arise as researchers conflate chitosan’s well-documented mucoadhesive properties,89 that 

improve site retention, with a permeation enhancing effect. 
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 Other options for increasing drug uptake include nanoparticle or vesicle drug delivery 

vectors.96 In addition to potentially enhancing permeability, vectors may allow targeted 

delivery, for example for selective delivery to malignant cells within the epithelium.210,211 

Nanoparticles have been investigated extensively for encapsulation by electrospinning.95 

Electrospinning to encapsulate vesicles is more challenging but has been achieved 

previously.212 In general, vesicles are often unstable in amphiphilic solvents; therefore, 

alternative formulations may be beneficial to allow versatile incorporation of vesicular vectors 

by electrospinning. However, some liposome formulations are stable in relatively high ethanol 

concentrations of up to at least 30% v/v ethanol,213 which may allow electrospinning using a 

polymer/solvent system similar to that described in this thesis. Additionally, physical 

disruption of the epithelium using microneedles has been used to great effect for transdermal 

drug delivery and could also be considered for enhancing oromucosal delivery.214,215 
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Chapter 6: Conclusions and future work 

6.1 Conclusions 

The introduction identifies a variety of novel treatments in oral medicine that may be possible 

by using mucoadhesive fibre technologies to deliver therapeutic agents that are challenging to 

administer effectively using existing dosage forms. Of these, polypeptides, including antibody-

based drugs, were identified as a particularly interesting class of therapeutics, and selected for 

further investigation. Lysozyme was used as model compound to develop a mucoadhesive 

patch formulation for release of functional proteins. This also illustrated a potential application 

of the formulation for the delivery of antimicrobial proteins to target oral bacteria. The 

versatility of the formulation was further demonstrated by confirming that bradykinin, a peptide 

hormone, could also be released from the formulation at a suitable rate and perform a biological 

function in oral cells. In contrast, Insulin was released slowly due to the intrinsically lower 

solubility of the protein. Finally, the patch formulation was found to be effective for the 

delivery of F(ab) antibody fragments with antigen-binding and TNFα-neutralising 

functionality. 

The potential of the patches to treat inflammatory oral conditions was investigated by using a 

tissue-engineered model of an inflamed oral ulcer. The applied patches reduced detectable 

levels of TNFα and T-cell chemokines that are implicated in the pathogenesis of ulcerative oral 

diseases. This is the first experimental evidence that topical delivery of an anti-TNFα agent 

may be effective at treating inflammatory mucosal conditions and confirms the hypothesis that 

electrospun mucoadhesive patches can deliver biologically active polypeptides to provide a 

potentially therapeutic effect in the oral mucosa. Additionally, a tissue-engineered model of 

the oral epithelium was used to measure and compare transepithelial delivery of F(ab) applied 

as a solution or patch. The patches delivered a comparable dose to the solution, providing 
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preliminary evidence that that the formulation may be efficient for delivering highly 

permeating peptides systemically via the oral mucosa. 

6.2 Future work 

• The polymers in the electrospinning solution were observed to protect proteins from

ethanol-induced denaturation to allow electrospinning without loss of function.

Although existing literature provides possible explanations for this phenomenon, some

additional investigation would be beneficial. For example, the effects of different

polymers (PVP, RS100, or a weakly hydrogen binding polymer, such as PEO) could be

studied in isolation and at different concentrations to identify any dependence on

polymer chemistry or functional groups. For industrial scale manufacture, extended

mixing and electrospinning times may be required. Therefore, it would be beneficial to

measure protein activity following longer processing times. Alternatively in situ mixing

during electrospinning could be considered to increase output.

• Chapter 2 suggested a potential application of the patches for the delivery of

antimicrobial polypeptides for targeted inhibition of pathogenic strains or to treat

resistant infections. Further microbiological research could be performed to identify the

most promising antimicrobial agents and to investigate the patch technology using a

biofilm or infected tissue model.149

• Further preclinical research would be beneficial to investigate the therapeutic potential

of the patches for delivering anti-TNFα agents. Clinically approved monoclonal

biologics would be preferred to allow direct translation to human use. Experiments

involving T cells could be used to directly measure the effect of the treatment on

recruitment and T-cell-mediated apoptosis of the epithelium. The shelf life and storage
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could be investigated. The ability of deliver antibody-based therapies topically could 

also be investigated as a treatment for other mucosal or dermal conditions.  

• Non-medicated patches may be useful for treating ulcers by acting as wound dressings.

However, it is difficult to design a useful clinical trial for wound dressings as blinding

is impossible. A possible anti-inflammatory effect of the patch polymers could be

investigated using inflamed tissue-engineered ulcer models and a combination of

transcriptome, secretome, and viability readouts.

• Alternative polymer systems could be investigated to improve adhesion or to enable

sustained release. For example, more hydrophobic ethanol-soluble polymers may have

a lower degree of swelling, resulting in restricted protein diffusion and promoting a

sustained release profile.

• This formulation could be further adapted for the delivery of other complex

biomolecules. For example, RNA-based therapies, viral vector vaccines, and

liposomes. These classes of therapeutics tend to be unstable in ethanol. However, the

polymers may have a stabilising effect, or lower ethanol concentrations could be used.

Alternatively, simultaneous electrospinning could be used to encapsulate molecules

that require aqueous processing within a mesh of water-soluble and water-insoluble

fibres.92

• The formulation could be investigated in greater detail for the needleless systemic

delivery of peptides. For example, to treat osteoporosis or manage diabetes. The tissue-

engineered oral epithelium model used in this thesis provides a useful model barrier for

studying the transport of bioactive substances through the epithelium. If necessary,

chemical permeation enhancers could be screened with higher throughput than is

possible using ex vivo tissue or animal studies while also allowing irritancy to be

assessed.
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Supplementary information 

Supplementary Figure 1. Viscosity as a function of shear rate of electrospinning solutions containing 
lysozyme with different ethanol and water mixtures as solvents (shown as v/v%) and placebo solutions 
without lysozyme in 97 v/v% ethanol. Data are presented as mean ± SD, with 3 independent repeats. 

Supplementary Figure 2. Dual-channel confocal micrographs of electrospun fibres containing either 
FITC-PVP complex and unlabelled lysozyme (A-B) or unlabelled PVP and Texas red labelled lysozyme 
(C-D). Images were taken using identical capture settings and combined into a single image before 
processing using an automatic brightness/contrast adjustment, showing no crosstalk between the 
FITC (A, C) and Texas red (B, D) channels and very little auto-fluorescence. 

A B

C D
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Appendix 2: Additional characterisation of lysozyme-

containing membranes 

A2.1 Additional methods 

Tensile testing 

Dual layer sheets were cut into test specimens (7 cm × 1 cm) by scalpel and fitted within a 

Lloyd LRX mechanical tester with a 2.5 kN load cell (Lloyd Instruments, Bognor Regis, UK), 

such that the gauge length is 5 cm. Pull-to-break tests were performed at 10 mm/min.  

In vitro membrane adhesion measurement using rheometer 

Membrane adhesive properties were compared at 37 °C using an MCR 301 rheometer (Anton 

Paar, Graz, Austria) fitted with a glass lower plate and a 12 mm parallel plate attachment. 20 

µL PBS was applied to the glass surface before placing 1 cm diameter membrane samples, 

followed by an additional 20 µL PBS on the top of the membrane. The probe was lowered to 

approximately 0.08 mm and a normal force of 5 N applied for 10 s to induce adhesion. The 

probe was raised at 1 mm/s while recording normal force. Data were processed using Graphpad 

Prism 8.0 software by plotting normal force against probe height and using area under curve 

analysis. The maximum normal force represents force of adhesion and the area under curve 

represents the work of adhesion. Testing was performed in triplicate using independently 

prepared membranes. 

Differential scanning calorimetry 

Measurements were performed using a Perkin Elmer Pyris 1 calorimeter (PerkinElmer). 

Polymer samples (2-5 mg) were sealed in aluminium pans and equilibrated at -50 °C before 

heating to 250 °C at 10 °C/min. 
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Preparation of membranes with high lysozyme content 

Polymer solutions for adhesive membranes were prepared in 97% v/v ethanol as previously 

described (Chapter 2). To achieve high loading, the required mass of lysozyme powder was 

added directly to the polymer solution and stirred until homogeneous in appearance. 

Fabrication was performed once per composition and encapsulation efficiency and enzyme 

activity were measured in triplicate for each membrane as previously described (Chapter 2) 

with additional dilution of the eluted lysozyme as required. 

A2.2 Additional results 

Tensile testing of mucoadhesive patches 

Tensile testing was performed to assess the effect of lysozyme incorporation on patch 

mechanical properties. Although all mucoadhesive membranes seemed resistant to bending and 

torsion during handling, the mucoadhesive layer of the patches is brittle under tension and 

fractures at a strain of less than 0.1 (Figure A2.1 A). The PCL film backing layer is ductile. 

The inclusion of 1% w/w lysozyme in the adhesive layer did not significantly affect ultimate 

tensile strength (Figure A2.1 B, p = 0.35). 
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Figure A2.1. Pull-to-break tensile testing of mucoadhesive dual-layer patches. (A) Representative stress-strain graph of a 
placebo patch specimen. (B) Ultimate tensile strength (UTS) of placebo (P) and lysozyme-containing patches prepared using 
97% v/v ethanol. UTS data are presented as mean ± SD (n = 3) and tested for significance using an unpaired t test (p = 0.35). 

In vitro assessment of membrane adhesion strength using rheometer 

Normal force rheometer measurements were used to compare the adhesive properties of 

membranes. Placebo membranes did not differ significantly in force of detachment to those 

containing 1% w/w lysozyme (Figure A2.2 A, p = 0.38). Lysozyme-containing membranes 

prepared using 40% v/v ethanol had a lower detachment force than placebo membranes (p < 

0.05). This is likely because the 40% membranes disintegrate when wet, as observed in Chapter 

2. Surprisingly, lysozyme-containing membranes had a significantly lower work of adhesion 

than placebo membranes (Figure A2.2 B). Given the similar maximum detachment force, this 

suggests that the lysozyme-containing membranes tear or deform to a lesser extent during 

removal. It is unclear how this would affect residence time in vivo.  
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Figure A2.2. In vitro assessment of membrane adhesion strength using a rheometer. Moistened placebo (P) or 1% w/w 
lysozyme-containing membrane samples manufactured using different ethanol concentrations were sandwiched between a 
glass plate and flat probe before raising the probe while measuring normal force. (A) Maximum force of detachment. (B) Work 
of adhesion calculated by area under curve. Data are presented as mean ± SD (n = 3) and analysed using one-way ANOVA 
with Tukey’s post hoc tests. *, p < 0.05.  

PVP has a melting temperature of approximately 120 °C and RS100 undergoes a complex 

series of phase transitions upon heating, including an endothermic event at approximately 200 

°C (Figure A2.3 A-B).  In the electrospun placebo membranes, the melting point of PVP is 

depressed to 100 °C and an endothermic event associated with RS100 occurs at approximately 

180 °C (Figure A2.3 C). Including lysozyme further reduces the PVP melting point to 80-90 

°C for membranes prepared using 97, 80, 60% v/v ethanol and causes the peak associated with 

RS100 to broaden and change shape. Surprisingly, the thermogram for membrane prepared 

with 40% v/v ethanol appears similar to that of the placebo membrane (Figure A2.3 D-G). 
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Thermal analysis of electrospun membranes 

Figure A2.3. Endothermic differential scanning calorimetry traces of (A) PVP, (B) RS100, (C) Placebo membrane prepared 
using 97% v/v, (D-G) 1% w/w lysozyme-containing membranes prepared using 97, 80, 60, 40% v/v ethanol. 

Membranes with high lysozyme content 

To investigate the effect of high lysozyme loading, it was attempted to blend lysozyme powder 

directly into polymer solutions before electrospinning, such that loading is no longer limited 

by solubility of lysozyme in the aqueous component of the solution. Membranes containing 5-

50% w/w lysozyme appeared mostly as continuous fibres, although some particles were 

present, particularly in the 10% w/w membrane, likely caused by incomplete mixing (Figure 

A2.4 A-E). Surprisingly, high lysozyme loading of up to 50% w/w had only a small effect on 

fibre morphology. Membranes did not disintegrate when immersed in PBS. Encapsulation 
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efficiency and enzyme activity ranged from 67-87% and 79-89% respectively, with no 

significant difference in pairwise comparisons between loading rates (Figure A2.4 F). Although 

not compared directly, these values are perhaps slightly lower than those observed by for 

lysozyme blended as an aqueous solution in Chapter 2, possibly due to greater susceptibility of 

lysozyme added as powder to solvent-induced denaturation. 

Figure A2.4. Analysis of membranes with high lysozyme content. To achieve high loading, lysozyme powder was added to 
electrospinning solutions and manually stirred until homogenous before electrospinning. (A-E) SEM images of membranes 
containing 5, 10, 30, 40, 50% w/w lysozyme. (F) Lysozyme encapsulation efficiency (EE) and enzymatic activity of released 
lysozyme. Data are presented as mean ± SD (n = 3) and analysed using one-way ANOVA (EE: p < 0.05, activity: p = 0.24) 
and Tukey’s post hoc tests (ns). 
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Supplementary figure 1. Flow diagram summarising patch manufacture, characterisation and 
investigation using in vitro cell models. 
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Supplementary figure 2. Residence time of mucoadhesive patches applied topically to ex vivo 
porcine buccal mucosa. Patch samples were applied to excised oral mucosa in a petri dish, 
immersed in PBS, shaken at 37 °C for 3 h and inspected every 15 minutes for detachment. Data 
are presented as median values with individual datapoints shown as closed circles (n = 6). 
Statistical analysis was performed using a Mann-Whitney U pairwise comparison test (p = 
0.16). 
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Appendix 4. Insulin permeation in ex vivo porcine mucosa 

A4.1 Additional methods 

Preparation of FITC-insulin 

Insulin was labelled with fluorescein isothiocyanate isomer I (FITC) using a modified version 

of a previously described method.216 Insulin (50 mg) was dissolved in a few drops HCl (0.1 M) 

and 0.2 M ethylenediaminetetraacetic acid in phosphate buffer (0.1 M, 4 mL) added followed 

by NaOH (1 M) added dropwise until the white precipitate became clear. The total volume was 

made up to 5 mL in buffer. FITC in acetone (5 mg/mL, 2 mL) was added dropwise with stirring 

and the reaction mixture incubated for 1 h in the dark at room temperature. FITC-insulin was 

separated by size exclusion chromatography with Sephadex G-25 and eluted in PBS. The 

solution was concentrated by partial freeze drying. Protein concentration (6.3 mg/mL) and 

degree of labelling (2.0) were calculated using the following equations, where A is absorbance 

at a given wavelength, CF is a correction factor, ε is the molar extinction coefficient at 280 nm 

of insulin, ε′ is the molar extinction coefficient at 494 nm of fluorescein. The following values 

were used ε = 5734 M-1 cm-1, CF = 0.3, ε′ = 68000 M-1 cm-1. 

[𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] =  𝐴𝐴280−(𝐴𝐴494×𝐶𝐶𝐶𝐶)
𝜀𝜀 

  𝐷𝐷𝐷𝐷𝐷𝐷 =  
𝐴𝐴494

𝜀𝜀′  × [𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝]
 

  

Excision and preservation of porcine oral mucosa 

Fresh pig heads were obtained from a local abattoir and processed within 6 h. Intact tongues 

and cheeks were excised and the ventral tongue (sublingual) and buccal mucosa separated from 

the remaining muscle or connective tissue using a skin graft knife at a targeted thickness of 0.5 
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mm. Samples were preserved as previously described by immersing in 0.002% sodium azide

for 20 minutes before flash freezing in liquid nitrogen.199 

Franz cell permeation assay 

Porcine mucosa was defrosted at 37 °C, cut into the required size using a scalpel, and thickness 

measured in triplicate using a micrometer. The tissue was fitted into Franz cells with circulating 

water jackets (Permegear, Hellertown, USA; flat ground joint, 5 mL receptor volume, 9 mm ø 

aperture). The receptor chamber was filled with simulated plasma (1% w/v BSA in PBS) and 

the Franz cells pre-incubated at 37 °C for at least 30 minutes to allow the receptor solution to 

degas and the bubbles removed by inverting. Donor solutions containing the permeant in pH 

6.8 PBS were applied to the donor chamber (1 mg/mL bupivacaine, 200 µL; 10 mg/mL 20 kDa 

FITC-dextran, 400 µL; 1 mg/mL insulin, 400 µL; 1 mg/mL FITC-insulin, 400 µL) and the 

donor chamber and sampling arm covered with parafilm to prevent evaporation. 200 µL 

samples were taken from the receptor chambers using a glass Hamilton syringe and the 

equivalent volume of media replaced. Samples were stored in glass vials at 4 °C for up to 24 h 

before analysis. Treatment with SDS may be used to impair the epithelial barrier. As required, 

SDS (5% w/v, 0.5 mL) was added to the apical chamber for 18 h at 37 °C before removing and 

washing with PBS before adding the permeant. Permeant concentrations were measured using 

the relevant assay and cumulative release calculated. Apparent permeability coefficients were 

calculated, and significance testing performed using linear regression analysis with Graphpad 

Prism 8.0 software. Values are presented with 95% confidence intervals. 

Transepithelial electrical resistance of ex vivo mucosa 

Donor chambers were filled with simulated saliva (pH 6.8 PBS) and equilibrated at 37 °C with 

stirring for 30 minutes before measuring initial TEER values as previously decribed.199 An 

LCR measurement device (Conrad Electronic SE, Hirschau, Germany) was connected to 20-
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gauge blunt metallic needles (Fisnar Europe, Glasgow, UK) which were placed in the sample 

arm and donor chamber. Resistance was measured in series mode at 120 Hz and recorded as 

the average of 3 measurements. 

Quantification of bupivacaine in receptor media 

Reverse phase high performance liquid chromatography (RP-HPLC) with UV detection was 

performed to measure the concentration of bupivacaine in the receptor medium using a 

XBridge BEH-C18 column (4.6 mm × 250 mm; 130 Å pore size; Waters, Wilmslow, U.K.) 

and a mobile phase composed of acetonitrile/water (1:1, v/v), with a flow rate of 1 mL/min, 

wavelength 262 nm, 20 μL injection volume. Concentrations were interpolated using a standard 

curve (R2 = 0.996) of bupivacaine (39 - 1250 μM) in PBS.  

Quantification of 20 kDa FITC-dextran in receptor media 

100 µL samples were loaded in a black 96-well plate and fluorescence measured at 495 nm 

excitation, 520 nm emission using a microplate reader with automatic gain optimisation 

(Tecan, Männedorf, Switzerland). Concentrations were interpolated from a standard curve 

prepared in PBS and measured simultaneously.  

Quantification of insulin in receptor media 

Insulin samples were stored for up to 24 h in glass vials at 4 °C before measuring concentrations 

using an ELISA kit as per the manufacturer’s instructions (Biotechne, Abingdon, UK). 

Intratissue distribution of insulin 

Insulin or FITC-insulin were applied to porcine sublingual tissue in Franz cells as previously 

described. After 0.5 h or 4 h the samples were removed, washed with PBS, and fixed in neutral 

buffered formalin (10% v/v) for 24 h. Samples were perfused with 30% sucrose for a further 

24 h before embedding in OCT compound (CellPath, Newtown, UK). Frozen sections (20 μm) 
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were collected at -14 °C using a Cryostar NX50 cryostat (ThermoFisher, Loughborough, UK). 

Samples containing FITC-insulin were mounted immediately in antifade mounting medium 

with 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Upper Heyford, UK).  

Samples containing unmodified insulin were stained by immunofluorescence without antigen 

retrieval. Sections were permeabilised with 0.1% w/v triton X-100 in PBS, washed 3 times 

with PBS, and blocked with normal goat serum for 1 h. Samples were stained using mouse 

anti-insulin [D3E7] (20 µg/mL) in 10% v/v normal goat serum overnight at 4 °C followed by 

FITC-goat anti-mouse F(ab) for 1h. Samples were counterstained with DAPI (1 μg/mL) for 10 

minutes and mounted in antifade mounting medium (Vector Laboratories, Upper Heyford, 

UK). Insulin distribution was visualised using a Nikon A1 laser scanning confocal microscope 

in dual channel mode with 403.55 nm and 488 nm sapphire lasers. Tissue containing unstained 

insulin was used as a negative control to adjust sensitivity. 

A4.2 Additional results 

Preparation and histology of ex vivo porcine oral mucosa 

Oral mucosa was excised from recently slaughtered pig heads and the upper 0.5-1 mm of the 

mucosa isolated using a skin graft knife (Figure A4.1 A). Porcine oral mucosa is frequently 

used as a model barrier due to its similarity to humans. Indeed, haematoxylin and eosin-stained 

samples had a similar histological appearance to human oral mucosa. Buccal and labial mucosa 

are non-keratinised and have an epithelium approximately 300 μm thick (Figure A4.1 B-C). 

The ventral tongue and floor of the mouth are considered part of the sublingual mucosa have 

thinner epithelia than the buccal mucosa at approximately 100-200 μm (Figure A4.1 D-E). The 

hard palate and gingival mucosa have slightly thicker epithelia than the buccal mucosa and 

have a keratinised superficial layer (Figure A4.1 F-G). Although the labial mucosa is 

continuous with the buccal mucosa, and the ventral tongue with the floor of the mouth 
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(collectively referred to as the sublingual mucosa), the buccal mucosa and ventral tongue were 

used exclusively for ex vivo experiments for consistency and due to their higher yield of 

excision per animal. Buccal and sublingual mucosa were treated with sodium azide as a 

preservative and flash frozen with liquid nitrogen using an existing method described by Berka 

et al.199 The flash frozen sections appeared to have undamaged epithelia, suggesting successful 

non-destructive preservation (Figure A4.1 I-J).  
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Figure A4.1. Preparation of porcine sublingual and buccal mucosa for ex vivo permeation experiments. Porcine oral mucosa 
with a targeted thickness of 500 μm was isolated using a skin graft knife. (A) Isolation of buccal oral mucosa. Hematoxylin 
and eosin staining of freshly isolated porcine oral mucosa: (B) buccal, (C) labial, (D) floor of mouth, (E) ventral tongue, (F) 
hard palate, (G) gingival, (H) dorsal tongue. Ventral tongue and buccal mucosa were preserved by flash freezing for future 
use. Flash freezing preserved (I) buccal, and (J) ventral tongue. 
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Validation of transmucosal permeation in Franz cells using bupivacaine and 20 

kDa FITC-dextran 

Defrosted flash-frozen porcine buccal and sublingual mucosa were fitted in Franz cells and the 

transmucosal permeation of different compounds measured (Figure A4.2 A). The oral mucosal 

permeability of bupivacaine and 20 kDa FITC-dextran (ThermoFisher, Loughborough, UK) 

are relatively well characterised and were therefore selected to validate the experimental setup. 

Bupivacaine (0.2 mL, 1 mg/mL) applied to buccal mucosa exhibited a lag time of 1.04 ± 0.81 

h followed by steady state permeation between 2-5 h with an apparent permeability coefficient 

of 4.08 ± 0.24 ×10-6 cm/s (Figure A4.2 B). After 5 h, sink conditions were lost and the rate of 

permeation started to decrease. Cumulative permeation of 56.8 ± 6.2% of the total dose was 

observed after 24 h. 20 kDa FITC-dextran (10 mg/mL, 400 μL) applied to sublingual mucosa 

permeated slowly with negligible lag time (Figure A4.2 C). Permeation was linear over 5 h 

with an apparent permeability coefficient of 3.62 ± 0.25 ×10-9 cm/s. Buccal mucosa was 

significantly less permeable to 20 kDa FITC-dextran, with an apparent permeability coefficient 

of 5.03 ± 0.97 ×10-10 cm/s (Figure A4.2 D; p < 0.001). 

We observed a somewhat lower apparent permeability coefficient for bupivacaine through 

porcine buccal mucosa of approximately 4 × 10-6 cm/s compared to Kulkarni et al., who 

recorded 1.7 × 10-5 cm/s in unpreserved tissue.167 This discrepancy may be attributed to 

differences in tissue preparation and better sink conditions due to the greater donor solution 

volume used in the previous study. Following this experiment, an increased donor volume of 

400 µL was used. Our measurement for sublingual permeability to 20 kDa FITC-dextran was 

comparable to Berka et al.,199 who recorded an apparent permeability coefficient of 

approximately 5 × 10-9 cm/s. Buccal tissue was significantly less permeable to 20 kDa FITC-

dextran, which is as expected because of the increased thickness of the epithelium. These 

experiments suggest that the tissue handling was suitable, with minimal loss of tissue integrity 
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and no leakage between the Franz cell chambers. The permeability coefficients were in the 

expected range based on previous literature. 

 

Figure A4.2. Validation of Franz cell permeation assay with flash freezing-preserved ex vivo porcine mucosa using bupivacaine 
and 20 kDa FITC-dextran as model permeants. (A) Photograph of Franz cell setup. Concentration of permeant in the basolateral 
chamber was measured over time and cumulative permeation calculated. By assuming sink conditions, the gradient of the 
linear portion of the permeation profile can be used to calculate apparent permeability. (B) Percentage cumulative permeation 
of bupivacaine over time through buccal mucosa. Cumulative permeation over time of 20 kDa FITC-dextran through (C) 
sublingual and (D) buccal mucosa. Data points presented as mean ± SD (n = 3). 

 



78 
 

Transmucosal permeation of insulin  

Insulin applied as a solution in PBS permeated intact ex vivo buccal oral mucosa negligibly 

when applied as a solution for 8 h, with most samples having insulin concentrations below the 

ELISA detection limit (Figure A4.3 A).  Buccal mucosa fitted in Franz cells were treated with 

5% w/v SDS for 18 h to impair the barrier properties of the epithelium. Intact buccal mucosa 

had a TEER at 120 Hz of 2.38 ± 0.48 kΩ cm2 and treatment with SDS decreased TEER to 1.49 

± 0.11 kΩ cm2 (Figure A 4.3 C; p < 0.01). Insulin permeated SDS-impaired buccal mucosa 

very slowly, with less than 0.02% cumulative permeation after 8 h (Figure A4.3 B). Unlike for 

intact mucosa, insulin was detectable by ELISA at all timepoints. Insulin permeated intact 

sublingual mucosa slowly, with a long lag time of approximately 5 h (Figure. A4.4). A 

cumulative concentration corresponding to less than 0.04% of the applied 0.5 mg dose was 

measured after 8 h. 

 

Figure A4.3. Transmucosal permeation of insulin through intact and impaired ex vivo porcine buccal mucosa. (A) Percentage 
cumulative permeation of insulin over time through flash frozen buccal mucosa (n = 3). (B) Buccal mucosa was pre-treated 
with 5% SDS for 18 h to impair barrier properties before measuring insulin permeation (n = 3). (C) Transepithelial electrical 
resistance at 120 Hz of intact and SDS impaired flash frozen buccal mucosa (n = 6). Presented as mean ± SD and analysed by 
unpaired t-test. **, p < 0.01. 
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Figure A4.4. Transmucosal permeation of insulin through ex vivo porcine sublingual mucosa. Percentage cumulative 
permeation of insulin over time through flash freezing-preserved buccal mucosa. Presented as mean ± SD (n = 3). 

Intratissue distribution of insulin 

FITC-insulin was applied to sublingual tissue in Franz cells for 0.5 h or 4 h before fixing in 

formalin and visualising distribution using confocal microscopy. Cross sections of the tissue 

showed that FITC-insulin accumulates only within the surface layer of keratinocytes (Figure 

A4.5 A-B). A greater proportion of superficial keratinocytes were stained after 4 h compared 

to 0.5. Samples were also mounted without sectioning and the surface of the mucosa imaged 

using the z-stack function of the microscope. Once again, the FITC-insulin was visible only in 

a single cell layer. Average intensity projections showed that FITC-insulin accumulates within 

the cytoplasm and nuclei of the surface layer of keratinocytes (Figure A4.5 C-D). The images 

appeared similar after 0.5 h and 4 h. To verify if this cell uptake effect also occurs for 

unmodified insulin, sublingual samples treated with insulin for 4 h were stained for insulin 

using immunofluorescence techniques (Figure A4.6). Similarly, insulin accumulated 

exclusively in the superficial layer of keratinocytes. The fluorescence signal in the lamina 

propria was caused by non-specific staining or naturally occurring insulin and was also present 

in negative control samples. 
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Figure A4.5. Intratissue permeation of FITC-insulin in ex vivo porcine sublingual mucosa. Porcine sublingual mucosa was 
fitted in Franz cells and FITC-insulin solution applied to the apical surface for 0.5 or 4 h before formalin fixing and imaging 
by confocal microscopy. Representative confocal micrographs of DAPI counterstained (blue) cross-sections showing 
distribution of FITC-insulin (green) after 0.5 h (A) and 4 h (B) of exposure. Top-down average-intensity projections showing 
distribution of FITC-insulin near the apical surface of the mucosa after 0.5 h (C) and 4 h (D) exposure to FITC-insulin.  
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Figure A4.6. Immunofluorescence staining for insulin in ex vivo porcine sublingual mucosa. Porcine sublingual mucosa was 
fitted in Franz cells and insulin solution applied to the apical surface for 4 h before formalin fixing, sectioning, and performing 
immunofluorescence staining for insulin (green) with DAPI counterstain (blue). Scale bar = 100 µm. 
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Appendix 5. Investigation of sodium deoxycholate as a 

permeation enhancer for hydrophilic compounds using 

oral epithelium equivalents 

A5.1 Additional Methods 

Sodium deoxycholate toxicity in oral epithelium equivalents 

OEE were constructed, and barrier properties validated by TEER as previously described in 

Chapter 4. OEE are considered suitable if TEER exceeds 250 Ω cm2. Green’s medium (1 mL) 

was added to the basolateral chamber and the required concentration of sodium deoxycholate 

in PBS (0.5 mL) added to the apical chamber. PBS was used as vehicle control and 5% SDS 

as a cytotoxic control. OEE were incubated for 24 h before washing with PBS and culturing 

for a further 24 h. The OEE were washed with PBS before adding 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) in media (0.5 mg/mL, 0.5 mL) to both the apical 

and basolateral chambers and incubating for 3 h. The solution was removed and 0.1 M HCl in 

propan-2-ol added (1 ml) to the apical and basolateral chambers of each model, with gentle 

agitation for 10 minutes to dissolve the formazan crystals. The solutions from the chambers 

were combined and absorbance at 570 nm measured using a spectrophotometer (Tecan, 

Männedorf, Switzerland). Percentage viability was calculated by subtracting the average 

absorbance of the cytotoxic control and normalising relative to the average value of the vehicle 

controls. The experiment was performed 3 times with at least 2 technical repeats per 

experiment. Half-maximal cytotoxic concentration was calculated using Graphpad Prism 8.0 

software.  
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Permeation assays with bupivacaine, F(ab) and 3 kDa Texas Red-dextran 

OEE were placed in a 12 well plate containing Green’s medium (1mL). Solutions of 

biotinylated goat anti-mouse F(ab) (1 µg/mL), lysine fixable 3 kDa Texas Red-Dextran (50 

µg/mL; ThermoFisher, Loughborough, UK), or bupivacaine (1 mg/mL; Sigma-Aldrich, Poole, 

UK) with or without sodium deoxycholate (0.4 mg/mL) in PBS (0.5 mL) were added to the 

apical chambers. Basolateral media samples (0.2 mL) were taken every 2 h and the equivalent 

volume replaced. F(ab) concentrations were measured by ELISA within 24 h as described in 

Chapter 4. Bupivacaine concentrations were measured as described in Appendix 2. Cumulative 

amount permeated was calculated and plotted as a percentage of the applied dose over time. 

Texas Red-dextran was not detectable in the basolateral media by fluorescence (596/615 nm). 

OEE containing Texas Red-dextran were cryogenically processed and mounted as described in 

Appendix 2 before visualising using a Nikon A1 laser scanning confocal microscope in dual 

channel mode with 403.55 nm and 562 nm sapphire lasers. Untreated OEEs were used as a 

negative control to adjust sensitivity and images captured and processed identically to allow 

comparison. The experiment was performed 3 times using different cell passages. 

A5.2 Additional results 

Cytotoxicity of sodium deoxycholate in oral epithelium equivalents 

Most previous studies investigating permeation enhancers for the oral mucosa have involved 

live animal experiments or the use of animal tissue ex vivo.87 These studies usually provide 

little insight into tolerability. Furthermore, ex vivo tissue may not accurately simulate biological 

processes that would affect uptake in living tissue. Tissue-engineered models of the oral 

epithelium may provide a useful high throughput option for simultaneously screening both the 

efficacy and cytotoxicity of potential permeation enhancers. Surfactants are generally 

considered to be the most appropriate class of permeation enhancer for proteins and hydrophilic 
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drugs for their ability to extract lipids from the epithelium.87 Sodium deoxycholate is a 

frequently studied bile salt surfactant reported to act as a mucosal permeation enhancer.217 To 

determine the maximum well-tolerated concentration, its cytotoxicity was assessed in OEE by 

MTT metabolic activity assay, similarly to methods recommended by OECD guidelines for 

assessing skin irritation potential.102 The half maximal cytotoxic concentration was 0.426 ± 

0.04 mg/mL; therefore, a concentration of 0.4 mg/mL was selected for investigating effect on 

the permeation of hydrophilic compounds (Figure A5.1). 
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Figure A5.1 Dose-response curve to determine the tolerability the oral epithelium to sodium deoxycholate. Oral epithelium 
equivalents were treated for 24 h before culturing for a further 24 h and measuring metabolic activity by MTT assay. Data are 
presented as mean ± SD (n = 3). 

Effect on the epithelial permeation of bupivacaine, F(ab), and 3 kDa dextran 

Permeants were applied to OEE as solutions with or without 0.4 mg/mL sodium deoxycholate. 

Bupivacaine, a small molecule analgesic, was used to validate the experimental system. Sink 

conditions were not produced; therefore, apparent permeability coefficient cannot be accurately 

determined. However, the permeation profile closely resembles that of bupivacaine applied to 
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porcine buccal tissue (Appendix 4) and the total amount permeated after 8 h was comparable 

for both ex vivo and in vitro methods (Figure A5.2 A). This suggests that the OEE 

adequately simulates the barrier properties of the oral mucosa. Deoxycholate had a negligible 

effect on the transepithelial permeation of bupivacaine, perhaps because it favours transcellular 

uptake through cell membranes, a mechanism which is often less affected by surfactants.87,88 

Surprisingly, deoxycholate considerably reduced the transepithelial permeation of F(ab) 

antibody fragments (Figure A5.2 B). Texas-red dextran did not undergo transepithelial 

permeation sufficiently to allow detection in the basolateral chamber. In untreated OEE, 

dextran was detectable only within the superficial layer of keratinocytes (Figure A5.3 A). 

Deoxycholate increased dextran uptake, resulting in stronger fluorescence within the 

superficial layer of keratinocytes and detectable fluorescence within the upper 2-3 cell layers. 

(Figure A5.3 B).  

Figure A5.2 Sodium deoxycholate does not enhance the transepithelial permeation of (A) bupivacaine or (B) F(ab) through 
the oral epithelium at non-cytotoxic concentrations. Solutions containing the permeants with or without 0.4 mg/mL sodium 
deoxycholate were applied to the apical surface of oral epithelium equivalents and the concentration in the basolateral chamber 
monitored over time. Data are presented as mean ± SD (n = 3). 
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Figure A5.3 Sodium deoxycholate increases the uptake of 3 kDa Texas Red-dextran into the superficial layers of the oral 
epithelium. Representative images showing intratissue distribution of fluorescent dextran (red) in oral epithelium equivalents 
visualised by confocal microscopy following 10 h treatment (A) without or (B) with 0.4 mg/mL sodium deoxycholate as a 
permeation enhancer. DAPI (blue) is used as a nuclear counterstain. Scale bar = 100 µm. 
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