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A B S T R A C T

Oral mucosal diseases are difficult to treat due to the poor retention of the dosage form at the lesion site because 
of salivary washout. Additionally, the interactions of commonly applied corticosteroids with off-target tissues 
over long term treatment periods commonly lead to the development of secondary fungal infections. To address 
this a gradient electrospinning technique has been developed to enable the directional delivery of clobetasol 
propionate ensuring the targeted delivery of corticosteroid to the lesion site and minimal drug interaction with 
the rest of the oral cavity. As a preventative to the development of fungal infection and treatment of any pre-
existing fungal infection, fluconazole is also loaded throughout the patch for universal delivery throughout the 
oral cavity. The developed patches showed good spatial separation of the drug loading and appropriate me-
chanical properties for use in oromucosal applications. The formulations were cytocompatible with oral 
epithelial cells and successfully restored healing in an in vitro inflammatory challenged scratch assay model. The 
results show that the patches developed demonstrate potential as a therapeutic platform in the treatment of oral 
inflammatory diseases such as lichen planus.

1. Introduction

Oromucosal drug delivery routes have been rising in popularity 
throughout recent years [1]. Several transmucosal delivery systems have 
been described such as bioadhesive tablets, gels, patches and films. 
These systems are particularly useful in scenarios which; require bypass 
of the first-pass metabolism, involve patients with dysphagia, require 
treatment of local oral cavity disease or management of chronic condi-
tions. Given the unique anatomical and physiological conditions of the 
oral cavity they offer an extremely efficient route for systemic absorp-
tion of drugs [2]. The highly vascularised nature of these tissues enables 
rapid absorption and onset of action in comparison to conventional 
tablets [3]. In comparison to dermal tissues the oral mucosa generally 
offers higher permeability allowing for improved passive diffusion of 

many drugs as described by Bácskay where the skin showed a perme-
ability constant of 44 × 10−7 cm/min compared to values of 470 – 

973 × 10−7 cm/min for various areas of the oral mucosa [2]. Delivery 
via the mucosal tissues leads to direct entry into the systemic circulatory 
system avoiding potential degradation by digestive enzymes in the 
gastrointestinal tract and metabolism in the liver. Avoidance of the 
digestive tract also allows for the harsh gastric pH environment to be 
bypassed improving bioavailability, particularly for peptide or 
protein-based medications which are easily degraded by such conditions 
[4]. Finally, in comparison to intravenous or intramuscular injection, 
oromucosal systems are non-invasive easy to administer and provide a 
more convenient solution for patients which may lead to better 
compliance with treatment regimens.

The development of mucoadhesive drug delivery systems for the 
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treatment of oral mucosal diseases such as oral lichen planus (OLP), 
recurrent aphthous stomatitis (RAS), oral candidiasis or oral mucositis 
may revolutionise treatment regimens in this field [5]. Utilising 
mucoadhesive patches, films or gels offers the opportunity to provide 
prolonged, targeted and effective treatment to minimise pain and limi-
tations surrounding rapid salivary clearance. Whilst such interventions 
may be useful for the treatment of multiple oral mucosal diseases, in this 
study we will focus on the treatment of OLP as it is a particularly trou-
blesome condition for patients.This chronic inflammatory condition is 
caused by abnormal immune responses causing T lymphocytes to 
interfere with the oral mucosal membrane cells. This disease typically 
affects over 40's and there is no known cure, with most treatments 
focusing on symptom management. There are several symptoms which 
lead to diagnosis of OLP, the most common form being reticular which 
presents in white lacy patches on the buccal surfaces and the tongue [6]. 
The more disruptive form is erosive and appears as red, swollen tissues 
and open sores which cause severe burning, pain and sensitivity during 
eating, speaking and talking [7]. The aetiology of the disease is not fully 
understood but some triggers are widely recognised such as; immune 
system dysfunction, stress, trauma and administration of certain medi-
cations. The current treatment regimens include long-term management 
using topical corticosteroids in the form of oral gels, creams and 
mouthwashes [8]. However, the therapeutic potential of these formu-
lations is limited by their short retention time at the lesion site, resulting 
in reduced drug exposure, limited efficacy and high recurrence rates [9]. 
Salivary washout can rapidly remove the therapeutic agent from the 
target site and increase drug interaction with off-target tissues which 
over long-term treatment regimens can lead to secondary complications 
such as oral candidiasis and mucosal atrophy [10]. Finally, in a small 
number of cases, approximately 0.5-2.5%, risks of malignant trans-
formation to oral squamous cell carcinoma are reported [11]. In contrast 
the development of a mucoadhesive patch could provide prolonged 
retention at the lesion site and enable localised, controlled delivery or 
therapeutics, thereby increasing drug exposure at the target tissue whilst 
potentially reducing salivary washout and off-target exposure. This 
approach could therefore improve the efficacy and consistency of local 
drug delivery while reducing some of the limitations associated with 
repeated administration of conventional topical formulations, such as a 
lack of patient compliance to the treatment regimen.

Novel transmucosal drug delivery systems are non-invasive tech-
nologies which are designed to deliver therapeutics systemically 
through the mucosal membranes. Within the oral cavity these may be 
via a buccal, sublingual or gingival route. Depending on specific designs 
these may rely on passive diffusion, active or stimuli responsive de-
livery. Often these systems are fabricated using polymers such as car-
boxymethyl cellulose, polyvinylpyrrolidone, chitosan, polyethylene 
oxide and Eudragit® [12,13]. Additionally, these systems may be used 
for the local delivery of therapeutics to wounded oral tissues such as 
those suffering OLP and/or RAS [5] Several methods of polymer pro-
cessing have been used including solvent casting, hot melt extrusion, 
advanced 3D printing techniques, electrospinning and freeze-casting 
[14,15]. Electrospinning is a cost effective and convenient way of pro-
ducing nanofibrous samples with extremely high surface area to volume 
ratios which is particularly advantageous in drug delivery applications. 
The controllable high porosity of these materials ensures drug diffusion 
and mass transfer can be precisely controlled. The electrospun mats can 
be directly applied to the delivery site to provide a high local concen-
tration of drug whilst minimising the systemic side effects. Recent ad-
vances in advanced electrospinning setups allow for the spinning of 
multi-drug solutions within a single fibre, allowing simultaneous de-
livery, enabling complex therapeutic treatment regimens [16].

One class of polymers which have been investigated for electro-
spinning are polyhydroxyalkanoates, which are produced as an energy 
store during the fermentation of microorganisms under nutrient limiting 
conditions. These polymers demonstrate remarkable biocompatibility 
with a range of cell types making them appropriate for biomedical 

applications [17–19]. The properties of these polymers depend greatly 
on the fermentation conditions such as microorganism species, nutrient 
availability, carbon source, and environmental conditions [20]. Typi-
cally, they can be classified depending on the number of carbon atoms in 
their monomer chains, short chain length PHAs, such as P(3HB) having 
3-5 carbon atoms (scl) whilst medium chain length PHAs (mcl) contain 
6-14 carbon atoms per monomer unit. Due to differing properties of 
scl-vs mcl-PHAs they have been applied to different scenarios in 
biomedical applications. The stiff and brittle properties of scl-PHAs 
mean that they lend themselves as materials for hard tissue engineer-
ing whilst the soft and flexible nature of mcl-PHAs make them more 
suitable for soft tissue applications [21]. During the electrospinning 
process it is necessary to blend the two as mcl-PHAs typically have low 
melting temperatures and bulky side chains which prevent the necessary 
polymer chain entanglement required for the formation of distinct and 
stable fibres [22]. We previously optimised the electrospinning of 
mcl-PHA-P(3HB) blends to ensure the correct mechanical properties for 
application to oral mucosal tissues [23]. In the current study, we aim to 
further modify the electrospinning process to provide a gradient style 
loading of clobetasol propionate (CP) throughout the scaffold architec-
ture enabling the spatial delivery of CP in the direction of the OLP lesion. 
Additionally, we incorporated fluconazole (FLU) as a preventative to the 
secondary fungal infections often associated with treatment using ste-
roid based formulations.

2. Materials and methods

2.1. Materials

CP powder, ≥98%, was purchased from Cambridge Bioscience 
(Cambridge, England, UK). FLU powder, 98%, phosphate buffered saline 
tablets (PBS), chloroform, ≥99.5%, dimethylformamide, ≥99.5%, 
methanol (MeOH), trifluoracetic acid (TFA) and acetonitrile (ACN) were 
procured from Fisher Scientific (Loughborough, England, UK). Defined 
Keratinocyte SFM, TrypLE express, MTT reagent, Penicillin- 
Streptomycin, 10,000 U mL−1 and Applied Biosystems™ SYBR™ 

Green Universal Master Mix were obtained from Thermo Fisher Scien-
tific (Life Technologies) (Massachusetts, US). Methylene Blue, ≥82% 
dye content, Rhodamine B solution, 0.2% in isopropanol, Lipopolysac-
charides (LPS) from E. coli, BioXtra, and primer sequences were pur-
chased from Sigma-Aldrich (Gillingham, UK). TriPure and Transcriptor 
cDNA synthesis kit were purchased from Roche, (Roche Holding AG, 
Switzerland).

Medium-chain-length PHA was produced using bacterial fermenta-
tion technique with Gram negative bacterium (commercially sensitive) 
and purified as previously reported [19]. The short-chain-length PHA 
(poly(3-hydroxybutyrate) was produced using a Gram negative bacte-
rium (commercially sensitive) using the parameters described in our 
previous publication [23].

2.2. Electrospinning for a gradient drug loading

An in-house electrospinning system was used to produce nanofibrous 
membranes, consisting of a high voltage source of maximum output 
30 kV, 2 syringe drivers, a flat grounded collecting plate and a cus-
tomised tubing system to allow concurrent injection of different 
polymer-drug solutions for creation of the gradient loaded membrane, as 
described in Fig. 1.

Polymer solutions for electrospinning were made based on pre-
liminary studies into the optimal drug loading to ensure biocompati-
bility with oral epithelial cells, [23]. Briefly, 10% (w/v) polymer 
solutions were made using an 80:20 ratio of mcl-PHA:P(3HB) by first 
dissolving the P(3HB) in 90% of the final solvent volume via stirring 
with a magnetic stirrer. The mcl-PHA was then added to the solution and 
fully solubilised. Drugs were solubilised in the final 10% of the total 
solvent volume and added to the polymer portion of the solution. The 
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solvent used was a 9:1 (v/v) mixture of CHCl3:DMF.
Two different drug solutions were produced, one containing FLU 

only at a final concentration of 10%, in relation to the polymer mass in 
solutions. The second solution contained both FLU and CP at final 
concentrations of 10% and 2% respectively in relation to the polymer 
mass in solutions. The concentrations used for drug loading were 
determined based on the following rationale. Whilst CP is most routinely 
prescribed as a 0.05% ointment, the selected concentrations were 
informed by the literature on similar dosage forms to our proposed 
patches, which reported the use of 26.6 mg/mL, as well as by our pre-
vious optimisation experiments. [23,24]. The FLU dosing was decided 
based on similar rationale, [25–27].

Each polymer-drug solution was loaded into a separate syringe and 
connected to the Y-shape tubing system at the 2 inlet ports and the outlet 
port was then connected to a 21G blunt needle tip. This complete setup is 
shown in Fig. 1. Overall flow rate was maintained at 1 mL/h, a positive 
voltage of 15 kV was applied to the needle tip, and a distance of 15 cm 
was maintained between the needle tip and grounded collector. Flow 
rate for the evenly loaded samples (ES_E) was maintained at 1 mL/h 
overall by setting the flow rate of each individual syringe driver to 
0.5 mL/h and spinning until 2 mL of solution was dispensed. The flow 
rates for gradient loaded samples (ES_G) are summarised in Table 1 as 
these varied over time to create the gradient effect in 5 different layers. 
Control electrospun samples were made using the polymer solution with 
no drug loading, under the same conditions.

2.3. Fibre characterisation

2.3.1. Scanning electron microscopy (SEM)
All images were collected using the Sigma 300 VP system (Zeiss, 

Germany). Prior to imaging samples were coated with a thin layer of Au- 
Pd using a sputter coating equipment, Polaron E5000 (Quorum Tech-
nology, UK) at 30 mA for 90 s under vacuum. SEM images were collected 

using secondary electron detection, at an accelerating voltage of 5 kV 
and a working distance of 7-8 mm.

2.3.2. Confocal imaging
To visualise the separation of the layers, fluorescent dyes were used. 

To the solution containing 10% FLU methylene blue was added and to 
the fibres containing both 10% FLU and 2% CP rhodamine was added. 
The electrospinning process was conducted as described above for the 
ES_G samples. The membrane was then snap frozen in liquid nitrogen 
and the cross-section was imaged using the confocal microscope (Aurox, 
UK) at excitation wavelengths of 405 nm and 550 nm.

2.3.3. Dynamic mechanical analysis (DMA)
Mechanical testing was performed using a DMA 850 (TA In-

struments, Delaware, US). Analyses were performed under 3 different 
conditions: dry conditions at room temperature, 2) dry conditions at 
37 ◦C and 3) submerged conditions (PBS) at 37 ◦C. The different testing 
conditions were investigated to ensure mechanical integrity during 
manufacture, storage and time of application as the manufacture and 
storage are under dry ambient conditions whilst the application is in a 
moist environment at body temperature of 37 ◦C. Rectangular specimens 
were cut to dimensions of 50x5x0.1 mm (lxwxh)and stored in a desic-
cator until testing. The testing was conducted as a rate-controlled strain 
ramp of 1 mm/min. Young's modulus was calculated as the gradient of 
the linear elastic region of the stress/strain curve.

2.3.4. Fourier transform infrared spectroscopy (FT-IR)
FT-IR spectra were obtained using the PerkinElmer Spectrum One 

spectrometer (PerkinElmer Ltd, Specac Ltd., Orpington, UK) with dia-
mond window. Samples were analysed in the 4000-600 cm−1 wave-
number range, spectra were acquired at a resolution of 2 cm−1 and data 
presented is baseline corrected and normalised by maximum point in the 
system software, Spectrum v 5.0.1 (PerkinElmer Ltd, Beaconsfield, UK).

2.4. Drug release studies

2.4.1. Directional drug release
Drug release studies were performed in PBS release media under sink 

conditions at 37.0 ± 0.5 ◦C in a shaking incubator set to 100 rpm. 
Scaffolds were cut to shape in triplicate for each sample group, and mass 
was recorded giving a range of 50-70 mg. Samples were placed top down 
in a transwell insert for 6 well plate with 4 mL of release media below the 
transwell insert and 4 mL of release media above the transwell insert. 
This setup was used to allow the determination of the spatial release of 

Fig. 1. Summarising the electrospinning setup used for the fabrication of gradient loaded electrospun samples where one syringe is filled with the polymer solution 
containing FLU only and one with polymer solution containing FLU and CP. Tailoring of the flow rates allows the creation of the gradient loading effect in 5 layers as 
shown and described in Table 1.

Table 1 
Flow rate variation details used during the manufacture of gradient electrospun 
(ES_G) samples.

Time/ 
hr

Layer 
Number

Syringe 1 Flow Rate/mL/hr 
(FLU & CP solution)

Syringe 2 Flow Rate/mL/ 
hr (FLU solution)

0-0.4 1 0 1
0.4-0.8 2 0.25 0.75
0.8-1.2 3 0.5 0.5
1.2-1.6 4 0.75 0.25
1.6-2 5 1 0
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CP and FLU and is depicted in Fig. 2. At predetermined time points 
0.4 mL of sample was withdrawn from both below and above the 
transwell insert and replaced with fresh release media. Both CP and FLU 
were quantified in each withdrawn volume using the following HPLC 
method.

HPLC analysis was carried out on an Agilent Technologies 1100 In-
finity compact LC Series (Agilent Technologies, Cheshire, UK). A Zorbax 
LC, C18 reverse phase column with 5 μm particle size and dimensions of 
250 × 4.6 mm was used. The separation of analytes was done at 24 ◦C in 
mobile phases composed of 0.1% TFA in water and 0.1% TFA in ACN. 
Conditions were as follows; 35% of ACN in water for 5 min at a flow rate 
of 0.6 mL/min, the flow rate was then increased to 1 ml/min between 5 
and 6 min, finally the mobile phase composition was ramped to 100% 
ACN (+0.1% TFA) between 5 and 15 min at 1 mL/min. The conditions 
were then held as such until 20 min. UV signal was measured using an 
Agilent G1315A DAD detector at 250 nm. For each concentration, single 
injections of 20 μL were analysed [28].

Cumulative drug release was calculated above and below the trans-
well insert to show the directional release of the CP and FLU from both 
the evenly loaded (ES_E) and gradient loaded (ES_G) sample groups.

2.5. Biological characterisation

2.5.1. MOE-1a cell viability
Mouth ordinary epithelial cells (MOE-1a) were grown and main-

tained in defined keratinocyte serum free media (KSFM) supplemented 
with the KSFM growth supplement and 1% penicillin-streptomycin. 
Normal cell culture conditions were maintained during all biological 
studies of 5% CO2, and 37 ◦C. TrypLE express was used for passaging 
when cells reached 70-80% confluence.

Cell viability was analysed using 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide (MTT). For this study MOE-1a cells were 
seeded at a density of 5 × 104 cells/mL in 12-well plates and allowed to 
attach overnight. Samples were washed with PBS, fresh media added 
and electrospun samples introduced (ES_CON, ES_E and ES_G). For the 
viability study the indirect transwell setup was chosen to ensure 
mechanistic clarity, this setup separates the material from the cells but 
allows soluble factors to diffuse. Therefore, the cytotoxicity caused by 
released drug or leachables from the scaffold are analysed rather than 
the direct effect of physical contact with the cells. Positive control 
samples (cells cultured in complete growth media with no electrospun 
patch or drug treatment), control electrospun samples with no drug 
loading, and negative controls (lysed with triton x-100) were included at 
each time point. Plates were incubated for 1, 3 and 7 days with media 

aspirated and replaced at day 3.
At each time point MTT solution (5 mg/mL in PBS, filter sterilised) 

was added to a final concentration of 0.5 mg/mL and incubated at 37 ◦C 
for 2 h. Culture media was removed and 500 μL of solubilisation buffer 
added (20% w/v SDS prepared in a 1:1 ratio of DMF: deionised water, 
pH adjusted to 4.7 using acetic acid). Samples were briefly agitated in 
the dark until complete solubilisation and then 100 μL aliquots were 
transferred in triplicate to a 96 well plate and absorbance was read at 
572 nm using a microplate reader (Tecan, Switzerland).

Cytotoxicity was assessed using CyQUANT™ LDH Cytotoxicity Assay 
(Invitrogen, US), was used. The assay was used as recommended by the 
manufacturer, briefly, at each time point 50 μL of sample media was 
transferred to a 96 well plate and 50 μL of reaction mixture was added. 
Plates were incubated at room temperature in the dark for 30 min before 
adding the stop solution. Absorbance was measured at 490 nm with a 
background absorbance measured at 680 nm. Results reported are the 
difference between the two readings minus a media only control as a 
background LDH correction. The positive controls for this experiment 
were MOE-1a cells grown on standard cell culture treated plates and 
lysed using triton x-100 and negative controls were those grown on 
standard cell culture treated plates with no treatment.

2.5.2. In vitro wound healing study
The wound healing assay was carried out using the 4-well silicone 

culture inserts available from Ibidi (catalogue number – 80469). Inserts 
were placed in 12-well plates and cells seeded at 2.5 × 105 cells/mL with 
100 μL per well. Plates were incubated overnight until confluent and 
then the silicone inserts were removed, leaving behind the cell free 
wound gap area. Samples were washed gently in PBS and complete 
growth media was added to the wells, patches in experimental groups 
were added in transwell inserts to give the following groups. 

• Positive Control, complete growth media
• Control scaffold (ES_CON), electrospun sample with no drug loading
• Evenly loaded scaffold (ES_E), electrospun sample with uniform CP 

and FLU loading
• Gradient loaded scaffold (ES_G), electrospun sample with gradient 

CP and FLU loading

Following the removal of the silicone well inserts each sample was 
imaged at 0 h using light microscopy at 4 defined points. Samples were 
then returned to the incubator and at predefined timepoints samples 
were removed and imaged to allow for continuous monitoring of the 
wound closure. To facilitate imaging, at each timepoint the transwell 
insert containing the electrospun samples were removed using forceps 
and retained to be replaced following imaging. Samples were imaged at 
the same positions as the locations marked at T0, 0 h. Following image 
collection analysis was conducted using Image-Pro v11 software with 
the wound healing protocol, available in the cell biology plus package. 
All groups were run in triplicate with 4 analysis regions on each sample.

2.5.3. Inflammatory stimulated in vitro wound healing study
The study described above was repeated with modification to induce 

inflammatory expression in the MOE-1a cells. The same methodology 
was used, however after removing the silicone well inserts and washing 
in PBS the media introduced contained LPS from E. coli at a concen-
tration of 10 μg/mL. This concentration was chosen due to reported 
concentrations used across the literature for use with various cell lines 
and a pre-screening of 0.1, 1 and 10 μg/mL LPS with the MOE-1a cells, 
investigating the expression of inflammatory markers at 24, 48 and 72 h 
post treatment (data not shown). The below conditions were set up to 
ensure inclusion of the appropriate controls required for the study. 

• PC = Positive Control, cells only (Complete KSFM Media, -LPS)
• NC = Negative Control, cells only (Complete KSFM Media, +LPS)
• ES_CON = Electrospun Control (Complete KSFM Media, +LPS)

Fig. 2. Transwell setup for directional drug release analysis, electrospun sam-
ples are cut to size and placed in the transwell insert with a sample holder to 
prevent sample floating and prevent backflow of release media. At each time 
point samples are taken from both above and below the transwell insert to 
allow the analysis of the directional drug release of samples.
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• ES_E = Evenly Loaded Electrospun (Complete KSFM Media, +LPS)
• ES_G = Gradient Loaded Electrospun (Complete KSFM Media, +LPS)

2.5.4. RT-qPCR
Sacrificial samples were set up as above to allow RNA extraction at 

time points of 6, 12 and 30 h of healing. At each time point media was 
aspirated and the cells lysed using TriPure Isolation Reagent. RNA was 
isolated following manufacturer's instructions, briefly to 1 mL of cell 
lysate 200 μL of molecular grade chloroform was added. The sample was 
homogenised and incubated at room temperature for 15 min before 
centrifuging at 12,000 g for 15 min at 4 ◦C. The upper aqueous phase 
was transferred to a clean Eppendorf and incubated with 0.5 mL ultra-
pure isopropanol for 10 min. The sample was centrifuged at 12,000 g for 
10 min at 4 ◦C, resulting in the RNA pellet. The supernatant was dis-
carded and the pellet washed in 75% ultrapure ethanol in molecular 
grade water. Following centrifugation at 7500 g for 5 min the super-
natant was again discarded and any remaining ethanol allowed to 
evaporate, the pellet was then resuspended in TE buffer. RNA purity and 
concentration as analysed using a NanoQuant plate in a Tecan plate 
reader (Tecan, Switzerland).

Reverse transcription to cDNA was completed using the Transcriptor 
First Strand cDNA Synthesis Kit and used as advised by the manufac-
turer. In a reaction tube the following components were added to a total 
volume of 13 μL, 1 μg total RNA (variable volume), random hexamer 
primers to a final concentration of 60 μM (2 μL) and molecular grade 
water (variable volume, to make final volume of 13 μL). RNA secondary 
structures were denatured via heating at 65 ◦C for 10 min in the Thermo 
Hybaid PCR Express (Thermo Fisher, Massachusetts, US). To this tube 
the remaining components were added, Reaction Buffer (5x conc, 4 μL), 
RNase Inhibitor (0.5 μL), Deoxynucleotide Mix (2 μL) and Transcriptor 
Reverse Transcriptase (0.5 μL). The tube was returned to the thermal 
block and heated at 25 ◦C for 10 min followed by 55 ◦C for 60 min. For 
long-term storage cDNA was diluted in TE buffer and stored at −20 ◦C.

The gene expressions of inflammatory and wound healing related 
markers were determined with the SYBR Green PCR reagent kit using 
the Applied Biosystems 7300 Real-Time PCR System. Sequences of the 
primers used throughout the study are shown in Table 2 below. Gene 
expressions are normalised to GAPDH and ct values were analysed with 
the DataAssist V3.01 software and the fold change in gene expression 
calculated using the ΔΔct method.

2.6. Statistical analysis

Statistical analysis was carried out on data where possible. Mean 
values are presented as mean ± standard deviation. Statistical signifi-
cance of appropriate data was tested by one way analysis of variance 
(ANOVA) with post-hoc Tukey's multiple comparison test and unpaired 
t-test. All data and statistical analysis were conducted using GraphPad 
Prism 10 software (GraphPad Software, Inc. USA). Confidence intervals 

were set to 95% and notation used for statistical significance throughout 
is as follows; * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤
0.0001.

3. Results and discussions

3.1. SEM

Fig. 3 shows the morphology of the nanofibres under SEM observa-
tion, when electrospun using the optimised parameters for mcl-PHA/P 
(3HB) blends as previously reported [23], smooth, bead free nano-
fibres were obtained. There were no obvious morphological differences 
between the evenly loaded and gradient loaded samples. However, in 
both sample groups evidence of drug incorporation could be seen in SEM 
images on the fibre surfaces, seen at texture as compared to the smooth 
fibre surfaces of the control samples. Based on our previous studies this 
is evidence of the fluconazole incorporation, because of the concentra-
tion at which the fluconazole is loaded, the saturation point of the 
electrospinning solution is met and the drug precipitates from the 
electrospinning solution during the spinning process. This is contrary to 
the results shown previously in which no physical evidence of FLU 
incorporation was seen in SEM images [29,30]. This is perhaps because 
of the method of addition of drug. Other authors solubilised the drug in a 
greater proportion of the solvent solution before adding to the polymer 
portion of solution which may explain the differences in the way in 
which the drug incorporation presents.

3.2. Confocal microscopy

Confocal microscopy was used to visualise the distribution across the 
cross-section of the gradient electrospun samples. Solutions for elec-
trospinning were prepared to include fluorescent stains proving the 
gradient distribution of the CP throughout the electrospun scaffold as 
shown in Fig. 4. It can be clearly seen that there is good spatial sepa-
ration between CP + FLU and FLU only portions of the patch as we see 
the CP + FLU positioned to the top of the patch and the FLU only toward 
the bottom of the patch. This spatial separation is a step toward the 
potential for directional release of CP to ensure targeted treatment of 
chronically inflamed tissues.

3.3. DMA

To investigate the suitability of the samples for mucosal patch ap-
plications the elasticity was studied. These mechanical properties are 
essential to ensure the integrity of the patch throughout the application 
time. The oral cavity is a mechanically dynamic environment with daily 
activities such as mastication, speaking, and swallowing contributing to 
the forces experienced. The most frequent location of oral lichen planus 
is on the buccal mucosa, one of the lining mucosal surfaces of the oral 
cavity. Such areas are non-keratinised soft tissues with elastic properties 
to accommodate the movement of the tongue and jaw. Therefore, the 
material produced for application to the surface should be highly elastic 
under tensile stress. Mechanical tests were carried out under 3 different 
conditions to ensure suitability during production and storage (room 
temperature), at standard body temperature (37 ◦C) and under condi-
tions mimicking the oral cavity (37 ◦C, under submersion). Results 
shown in Fig. 5 confirm that all samples presented with Young's modulus 
below 10 MPa under all the tested conditions. Typically, the incorpo-
ration of drugs into the electrospun fibres increased the Young's modulus 
from 3.862-4.22 MPa to 6.23-9.34 MPa dependent on the testing con-
ditions. Modulus increases can be experienced due to restriction of 
polymer chain mobility due to interaction with drug molecules, 
enhanced structural order due to the presence of drugs or fibre rein-
forcement by the drug as opposed to showing plasticising effects 
[31–33]. Due to the hydrophobic nature of both the polymer and drugs 
used in this system, the two may mix more uniformly within the polymer 

Table 2 
Primers used for PCR gene expression analysis.

Gene Forward/Reverse Primer Sequence (5′-3′)
GAPDH Forward CTCCTGCACCACCAACTG

Reverse ATGAGTCCTTCCACGATA
IL-1b Forward GGCTGCTCTGGGATTCTCTT

Reverse ATCGTGCACATAAGCCTCGT
IL-6 Forward GTCCAGTTGCCTTCTCCCTGG

Reverse CCCATGCTACATTTGCCGAAG
NFκB Forward GCTTAGGAGGGAGAGCCCAC

Reverse AAACATTTGTTCAGGCCTTCCC
FGF Forward AAGCGGCTGTACTGCAAAAACG

Reverse CTTTGATAGACACAACTCCTCTC
TGFβ2 Forward TCTAGGGTGGAAATGGATACACGAACC

Reverse TGTTACAAGCATCATCGTTGTCGTCG
Coll1a Forward CGGCTCCTGCTCCTCTT

Reverse GGGGCAGTTCTTGGTCTC
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giving fewer phase-separated domains and more efficient stress transfer 
resulting in higher stiffness [34,35]. If the drug exhibits limited solu-
bility within the polymer matrix, it may remain in 
crystalline/semi-crystalline state, acting like a filler in the electrospun 
fibres. Such rigid dispersions can act as filler-like inclusions thus 
increasing the modulus [36,37].

To ensure suitability of the scaffolds for use in soft tissue applications 
we are aiming to match the properties exhibited by the native tissue. 
However, it is difficult to define the exact values of Young's modulus for 
the oral mucosal tissues given the range of different anatomies within 
the oral cavity, the range of different types in vivo/ex vivo tissues tested 
and the many different testing methods used to assess the mechanical 
properties. Previous reports of the Young's modulus of oral mucosal 
tissues quote ranges between 0.91 and 11.12 MPa when tested in tensile 
strain [38], which suggests that the materials produced within this study 
have appropriate elastic properties for use in transmucosal drug de-
livery. Previous studies focusing on oromucosal drug delivery systems 
describe Young's modulus values of 2.18-3.082 MPa using chitosan-PVA 
electrospun fibres [39]. Whilst these values are lower than that seen in 
our study, elsewhere modulus values of 12-28.1 MPa were described by 
Olmos-Juste et al. for their 3D printed interventions [40]. Khan et al. 
described their film formulations of metolose containing 0 and 0.5% 
PEG plasticising agent to have the best mechanical properties for oro-
mucosal applications, these formulations gave Young's modulus values 
of around 4 – 9 MPa [41]. Given the similarity of modulus values 

achieved within our study to those reported in the literature for both the 
native mucosal tissues and drug delivery platforms produced for similar 
applications, we believe the mechanical properties achieved here are 
appropriate for oromucosal drug delivery.

3.4. FT-IR

Chemical characterisation using FT-IR analysis was performed to 
investigate the functional groups of chemical interactions within the 
materials. Fig. 6 shows the FT-IR spectra for the samples before and after 
drug incorporation. The most intense peak is observed at 1724 cm−1 

corresponding to the C=O carboxyl group vibration of the ester bonding 
in the polymer structure. This peak has been reported at slightly lower 
wavenumber of 1720 cm−1 for scl-PHAs (P(3HB)) [42], whilst for 
mcl-PHAs this peak is reported to lie closer to 1725 cm−1, given the 
higher proportion of mcl-PHA in the electrospinning polymer blend this 
peak appears closer to that for mcl-PHA. Evidence of the P(3HB) can be 
seen throughout the spectrum, peaks at 1386 cm−1, 1128 cm−1 and 
721 cm−1 corresponding to -C-H bending, -C-O stretching and C-C 
bending of the SCL polymers crystalline phase respectively [43–45]. In 
the fluconazole spectrum shown in Fig. 6B vibration of the triazole ring 
was found at 1501 cm−1 whilst the peak shown at 1618 cm−1 was 
indicative of the C=C stretching bond, both of which are evidenced in 
the even (ES_E) and gradient (ES_G) loaded samples but not in the 
control electrospun patch. The absence of peaks relating to the CP 

Fig. 3. SEM images showing the electrospun fibres produced using the dual input setup A&D) Fibres with no drug loading (ES_CON) B&E) Evenly loaded (ES_E) and 
C&F) Gradient loaded (ES_G). Where scale bars show 50 μm for A-C and 20 μm for D-E.

Fig. 4. Confocal microscopy images showing the distribution of FLU and CP throughout the cross section of the scaffold produced methylene blue stained fibres show 
the fibres composed of 80:20 mcl-PHA:P(3HB) + 10% FLU and rhodamine (red) stained fibres show the fibres composed of 80:20 mcl-PHA:P(3HB) + 10% FLU +2% 
CP. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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incorporation is attributed to the low loading concentration of this drug and the overlap of potential vibrations for CP with the polymer 

Fig. 5. Raw data Stress-Strain Curves showing mechanical properties of the control dual feed fibres (ES_CON), evenly loaded fibres (ES_E) and the gradient loaded 
fibres (ES_G) loaded fibres under 3 testing conditions A) ambient conditions B) at 37 ◦C and C) submerged in PBS at 37 ◦C D) Data analysis of Stress-Strain Curves 
showing Young's modulus of the control dual feed fibres (ES_CON), the even drug (ES_E) and the gradient drug (ES_G) loaded fibres under 3 testing conditions 
ambient conditions, at 37 ◦C and submerged in PBS at 37 ◦C.

Fig. 6. A) FTIR spectra showing chemical properties of the control, even drug loaded and the gradient drug loaded fibres B) Showing relevant wave ranges to 
highlight the presence of CP and FLU in ES_E and ES_G samples.
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vibrational modes.

3.5. Drug release

The in vitro release profile from the mcl-PHA/P(3HB) electrospun 
fibres was assessed in PBS at pH 7.4 to evaluate the directional release 
from the even and gradient loaded scaffolds. The cumulative release of 
both CP and FLU from the drug loaded patches are shown in Fig. 7 both 
drugs show a sustained release up to 8 h in vitro, ensuring an appropriate 
dosage delivery for the duration of patch application.

Fig. 7A shows the cumulative release of CP from both evenly loaded 
and gradient loaded patches. It is clear from this release profile that the 
CP release on each side of the patch differs between the two groups. The 
evenly loaded patches (ES_E) show comparable release in both di-
rections whereas the CP release from the gradient loaded patches (ES_G) 
shows a clear bias in CP release above the transwell insert in the di-
rection of the CP loaded area. There is a very limited amount of CP 
release from the ES_G sample in the direction of the side of the sample 
which has no CP loading. We hypothesise that this is because of the 
interconnected porous nature of electrospun scaffolds, allowing some 
backflow of released drug [46]. However, we expect that this is still a 
significant improvement over current treatment therapies which show 
significant clearance with retention times of only minutes, typically less 
than 1 h [47]. It is difficult to define the exact retention of drug at 
application sites in these scenarios and not many in depth studies 
investigate this. However, one study utilising a water-soluble steroid to 
investigate drug uptake at oral application sites showed poor retention 
in most cases with the palatal, buccal and sublingual mucosa showing 
9.9%, 24.1% and 65.4% retention respectively [48]. This study gave 
solid evidential links between application site dependency and unin-
tended contact and given that the majority of OLP is observed on the 
buccal mucosa it is likely that close to 75% of applied formulations to 
treat OLP lesions are lost because of salivary washout [49].

When investigating the mechanisms of drug release using various 
fitting models the best fit release models differ between the sampling 
done above the transwell in comparison to below the transwell. Samples 
taken from above the transwell, near the CP rich region, showed a best 
fit to the zero-order release mechanism whilst the release to the chamber 
below shows closest fit to the Higuchi model (Table 3). These release 
profiles make sense for the system we have engineered. In the upper 
chamber a constant release rate over time is achieved due to a main-
tained concentration at the material-media interface. The drug-flux is 
remaining constant hence showing apparent zero-order kinetics [50]. 

Conversely the release rate in the other direction is slowing down over 
time, this is most likely because the CP must diffuse across a greater 
thickness of the material prior to interacting with the material-media 
interface. Additionally, the area from which this drug originates is a 
lower concentration region than that of the upper sampling chamber. 
These phenomena are consistent with the Higuchi model where the rate 
of release is dependent in the square root of time [51].

The FLU release, Fig. 7B, however is comparable in both directions 
across both the evenly loaded and gradient loaded sample groups. These 
results verify that the dual input electrospinning system for 
manufacturing the gradient loading successfully incorporated spatially 
separated drug loading with the ability for directional drug release. 
Under all conditions the first order release rate best fitted the profile 
shown by the FLU indicating that the release rate is concentration 
dependent with the amount of drug released being proportional to that 
remaining in the patch. Since a portion of the drug in this system is 
located at/near the fibre surfaces upon contact with surrounding me-
dium the surface-associated drug dissolves quickly. This establishes a 
concentration gradient between the fibre interface and surrounding 
medium. As the release continues the remaining drug available near the 
surface decreases, proportionally reducing the dissolution rate. The rate 
of release is therefore dependent on the amount of drug remaining in the 
system which is consistent with the first-order ki [1]. Severa.

3.6. Cell viability and cytotoxicity

To study the cytocompatibility of the patches MOE-1a cells were 
used in the MTT and LDH assays. Results of cell studies are shown in 
Fig. 8. These assays have shown no indication of reduced viability with 
all timepoints having comparable percentage viability between positive 
controls and electrospun samples, both controls and drug loaded. The 
LDH assay results complement those of the MTT assay as there are no 

Fig. 7. Percentage cumulative release of A) CP and B) FLU from the evenly and gradient loaded electrospun scaffolds above the transwell insert (solid lines) and 
below the transwell insert (dashed lines).

Table 3 
Showing calculated r2 values for CP and FLU release from the ES_E and ES_G 
patches as calculated from zero order, first order and Higuchi release models.

Zero Order First Order Higuchi
CP FLU CP FLU CP FLU

ES_E Above 0.981 0.946 0.991 0.983 0.883 0.945
ES_E Below 0.985 0.961 0.989 0.987 0.861 0.921
ES_G Above 0.995 0.979 0.977 0.984 0.845 0.859
ES_G Below 0.837 0.982 0.852 0.984 0.968 0.846
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significant increases in absorbance from the spontaneous LDH release to 
the samples containing the electrospun samples. The increase in absor-
bance in the LDH assay over the 7-days is normal as a consequence of 
cell turnover in culture.

The cytocompatibility of native mcl-PHAs have been investigated for 
numerous tissue engineering applications spanning neural, cardiac, 
musculoskeletal and dermal targets [17,18,52–54]. We previously re-
ported the cytocompatibility of the electrospun mcl-:scl-PHA blends 
loaded with either CP or FLU with MOE-1a cells, optimising the drug 
loading concentration to ensure appropriate compatibility [23]. Within 
the current study we have confirmed that there is no adverse effect 
because of pharmacological compounding of the two within the ES_E 
and ES_G samples. These results are encouraging for the scaffolds as 
oromucosal drug delivery devices and suggest that the controlled release 
rate of the CP is appropriate as high concentrations of corticosteroids are 
cytotoxic and this is not experienced in our model in vitro system. Similar 
cytocompatibility of CP loaded chitosan-gelatin based materials have 
been shown using THP-1 (monocytes) [55]. The same group have 
described the loading of electrospun scaffolds with similar concentra-
tions of CP to that used in our study (2%) gaining exceptional cyto-
compatibility with THP-1 cells (>90%) for all formulations both with 
and without inflammatory activation [56]. A study incorporating up to 
5% CP in PLA electrospun fibres has shown greater cytotoxicity to what 
we observed in our study [57]. This may be due to the base polymer in 
the patch material presenting with a higher cytotoxicity profile, 
approximately 20%, compared to the negligible cytotoxicity observed 
for the native mcl-PHA/P(3HB) controls (ES_CON) used for our formu-
lation. Alternatively, the PLA formulation showed a significant burst 
release of CP compared to our mcl-PHA/P(3HB) based fibres which may 
also be contribution to the cytotoxicity experienced by Mazzinelli et al.

3.7. In vitro wound healing studies

The in vitro wound healing studies were conducted with and without 
LPS inflammatory stimulation. Initial studies without LPS stimulation 
confirmed that the drug incorporation did not cause any adverse effect 
on the rate of in vitro gap closure as shown in SI1. These results align well 
with the those obtained in the viability and cytotoxicity assays (Fig. 8) 
providing further confirmation that the combination drug loading is not 
adversely impacting the cytocompatibility of the fibres. The cyto-
compatibility was further confirmed during the initial in vitro wound 
healing study, which lacked LPS inflammatory stimulation, as there was 
no significant difference in the rate of wound gap closure between the 
positive control group and the groups containing electrospun samples. 

The omission of inflammatory stimulation in this model can explain the 
lack of expedited in vitro wound gap closure as the mechanism of action 
of CP, the drug to enhance the healing potential, is to block glucocor-
ticoid receptors resulting in modulated inflammatory response at the 
wound site. In order to investigate this further this in vitro study was then 
conducted with inflammatory stimulation using LPS from E. coli, Fig. 9. 
The inflammatory stimulation of MOE-1a cells using LPS has been pre-
viously described [58]. In this model the drug loaded samples showed 
similar rate of epithelial migration to positive controls, whilst untreated 
negative controls stimulated with LPS showed significantly increased 
gap area remaining in comparison to ES_E and ES_G treated samples at 
30 h (Fig. 9C).

In the inflammatory stimulated model, the inclusion of LPS caused a 
significant decrease in the rate of epithelial migration compared to the 
positive controls. These results agree with those reported by Yang et al. 
for IEC-6 (rat intestinal epithelial cells) in which LPS treatmenr notably 
inhibited the cell migration [59]. Similar effects have been shown using 
in vivo murine models, where LPS treatment significantly decreased 
wound healing rate and increased inflammatory cell infiltration in a skin 
wound model [60]. The control electrospun scaffolds with no drug 
loading did not enhance the rate of healing observed during inflam-
matory stimulation with the wound area remaining at 30 h being com-
parable to that of the negative, LPS treated controls. This confirms there 
are no innate anti-inflammatory effects of the native PHA in this model 
and the improvements observed in the rate of epithelial migration in this 
inflammatory stimulated epithelial model must be due to the incorpo-
rated drugs in the ES_E and ES_G sample groups. Similar effects on in-
flammatory stimulated models have been observed for chrysin loaded 
nanofibres using murine macrophage cells, J774A.1. Here, the inclusion 
of native PCL/PEG nanofibres did not reduce expression of inflamma-
tory markers and cytokines but those containing chrysin did [61]. 
Elsewhere platelet-rich plasma infused nanofibres have shown the po-
tential to modulate the level of pro-inflammatory markers in macro-
phage responses to stimulation with LPS compared to control unloaded 
nanofibre samples. The platelet-rich plasma nanofibres successfully 
decreased levels of IL-6 and TNF-α, whilst pro-healing factors such as 
TGF-β and IL-10 were upregulated [62]. However, these results were not 
compared to LPS deficient controls so it cannot be concluded to what 
extent the inclusion of the platelet derived factors restored normal 
functions.

Whilst these results are promising in relation to the potential for the 
patches produced to modulate inflammatory marker expression in an in 
vitro epithelial inflammatory model there are some limitations to the 
model for translation to in vivo OLP pathologies. Within our in vitro 

Fig. 8. A) MOE-1a viability measured using the MTT method and B) Cytotoxicity measured using the LDH assay for cells cultured in the presence of the control 
(ES_CON), evenly loaded (ES_E) and gradient loaded (ES_G) electrospun patches.
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model to major limitations are the lack of complex chronic immune-cell 
infiltration such as the infiltration of activated CD8+ T-cells character-
istic of OLP disease state. Additionally, the complex microenvironment 
of the oral cavity is missed such as the multi-layered extracellular ma-
trix, microvascular networks and multispecies oral microbiome. Future 
studies should move toward testing in a complex in vitro tissue model of 
OLP such as those outlined in the recent review by Jantakee et al. [63]. 
Eventually a suitable in vivo model such as the described lichenoid lesion 
models which clinically and/or histologically mimic OLP should be 
considered [64–66].

3.8. RT-qPCR

To further investigate the effect of the drug incorporation in fibres on 
the wound healing potential, RNA was extracted at set time points 
throughout the in vitro wound healing study to use for analyses of in-
flammatory and wound healing related gene expressions. In all cases the 

stimulation of MOE-1a cells with LPS induced the expression of in-
flammatory markers IL-1b, IL-6 and NκFB. Conversely the inclusion of 
LPS in the model significantly decreased the expression of wound 
healing markers at all timepoints. Interestingly, despite the lack of effect 
of the native electrospun scaffolds (ES_CON) on the rate of epithelial gap 
closure (Fig. 9), it seems that during the gene expression analysis some 
inflammatory markers could be downregulated in comparison to nega-
tive controls due to ES_CON inclusion. This was experienced for both IL- 
1b and NFκB expression during the study. The TLR4 signalling pathway 
is a key mediator of cell responses to LPS stimulation and it is possible 
that the inclusion of the mcl-PHA/P(3HB) blend, which is inherently 
hydrophobic, may interact hydrophobically with the lipid rafts causing 
interruption and interference with receptor clustering which is essential 
for the initiation of inflammatory pathways [67,68]. The idea that hy-
drophobic molecules can alter Toll-like Receptor 4 dimerization and the 
downstream cytokine production has been previously reported and it is 
possible that the hydrophobic nature of the mcl-PHA/P(3HB) and their 

Fig. 9. A) Phase contrast images showing in vitro wound gap closure in an MOE-1a cell monolayer during treatment using the control and drug loaded electrospun 
patches in comparison to positive control, drug control and LPS stimulation groups. Time points show (Ai-v) T = 0, the penultimate time point at T = 30 h (Avi-xi) 
before full wound closure was seen in sample groups. B) rate of healing during stimulation with LPS from E. coli from 0 to 30 h C) The statistical analysis of the wound 
area at 30 h. Scale bar = 50 μm.
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degradation products may exhibit similar effects [69,70]. Although, the 
potential for the polymer matrix to partially adsorb or sequester the LPS 
may offer an alternative explanation to the reduced expression of some 
of the proinflammatory markers during treatment with the native elec-
trospun sample group. The adsorption of LPS by numerous polymers has 
been shown throughout the literature, usually in relation to nanoparticle 
systems, however there is reason to believe that the same effect could be 
experienced within our system [71].

The inclusion of the drug loaded scaffolds further reduced the 
expression of inflammatory markers at the 6-h timepoint, showing 
comparable expression to the positive controls in most cases 
(Fig. 10A–C). This is likely due to the mechanism of action of CP which 
uses glucocorticoid receptor-mediated interactions to downregulate NF- 
κB transcription leading to reduced production of cytokines such as IL- 
1b and IL-6. These conditions of inflammatory sequestering are re-
flected in our gene expression analysis results and may provide an 
explanation for the improved epithelial migration rate in the drug 
loaded sample groups. Similar results have been reported for the 

development of a multilayer patch containing CP which showed good 
cytocompatibility with THP-1 cells and described an improved anti- 
inflammatory efficacy of the patch-based system over free CP [55]. In 
a different nanofibre system, combining ethylcellulose/gliadin fibres 
with active ingredients of aloe vera, zinc oxide nanoparticles and 
mycophenolate mofetil demonstrated the potential to control the LPS 
induced expression of inflammatory markers by human gingival fibro-
blast cells [72]. Here, the inclusion of the active ingredients in the fibre 
formulation significantly reduced levels of TNF-α and IL-6 expression 
during LPS stimulation in vitro. Elsewhere, the inclusion of CP in elec-
trospun mucoadhesive patches enabled the reduction of inflammatory 
IL-2 production by an in vitro oral mucosal tissue engineered equivalent 
which was stimulated using activated T-cells. The use of the patch 
successfully reduced IL-2 levels to a comparable level to that of a CP 
solution [73]. The improvements in the expression of inflammatory 
markers seen throughout the in vitro wound healing study during in-
flammatory challenge suggest that the patches produced in this study 
may have the potential to provide a solution which aids wound gap 

Fig. 10. A-C) Inflammatory marker A) IL-1b B) IL-6 and C) NFκB and D-F) Wound healing marker expression D) FGF E) TGFβ2 and F) Coll1a by MOE-1a cells during 
in vitro wound healing assay (6 h) after exposure to LPS from E. coli to induce inflammatory expression. Results are normalised to the expression of HKG GAPDH and 
fold change calculated using the ΔΔct method.
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closure via suppression of the sustained inflammatory phases in condi-
tions of chronic inflammation.

To assess the effect of the scaffold application on the expression of 
wound healing markers we considered FGF, TGFβ2 and Coll1a gene 
expression, during the inflammatory challenged in vitro wound healing 
model. Here we saw the significant reduction in expression of all 
markers at both time points during treatment with LPS (NC) in com-
parison to positive controls (Fig. 11). The suppression of these markers 
was most likely as a result of the changes in inflammatory marker 
expression shifting the signalling from a reparative functionality to a 
pro-inflammatory state. During this switching the inflammatory upre-
gulation actively suppresses genes involved in tissue repair and healing. 
This inflammatory signalling may actively antagonise the TGFβ path-
ways rather than a passive mechanism of signalling disruption. As pre-
viously described the LPS activates a core inflammatory transcriptional 
response via TLR4, ultimately leading to the activation of NK-κB path-
ways. The activation of this pathway has several downstream conse-
quences one of which is Smad7 induction, an inhibitory Smad which 

instead of propagating TGFβ signals in the way Smad 2 or 3 do, blocks 
them [74]. Smad7 typically interferes at the receptor level of signalling, 
binding to activated TGFβ receptor I and preventing the phosphorylation 
of Smad2 and Smad3. Eventually this can lead to receptor degradation 
because of ubiquitin ligases [75]. Overall, this mechanism prevents 
nuclear translocation for collagen and ECM protein transcription leading 
to weaker wound-healing phenotypes of cells which is also evident in 
our data showing suppressed collagen I expression following treatment 
with LPS (Figs. 10F and 11F). Additionally, the inclusion of LPS in sys-
tems is known to inhibit TGF-β signalling and suppress collagen syn-
thesis via induction of ROS [76]. Whilst conflicting results can be found 
in the literature relating to the effect of ROS on TGF-β signalling, with 
some reports showing enhanced expression during ROS exposure [77]. 
This effect is extremely dependent on the ROS levels, the cell types 
studied, and the duration of exposure. In the context of this study, it is 
most common that ROS contribute to the suppression or dysregulation of 
TGF-β/Smad signalling [78,79].

At 6 h the expression of all wound-healing related markers 

Fig. 11. A-C) Inflammatory marker A) IL-1b B) IL-6 and C) NFκB and D-F) Wound healing marker expression D) FGF E) TGFβ2 and F) Coll1a by MOE-1a cells during 
in vitro wound healing assay (12 h) after exposure to LPS from E. coli to induce inflammatory expression. Results are normalised to the expression of HKG GAPDH and 
fold change calculated using the ΔΔct method.
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(Fig. 10D–F) was improved when exposed to the drug loaded electro-
spun samples (ES_E and ES_G) over that seen for the negative controls 
but only significantly so for TGFβ2. These results are plausible given the 
mechanism of action of CP which enables the suppression of the up-
stream inflammatory and oxidative pathways which are inhibiting the 
reparative signalling as previously described. At 12 h the treatment with 
the drug loaded electrospun samples continued to regulate the TGFβ2 
expression whilst additionally restoring the levels of FGF and Collagen I 
expression. This delayed restoration of FGF and Collagen I expression 
compared to that of TGFβ is consistent with normal wound-healing 
biology. Given that TGFβ is an upstream regulatory signal whilst FGF 
and Collagen I are both downstream functional repair responses 
requiring transition out of the proinflammatory state induced by the LPS 
toward a proliferative, remodelling phase.

4. Conclusions and recommendations

Throughout this study we have shown the potential to simply modify 
electrospinning setups to produce gradient loaded scaffolds for spatial 
drug delivery. We characterised these patches for treatment of oral 
mucosal diseases. Our studies have shown the mechanical suitability of 
the scaffolds for use in oral applications and the ability to release drugs 
in a directional manner. Biological characterisation was completed 
using oral epithelial cells demonstrating no significant change in cell 
viability or cytotoxicity compared to the control electrospun samples, 
confirming the drug dosage was suitable to maintain cytocompatibility. 
Preliminary in vitro wound healing studies with LPS induced inflam-
matory stimulation and subsequent gene expression analysis showed 
that the introduction of the drug loaded samples to the system could 
successfully aid epithelial migration in an in vitro wound model. The 
qPCR analysis provides initial evidence that the improved wound 
closure was related to the altered inflammatory responses leading to 
downstream improvements in expression of wound healing markers. 
Given that there are some limitations with the current study, such as 
thorough evidence of improved wound healing under conditions of 
innate immunomodulatory chronic inflammation, future studies should 
focus on the development of 3D tissue models of oral injury with the 
inclusion of immune cells and relevant in vivo models to further eluci-
date the mechanism of action. Additionally, the level of anti-fungal ac-
tivity achieved by the FLU inclusion is not described in this manuscript 
and should be investigated. The current patches are not optimised to 
ensure adhesion under wet conditions and given that the end application 
in the oral cavity is reliant on mucoadhesion, strategies should be 
investigated to ensure appropriate levels of mucoadhesion can be ach-
ieved. This may involve the application of a coating layer using mate-
rials such as polydopamine, Carbopol or chitosan which are known to 
enhance adhesion under wet conditions. The mucoadhesive properties 
should then be tested using ex vivo mucosal tissues to ensure that clin-
ically relevant results can be obtained.

This developmental study has provided a basis suggesting that the 
electrospun patches investigated here have appropriate physicochem-
ical and mechanical properties and may be useful in the treatment of 
oral lichen planus. The positive results obtained should be used as a 
guide to further investigate the potential these patches have in the 
treatment of oral lichen planus. Future studies should focus on investi-
gation and enhancement of the mucoadhesive properties and more 
advanced and clinically relevant in vitro and in vivo studies to confirm 
and elucidate the mechanisms behind improved wound healing 
characteristics.
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