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ARTICLE INFO ABSTRACT

Keywords: Chronic ulcerative oral mucosal inflammatory diseases, including oral lichen planus and recurrent aphthous

ElectrOSP_inniﬂg stomatitis, are painful and highly prevalent, yet lack effective clinical management. In recent years, systemic

iruﬁ) d?lvery biologic therapies, including monoclonal antibodies that block the activity of cytokines, have been increasingly
ntibodies

. used to treat a range of immune-mediated inflammatory conditions such as rheumatoid arthritis and psoriasis.
Oral medicine i . .. . . . .

Oral patches The ability to deliver similar therapeutic agents locally to the oral epithelium could radically alter treatment
TNFa options for oral mucosal inflammatory diseases, where pro-inflammatory cytokines, in particular tumour-
necrosis factor-a (TNFa), 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-TNFa 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 TNFa neutralising activity, as shown by the suppression of TNFa-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-TNFa patch treatment led
to reduced levels of active TNFa 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 (TNFa), a potent pro-inflammatory cytokine secreted by

activated T-cells, macrophages and mast cells at lesional sites [3,4].
TNFa 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
TNFa 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-TNFa
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-TNFa 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-
TNFa F(ab) to act as a model therapeutic agent. Patch-eluted anti-TNFa
F(ab) bound to TNFa and inhibited its pro-inflammatory actions by
preventing TNFa-mediated release of CXCL8 from monolayer cultures of
oral keratinocytes. Moreover, anti-TNFa patch treatment inhibited the
actions of TNFa in a 3D tissue engineered immunocompetent in vitro
model of an oral mucosal ulcer, leading to a reduction in immunogenic
TNFa and TNFa-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
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biotinylated anti-mouse antibodies and derivatives. High-binding 96-
well plates were coated with IgG from mouse serum (10 pg/mL, 100
pL 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 pg/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 pL 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, Mannedorf, 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 pg/mL, 30 pL) was added to
ethanol or different ratios of ethanol/water mixtures (970 pL) 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 19kV, 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 Al 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 pL 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 x 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 (¢ 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 (¢ 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 (5pg/mL), transferrin (5pg/mL), r-glutamine (2
mM), triiodothyronine (0.2 nM), amphotericin B (0.625pug/mL), peni-
cillin (100 IU/mL), and streptomycin (100 pg/mL). Normal oral fibro-
blasts (NOF) were isolated from the connective tissue of biopsies
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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), -
glutamine (2 mM), penicillin (100 IU/mL), and streptomycin (100 pg/
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 Ca®* and Mg?") 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
(100 pg/mL).

2.11. Generation of oral epithelial equivalents

FNB6 cells (5 x 10° in 0.5 mL) were seeded onto the apical surface of
fibronectin-coated (10 pg/mL) 12-well, 0.4 pm 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 (Q.cm?) = Resistance (Q) x
Membrane area (cm?).

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 pg/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 pL). 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-TNFa F(ab)

Rabbit anti-TNFa 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~! cm™!. 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. TNFa neutralisation assay

The TNFa neutralising activity of anti-TNFa whole IgG and F(ab)
were measured as a decrease in TNFa-mediated CXCL8 release by FNB6
monolayers. FNB6 cells (8 x 10* 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 TNFa (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 TNFa, F(ab)-
neutralised TNFa 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 TNFa concentration

TNFa (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 TNFa 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 x 10° cells/mL) and
MDM (1 x 10° 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 x 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 1 mL 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 (¢ 5 mm, h 10 mm) were placed on the centre of the hydrogel
before seeding FNB6 cells (0.5 mL, 5 x 10°) 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
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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 pL). 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-TNFa-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

TNFa 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 (5pm) 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 (ICsp) 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 pg/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 pm and
biotinylated-F(ab)-containing fibres of 2.31 + 0.81 pm (Fig. 2C). Dual-
layer sheets had a thickness of 307 + 46 pm and 261 + 22 pm for the
useable area of NM and F(ab)-loaded sheets, respectively.
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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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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-ayf3 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-a,f3 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
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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)
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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
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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
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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-TNFa 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 pm 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 Q cm?. 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
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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-TNFa F(ab)

TNFa 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-TNFa 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-TNFa F(ab)
compared to whole IgG were measured by pre-incubating each with 5
ng/mL recombinant TNFa before adding to FNB6 oral keratinocyte
monolayers, which are known to secrete CXCL8 in response to TNFa
stimulation [44]. The neutralising activity of each antibody species was
confirmed as a dose-dependent decrease in TNFa-mediated CXCL8
secretion, as detected by ELISA (Fig. 4B-C). Whole IgG exhibited an ICsq
concentration of 1.08 £+ 0.46 pg/mL, corresponding to a molar IgG to
TNFa ratio of 74 + 30 (assuming IgG and TNFa molecular weights of
150 kDa and 51 kDa respectively). F(ab) had an ICsy concentration of
1.45 + 0.50 pg/mL, corresponding to a molar F(ab) to TNFa 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 TNFa 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 TNFa neutralising activity

Anti-TNFa 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 TNFa-mediated CXCL8 release by FNB6 monolayers
(Fig. 5). Stimulating FNB6 oral keratinocytes with TNFa 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 TNFa 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 pg/mL of an anti-TNFa 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 pg/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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Fig. 4. Preparation and cytokine neutralising activity of anti-TNFa F(ab) as shown by the suppression of TNFa-mediated CXCL8 release. (A) Representative non-
reducing SDS-PAGE analysis of papain-fragmented neutralising anti-TNFa 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 TNFa by (B) anti-TNFa whole IgG and (C) anti-TNFa F(ab) as a decrease
in TNFa-mediated CXCL8 release by FNB6 keratinocyte monolayers. Data are presented as mean + SD (n = 3).
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Fig. 5. Patch eluted F(ab) neutralises the activity of TNFa. Patch samples were
eluted in PBS and the resulting eluates and controls were preincubated with
TNFa before adding to FNB6 monolayers. TNFa neutralisation was detected as a
decrease in TNFa-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.

TNFa (1 ng/mL) were also incubated with and without samples of NM
patch at 37 °C for 24 h before measuring TNFa concentration in the
media by ELISA (Fig. 6). Interestingly, the presence of the NM patch
caused a small but significant decrease in TNFa 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
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Fig. 6. Free TNFa concentration is reduced by contact with the patch. TNFa
solutions were incubated 24 h in glass vials with or without samples of NM
patch before measuring TNFa concentrations by ELISA. Data are presented as
mean + SD (n = 3) and analysed by unpaired t-test. **, p < 0.01.

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 TNFa, 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

TNFa 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
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formation [4,46]. We hypothesized that application of a topical anti-
TNFa agent could have a potentially therapeutic effect by neutralising
macrophage-released TNFa, causing a decrease in detectable TNFa
concentrations and reverting secretion of TNFa-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-TNFa 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 TNFa in response to
bacterial LPS, which then increased the gene expression and secretion of
downstream chemokines, molecules known for the chemoattractant
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properties that are instrumental in driving leukocyte migration to in-
flammatory sites. Given the central role of TNFa-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 TNFa 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 mm?
[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, TNFa-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-TNFa 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
TNFa in response to LPS [25]. After 6 h, LPS stimulation in untreated
OMUE caused a large increase in TNFa 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 TNFa-neutralising patches reduced TNFa
concentrations to baseline levels of 0.30 &+ 0.16 ng/mL (p < 0.05). Here,
the anti-TNFa adheres to the TNFa released by MDM, preventing its
binding to capture/detection antibodies in the ELISA, resulting in
apparent decreased TNFa levels. TNFa concentrations at 24 h were
mostly comparable to those at 6 h (Fig. 8B). OMUE treated with NM
patches produced variable TNFa 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-TNFa F
(ab), sufficient to bind the secreted TNFa 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-TNFa 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 TNFa [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-TNFa 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 TNFa [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-TNFa patch reduced CXCL10 to baseline levels of
1.769 + 0.059 ng/mL (p < 0.05).

These data show successful reduction in TNFa, CCL3, CCL5, and
CXCL10 close to baseline levels in response to anti-TNFa patch treat-
ment. Interestingly, NM patches also had some effect on cytokine and
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Fig. 8. Patches applied to immunocompetent oral ulcer models neutralise LPS-
mediated TNFa release. NM and anti-TNFa F(ab)-containing patches were
applied to OMUE for 24 h before stimulating with LPS. TNFa 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.
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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
TNFa 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 TNFa, and promote wound healing in a dia-
betic mouse model [61]. Similarly, PVP-coated nanoparticles have also
been observed to reduce TNFa 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-TNFa 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-TNFa F(ab) neutral-
ised the activity of TNFaq, as shown by the suppression of TNFa-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 TNFa, 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-TNFa
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.
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