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Approximately one in five individuals experience alveolar osteitis (AO) following wisdom tooth extraction. AO is
characterised by loss of the blood clot from the tooth extraction socket leading to infection and pain, resulting in
repeated hospital visits that impose a substantial burden on healthcare systems. Current treatments are sub-
optimal; to address this we developed a novel drug-loaded mucoadhesive patch composed of dual electrospun
polyvinyl pyrrolidone/Eudragit RS100 (PVP/RS100) and poly(N-isopropylacrylamide) (PNIPAM) fibres pro-
tected by a poly(e-caprolactone) (PCL) backing layer. These patches demonstrated controlled release of the long-
acting analgesic bupivacaine HCI and the anti-inflammatory drug prednisolone. Topical application of patches to
tissue-engineered gingival mucosa showed that patch-released bupivacaine and prednisolone achieved sustained
tissue permeation with 54.8 + 3.3 % bupivacaine HCl and 65.8 + 5.1 % prednisolone permeating the epithelium
after 24 h. The drugs retained their functionality after release; bupivacaine HCI significantly (p < 0.05) inhibited
veratridine-induced intracellular calcium flux in SH-SY5Y neuronal cells, while prednisolone significantly
reduced gene expression of IL-6 (2-fold; p < 0.001), CXCL8 (5.1-fold; p < 0.01) and TNF-a (1.5-fold; p < 0.001) in
stimulated THP-1 monocytes. Taken together, these data show that dual electrospun patches have the potential
to provide a mucoadhesive covering to prevent blood clot loss while delivering pain relief and anti-inflammatory
therapeutics at tooth extraction sites to prevent and treat AO. This study not only offers a future therapeutic
pathway for AO but also contributes valuable insights into future advancements in drug delivery devices for
periodontal or oral mucosal tissue.

1. Introduction

Alveolar osteitis (AO), commonly referred to as ‘dry socket’ poses a
significant challenge in dental practice, often complicating tooth
extraction procedures. The condition arises when the blood clot that
forms in the tooth socket post-extraction becomes dislodged or disinte-
grates prematurely, exposing the underlying alveolar bone [1]. This
exposure leads to acute and persistent pain and inflammation that
prolongs the healing process, causing distress to patients [2]. Tooth
extractions are the among the most common surgeries. For example,
over 3.3 million of these procedures were performed in England in
2022-23 [3], while in the US around 10 million third molar (wisdom)
tooth extractions are performed annually [4]. The reported incidence of

AO is up to 5 % of all routine extractions but this increases to 30 % for
wisdom tooth extractions [5]. Therefore, AO is a considerable clinical
problem.

Although the precise aetiology remains elusive, several risk factors
such as smoking [6], age, gender [7], oestrogen levels [8] and oral
health [9] are all known to have an impact. The incidence of AO is most
common in the lower third molar teeth due to denser alveolar bone,
which is associated with reduced vascularisation [1]. Current clinical
guidelines for the management of AO recommend irrigation of the post-
extraction tooth socket to remove debris and necrotic tissue without
blood clot dislodgement, followed by the application of an intra-socket
dressing such as Alveogyl or zinc oxide eugenol (ZOE) for temporary
pain relief, with longer term pain management typically involving a
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combination of analgesics, such as paracetamol and non-steroidal anti-
inflammatory drugs (NSAIDs) [10]. SaliCept, a freeze-dried pledget
containing an acemannan hydrogel derived from aloe vera that is applied
intra-socket, has also been found to reduce incidence of AO [11].
However, the efficacy of these interventions is limited, and patients may
require multiple visits for irrigation and dressing changes as the socket
heals. Moreover, Alvogyl and ZOE contain eugenol that has been re-
ported to cause hypersensitivity reactions as well as bone necrosis that
may delay healing of the extraction socket [2,12]. Treatment with
platelet-rich fibrin or low-level laser therapy offer promising alterna-
tives in reducing AO and improving healing outcomes [13,14]. How-
ever, conflicting evidence and variability in study findings underscore
the need for further research to establish their efficacy [15,16].

Antibiotics were previously advocated for AO prevention but there is
a lack of robust evidence to support their routine use, especially given
the increasing risk of antimicrobial resistance [17,18]. Chlorhexidine
mouthwash, a commonly used antiseptic, has shown some efficacy in
reducing AO incidence [19]. Prevention strategies aimed at mitigating
the risk of clot dislodgement to promote optimal healing would be
highly beneficial. To this end, the utilisation of a protective membrane
to cover the post-extraction socket has shown promising outcomes.

Oxidised cellulose membranes have proved effective by stabilising
the blood clot within the socket [20]. While, collagen membranes have
shown to support wound healing by stabilising clots and possessing
haemostatic properties [21]. A disadvantage of these systems is that they
require suturing which is technically demanding and extends clinical
time making it more expensive.

Recently, we have developed an electrospun mucoadhesive patch for
targeted delivery of the anti-inflammatory corticosteroid, clobetasol-17-
propionate, for the treatment of inflammatory oral mucosal diseases
[22,23] and lidocaine for pain management [24]. The patch formulation
utilises polyvinyl pyrrolidone (PVP)/Eudragit RS100 (RS100) as drug-
loaded, fibre-forming polymers that demonstrate rapid drug release
profiles [25]. The patch also comprises a hydrophobic backing layer of
poly(e-caprolactone) (PCL) to protect the mucoadhesive layer against
mechanical forces, saliva and to ensure unidirectional delivery of drugs
into the mucosa [23]. These microfibre patches are fabricated using
electrospinning technology, where monoaxial electrospinning, the pro-
duction of a homogeneous fibre patch from a single polymer mixture, is
most common. However, incorporation of heterogeneous polymers fi-
bres into a patch can be achieved using coaxial, triaxial, side-by-side/
Janus or multi-jet techniques [26,27,28].

Inclusion of additional polymers in the fabrication process offers
tailorability for longer-term adhesion with sustained release properties.
Poly(N-isopropylacrylamide) (PNIPAM) is a thermoresponsive polymer
with excellent electrospinning qualities [29,30] that has gained atten-
tion for controlled drug release [31]. PNIPAM is water soluble below its
lower critical solution temperature of approximately 32 °C [32]. How-
ever, at physiological temperatures close to 37 °C electrospun PNIPAM
forms a relatively hydrophobic hydrogel that is suitable for efficient and
sustained drug release over several hours [33,34]. Electrospun tech-
nologies clearly have wider potential applications in oral medicine and
dentistry, including in the development of new sustained drug delivery
devices for treatment of AO as predicted by Edmans et al [35].

Herein, we successfully incorporated bupivacaine HCI, tramadol HCI
(analgesics), celecoxib, naproxen (COX-2 inhibitor; NSAID) or prednis-
olone (corticosteroid) into PVP/RS100 electrospun mucoadhesive
patches. These patches demonstrated rapid release of prednisolone and
bupivacaine HCl. To control drug release, prednisolone-loaded PVP/
RS100 fibres were electrospun in conjunction with bupivacaine HCI-
loaded PNIPAM polymer fibres. In the dual electrospun patch, PNI-
PAM fibres produced sustained release of bupivacaine while simulta-
neously inducing controlled release of prednisolone from the PVP/
RS100 fibres, without affecting patch adhesion. The drugs released from
the dual electrospun patch permeated human tissue engineered gingival
mucosal equivalents and retained their anaesthetic activity while
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suppressing a leukocyte-mediated inflammatory response. These
patches will deliver both anti-inflammatory and anaesthetic therapeu-
tics directly to the post-extraction site in a controlled manner whilst
simultaneously retaining the blood clot in place, signifying a potential
step-change in the prevention and treatment of AO.

2. Material and methods
2.1. Materials

All reagents were purchased from Merck (Gillingham, UK) unless
otherwise stated. PVP (MW 2000 kDa) and RS100 (MW 38 kDa) were
kindly donated by BASF (Cheadle Hulme, UK) and Evonik Industries AG
(Essen, Germany), respectively.

2.2. Poly(N-isopropylacrylamide) synthesis

PNIPAM was synthesised by free radical precipitation polymerisa-
tion. N-isopropylacrylamide (NIPAM) (37 g, 0.33 mol) was dissolved in
water (335 mL) and degassed with N5 for 30 min. Ammonium persulfate
(0.37 g, 1.6 mmol) dissolved in water was degassed with Ny for 30 min
then introduced to the NIPAM solution resulting in a 10 % w/w solid
solution that was retained in an oil bath at 70 °C for 16 h. NIPAM
conversion to PNIPAM was approximated at 100 % using 'H NMR
spectroscopy. The impure PNIPAM solid was freeze-dried and dissolved
in tetrahydrofuran (THF), followed by precipitation into a ten-fold
excess of petroleum ether at 40-60 °C and the resultant white PNI-
PAM powder (35 g) subjected to drying under reduced pressure. Gel
permeation chromatography (GPC) of synthesised PNIPAM was per-
formed in HPLC-grade DMF (0.1 mg/mL LiBr) using an Agilent 1260
Infinity Series degasser and pump, an Agilent PL-gel guard column, two
Agilent Mixed-C columns, a refractive index detector and a UV detector
set at a wavelength of 305 nm. The equipment was calibrated using
eleven near-monodisperse poly(methyl methacrylate) standards (2.38
x 10%-2.20 x 10° g/mol). Molar mass and dispersity were calculated
with Agilent GPC software as M, = 915 kg/mol and M,,/M, = 2.40
(Supplementary Fig. 1).

2.3. Electrospinning system and fabrication of mucoadhesive dual and
layer-by-layer electrospun patches

Electrospun patches 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 [23]. Plastic syringes (1 mL volume; Henke
Sass Wolf, Tuttlingen, Germany) were used to drive the solutions into a
15-gauge blunt metallic needle (Fisnar Europe, Glasgow, UK).
Mucoadhesive membranes were electrospun as previously described
from solutions containing PVP (10 % w/w) and Eudragit RS100 (12 %
w/w) in 97 % v/v ethanol and 3 % water [23]. PVP and RS100 were
added to ethanol and mixed at room temperature using a magnetic
stirrer until dissolved. The drugs: bupivacaine HCl, celecoxib, naproxen,
prednisolone or tramadol HCl were added to the polymeric solution,
contributing to 3 % w/w of the final dry patch composition, mixed until
homogenous and incubated for 18 h to allow dissolution of the polymers
and drugs. Placebo patches were prepared without the addition of the
drugs. Electrospinning was performed at 18 °C, 45 % humidity at 19 kV,
a flow rate of 2 mL and a flight path of 14 cm, utilising a flat collector.

PNIPAM (5 % w/v) was dissolved in a blend of chloroform and
methanol (9:1 v/v) and stirred using a magnetic bar for 12 h at room
temperature. Bupivacaine HCl was added to the polymeric solution,
contributing to 3 % w/w of the final dry patch composition and mixed
briefly until homogenous. Following optimisation (Supplementary
Table 1), electrospinning was performed at 18 °C at 17 kV, a flow rate of
1 mL/h and a flight path of 14 cm, utilising a flat collector.

The dual electrospun patch consisted of two types of fibres: PVP (10
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% w/v) combined with RS100 (12 % w/v) in 97 % v/v ethanol loaded
with prednisolone (3 % w/w) and PNIPAM (5 % w/v) in chloroform and
methanol (9:1 v/v) loaded with bupivacaine HCI (3 % w/w). Electro-
spinning was performed at 18 °C at 17 kV, a flow rate of 1 mL and a flight
path of 14 cm, this time utilising a mandrel (rotating drum) collector
rotating at 100 rpm. If a semi-solid substance formed around the nozzle
of the spinneret, electrospinning was halted, the nozzle cleaned and then
the process was restarted.

The final mucoadhesive electrospun patch consisted of three layers.
The first layer being a dual electrospun layer consisting of PVP/RS100/
prednisolone and PNIPAM/bupivacaine. With a lower polymer con-
centration (5 % PNIPAM compared to 10 % PVP/12 % RS100), elec-
trospinning both blends under identical conditions generated less
PNIPAM deposition compared to PVP/RS100. Therefore, to enhance
bupivacaine content, the PNIPAM/bupivacaine layer required extended

A. Dual electrospun patch fabrication

L]
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& PNIPAM loaded with bupivacaine

B. Patch characterisation

C. Drug functionality assays

1. Bupivacaine

Calcium )
influx Calcium
——pp immobalisation
assay

|

0\
a\l

o\
o gl
ﬂa‘:‘-\d\“e
o

Fibre Morphology (SEM)

Thickness

Drug release (HPLC)

2. Prednisolone

Journal of Controlled Release 376 (2024) 253-265

electrospinning, forming a secondary layer. A final backing layer was
made from electrospun PCL (10 % w/v) dissolved in a blend of
dichloromethane (DCM) and dimethylformamide (DMF) (9:1 v/v). The
resulting materials were placed in a dry oven at 70 °C for 20 min to melt
the PCL layer into a continuous film [23]. A schematic representation of
the electrospun patch fabrication process and how this was tested is
provided in Fig. 1.

2.4. Scanning electron microscopy

Electrospun samples were mounted on 25 mm aluminium stubs and
gold sputtered for 90 s with a 30 mA current. A Tescan Vega3 LMU
scanning electron microscope (SEM) was used to image samples using an
emission voltage of 10 kV. Fibre diameter was measured using ImageJ
Software (National Institute of Health, US). Each fibre was randomly

+

iii. Backing layer (PCL)

Adhesion o
E—

Mass

IL-6
CXCL8
TNFa qPCR
ELISA

Fig. 1. Schematic illustration of patch fabrication and experimental design. The first layer was a blend of dual electrospun PVP/RS100 fibres loaded with pred-
nisolone in conjunction with PNIPAM loaded with bupivacaine HCI. The middle layer consisted of PNIPAM loaded with bupivacaine HCI alone, required to increase
the bupivacaine content. The final layer consisted of heat-treated PCL to provide a hydrophobic backing (A). Patches were extensive characterised and drug release
measured in PBS and through in vitro gingival epithelium (B). Drug functionality was assessed upon release from patch: inhibition of voltage-gated sodium channels
by bupivacaine was assessed using an intracellular calcium mobilisation assay (C1) while the anti-inflammatory effects of prednisolone was examined in LPS/

PAM3CSK4-stimulated THP-1 monocytes (C2).
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selected through generation of coordinates on a superimposed grid on an
image (n = 3 patches, n = 3 images per patch, 10 fibre measured per
image).

2.5. Conductivity of polymer solution

Conductivity of pre-electrospun polymers was measured using a
Mettler Toledo FG3 conductivity meter, calibrated with a conductivity
standard 1413 pS/cm. Between each use the conductivity meter was
washed with solvent and deionised water.

2.6. Determination of patch thickness, mass uniformity, pH and adhesion

An electronic digital balance was used to measure patch mass while
thickness was measured at three randomly selected points using Vernier
callipers. For determination of pH, 10 mg patches were immersed in 5
mL of distilled water for 24 h and the pH measured using an electronic
pH meter. To measure adhesion, patches (& 15 mm) were applied to
wells of a 12-well plate containing 20 pL of PBS with gentle pressure for
5 s and then the wells flooded with 1 mL of PBS and placed on a thermo-
shaker at 250 rpm at 37 °C. The patches were monitored for up to 180 h
and the detachment time recorded.

2.7. Fabrication and imaging of dual fibre electrospun patches

To assess the incorporation of both PVP/RS100 and PNIPAM into the
same electrospun patch, a fluorescent dye was added to each of the
polymeric solutions at the preparation stage. 7-hydroxy-4-(trifluoro-
methyl) coumarin (0.015 % w/v) was added to the PVP/RS100, while
PNIPAM was doped with Rhodamine 110 chloride (0.015 % w/v).
Polymer solutions were electrospun into dual fibre patches onto glass
coverslips as previously described [36] and imaged using a Zeiss
LSMB880 AiryScan confocal microscope or a Thunder 3D assay imager
with RFID. All images were processed using ImageJ software tools.

2.8. Release profile of bupivacaine hydrochloride and prednisolone from
electrospun patches

Three independently prepared electrospun patches (@ 15 mm) con-
taining bupivacaine HCI and prednisolone without the backing layers
were weighed and submerged in 2 mL PBS in a 12-well plate at either
15 °C or 37 °C with shaking and 200 pL samples collected over time.
Each 200 pL sample taken was replaced with the equivalent volume of
fresh PBS. The presence of bupivacaine HCl and prednisolone was
detected by reverse-phase high-performance liquid chromatography
(RP-HPLC) with UV detection using an AXBridge BEH-C18 column (4.6
mm x 250 mm; 130 A pore size), with a mobile phase of acetonitrile:
water (3:7 v/v) containing 0.1 % trifluoroacetic acid (v/v) and a flow
rate of 1 mL/min and a 10 pL injection volume. The detection wave-
length was 201 nm and 245 nm for bupivacaine HCI and prednisolone,
respectively. The retention time was 9.1 min for bupivacaine HCl and
7.9 min for prednisolone. The method was validated in terms of linearity
and precision using bupivacaine HCl and prednisolone standards
ranging from 39 to 250 pM. Percentage release of bupivacaine HCI and
prednisolone was calculated from measured sample concentrations
using Eq. (1) below. At each timepoint (T) the percentage release is the
mass (M) permeated (present in PBS and lost to previous sampling)
divided by the applied dry mass fraction of drugs in the electrospinning
solution. Mass is related to concentrations (C) and volumes (V) via
standard molar relations.

Mpgs + M; +My + -+ + My,
Mpplied

- ViasCr Vsampte (C1 +Cy+ ---Cr1)

B VAppIied CApplied

O/ OReleased =

(€Y
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2.9. Cell culture

Immortalised human gingival keratinocytes, OKG4/bmil/TERT
(herein referred to as OKG4), were a gift from Prof. James Rheinwald
[37]. OKG4 were maintained in K-FSM medium supplemented with
bovine pituitary extract (BPE) (25 pg/mL), epidermal growth factor
(EGF) (0.2 ng/mL), CaCly (0.4 mM), penicillin (100 IU/mL) and strep-
tomycin (100 pg/mL). The medium was changed every 2-3 days. For
greater cell yields, OKG4 cells were cultured in K-SFM and D-FK medium
mixed at 1:1 v/v ratio. D-FK medium consisted of high glucose Dul-
becco's modified Eagle's medium (DMEM) and Ham's F12 (1:1 v/v)
supplemented with r-glutamine (2 mM), BPE (25 pg/mL), EGF (0.2 ng/
mL), CaCl, (0.3 mM), penicillin (100 IU/mL) and streptomycin (100 pg/
mL). Immortalised human gingival fibroblasts (HGF; Applied Biological
Materials Inc., Richmond, BC, Canada) (da Cruz et al., 2020) were
cultured in DMEM supplemented with foetal calf serum (FCS) (10 % v/
v), L-glutamine (2 mM), penicillin (100 IU/mL), and streptomycin
(100pg/mL). THP-1, a monocyte cell line isolated from the peripheral
blood from an acute monocytic leukaemia patient [38], were cultured as
a suspension in RPMI-1640 medium supplemented with FCS (10 % v/v),
L-glutamine (2 mM), penicillin (100 IU/mL), and streptomycin
(100 pg/mL). The human neuroblastoma cell line SH-SY5Y (LGC Stan-
dards, UK) [39] were cultured in DMEM and Ham's F12 medium (1:1
v/v) supplemented with FCS (10 %, v/v), nonessential amino acids (1 %,
v/v), L-glutamine (2 mM), penicillin (100 IU/mL), and streptomycin
(100 pg/mL).

2.10. Generation of oral epithelial equivalents

To generate reconstituted human gingival epithelial equivalents
(RHGE), OKG4 were seeded onto the apical surface of Geltrex™-coated
(10 pg/mL) 12-well, transwell inserts at 5 x 10° cells in 500 pL of K-SFM
medium. After 2 days culture, RHGE were raised to an air-to-liquid
interface (ALI) and the growth medium changed to differentiation me-
dium consisting of DMEM and Ham's F12 medium (3:1 v/v) supple-
mented with FCS (10 % v/v), EGF (2 ng/mL), hydrocortisone (2 mM),
insulin (0.1 mM), isoproterenol (1 mM), carnitine (10 mM), r-ascorbic
acid (0.4 mM), r-serine (10 mM), penicillin (100 IU/mL), streptomycin
(100 pg/mL) and amphotericin B (0.625 pg/mL) as previously described
[40]. RHGE were cultured at ALI for 7 days, with medium changes every
2-3 days.

Full thickness tissue engineered human gingival mucosal equivalents
(GME) were constructed as previously described [40]. In brief, HGF
were mixed with rat tail type I collagen (2.5 x 10° HGF/mL collagen),
and 1 mL added to 12-well, 0.4 pm pore transwell ThinCerts™ (Greiner
Bio One Ltd., Stonehouse, UK) and left to set at 37 °C in a humidified
atmosphere for 30 min. Once set, OKG4 were seeded topically at a
density of 5 x 10° cells in 500 pL of K-SFM. After 2 days, GME were
raised to an ALI, the medium changed to differentiation medium and
cultured for 7 days, with the medium changed every 2-3 days.

2.11. Lactate dehydrogenase release assay

Cell damage was assessed by quantifying the release of lactate de-
hydrogenase (LDH) into the culture medium, employing the CytoTox96
enzyme assay kit according to the manufacturer's instructions (Promega,
Madison, WI). SDS (5 % v/v) was used as a positive control.

2.12. Transepithelial electrical resistance

To assess RHGE and GME integrity, transepithelial electrical resis-
tance (TEER) was measured using an EVOM2 voltmeter at three distinct
locations within each model. The epithelial resistance was determined
by subtracting the resistance value derived from an empty cell culture
insert and TEER value calculated using Eq. (2) below:
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TEER (2-cm®) = Resistance () x Membrane area (cm?) 2

2.13. Drug permeation through reconstituted human gingival epithelial
equivalents

Prednisolone or bupivacaine HCl-loaded patches were cut into 12
mm diameter disks and weighed. To facilitate patch adhesion, the sur-
face of RHGE within transwells were moistened with 20 pL PBS, and the
patch applied with forceps. Control RHGE received prednisolone or
bupivacaine HCl in a PBS solution equivalent to the patch content (120
pg in 500 pL) or PBS alone. RHGE was placed in 12-well plates con-
taining 1 mL of PBS as a receptive medium and incubated in a humidi-
fied atmosphere (95 % air, 5 % CO2) at 37 °C with agitation at 100 rpm.
Samples (200 pL) were removed from the receptive medium and
replaced with an equivalent volume of PBS for up to 24 h. The samples
were stored at —80 °C before analysis by RP-HPLC and the accumulative
drug permeation calculated using Eq. (1).

2.14. Bupivacaine hydrochloride functional assay

SH-SY5Y cells were loaded with the fluorescent calcium indicator
Fluo-4 Direct following the manufacturer's instructions. Briefly, cells
were removed from tissue culture flasks using ethylenediaminetetra-
acetic acid, centrifuged at 220 g for 5 min and resuspended at 10° cells/
mL in a Fluo-4 Direct calcium buffer for 1 h at 37 °C. To test bupivacaine
bioactivity, bupivacaine HCl-loaded or placebo electrospun patches
were cut and for each 10 mg of patch, 1 mL of SH-SY5Y medium added
and incubated for 24 h at 37 °C until fully dissolved, filter sterilised, then
the solution added to Fluo-4-loaded cells to give a final concentration of
100 pg/mL (345 pM) bupivacaine for a further 1 h at room temperature.
Eluate from the placebo patch or bupivacaine HCl solution (100 pg/mL)
were used as controls. To determine intracellular calcium responses,
fluorescence was measured at 488 nm excitation and 530/30 nm emis-
sion using a LSR II Flow Cytometer (BD Biosciences). For each sample,
baseline fluorescence was measured for 10 s, then cells stimulated with
veratridine or DMSO (vehicle control) and the fluorescence response
measured for a further 120 s. Relative fluorescence units (RFU) were
calculated by subtracting the baseline median fluorescence intensity
from the maximal median fluorescence intensity following stimulation.

2.15. Prednisolone functional assay

Prednisolone and placebo patches (10 mg) were submerged in 1 mL
of THP-1 culture medium (section 2.9) for 12 h at 37 °C and filter-
sterilised before use. THP-1 cells were activated by incubating with
100 ng/mL utra-pure lipopolysaccharides (LPS) from Escherichia coli and
100 ng/mL Pam3CysSerLys4 (PAM3CSK4; Invivogen, Toulouse France),
for 24 h at 37 °C. Following activation, THP-1 cells were centrifuged,
and resuspended at a density of 1 x 10 cells/mL in either THP-1 growth
medium alone (stimulated control), medium containing prednisolone
eluted from the patch, medium containing eluate from the placebo patch
or 100 pg/mL prednisolone dissolved in medium (positive control).
THP-1 cells were harvested after 6 h for gene expression analysis and the
condition medium collected after 24 h, stored at —80 °C then analysed
by ELISA. To assess patch-delivered prednisolone permeation and ac-
tivity in a 3D tissue, activated THP-1 cells were placed in the basolateral
compartment of a well containing a GME within a transwell and a
prednisolone-containing patch placed topically onto its surface. A pla-
cebo (non-medicated) patch, 100 pg/mL prednisolone solution (positive
control) or growth medium alone (negative control) served as controls.
GME were incubated for 24 h, after which THP-1 cells and the condi-
tioned medium from the lower well was collected. RNA was extracted
from THP-1 cells and analysed for gene expression by qPCR while ELISA
was used to determine cytokine levels released into the conditioned
medium (Fig. 1).
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2.16. RNA isolation and reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) analysis

Total RNA from THP-1 cells was isolated using a Monarch® Total
RNA Miniprep Kit (New England Biolabs, Frankfurt, Germany) accord-
ing to the manufacturer's instructions. Total RNA (500 ng) was reverse
transcribed using a high-capacity ¢cDNA reverse transcription kit
(Thermo Fisher Scientific), according to the manufacturer's instructions.
gPCR analysis was conducted employing TagMan gene expression as-
says. 0.5 pL of cDNA was amplified with 5 pL of master mixture, 3.5 pL of
nuclease-free HoO and 0.5 pL of TagMan gene probe (FAM): IL-6
(Hs00174131), CXCL8 (Hs00174103), TNF-a (Hs01113624) and f2-
microglobulin (VIC) as a reference control (Thermo Fisher Scientific).
Thermal cycling included an initial step of 95 °C for 10 min, followed by
40 cycles of 10 s at 95 °C and 45 s at 60 °C. The threshold cycle was
normalised against the p2-microglobulin reference gene and subsequent
fold-changes in expression relative to the medium alone control group
were determined using the formula 2744,

2.17. Engyme-linked immunosorbent assay

The concentration of IL-6, CXCL8, and TNF-« in conditioned media
was evaluated by ELISA (R&D Systems, UK) following the manufac-
turer's instructions. Spectrophotometric readings were taken at 450 nm
with a 570 nm correction filter using a Tecan Infinite M200 plate reader
coupled with Magellan software.

2.18. Histological analysis

RHGE and GME were fixed in neutral-buffered formalin (10 % v/v)
for 24h and paraffin-wax embedded using standard histology proced-
ures. 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 distyrene-polystyrene xylene
and imaged by Olympus BX51 microscope with cellSens Imaging Soft-
ware (Olympus GmbH, Hamburg, Germany).

2.19. Statistical analysis

All data and statistical analyses were performed using GraphPad
Prism 10 software (GraphPad Software, La Jolla, USA). Unless otherwise
indicated, all data are expressed as the mean =+ standard deviation (SD).
Statistically significant differences between two data sets were deter-
mined using unpaired Student's t-test or Mann Whitney U test. To
determine statistical significance between multiple data sets, ordinary
one-way ANOVA was employed followed by a Dunnett's or Tukey's post-
hoc test for multiple comparisons to control for each other, respectively.
Data were considered significant when p < 0.05.

3. Results
3.1. Incorporation of drugs into a mucoadhesive electrospun patch

Mucoadhesive electrospun patches containing bupivacaine HCI,
celecoxib, naproxen, prednisolone and tramadol HCI (all at 3 % w/w)
were produced by modification of our published protocol [23]. Before
electrospinning, conductivity of the polymeric solutions was measured
and compared to placebo (non-medicated) patches. The conductivity of
the placebo polymeric solution (127.4 + 2.17 pS/cm) were similar to
when celecoxib (126.6 + 0.78 pS/cm), naproxen (125.9 + 1.66 pS/cm)
and prednisolone (126.3 &+ 1.76 pS/cm) were added (Fig. 2A). However,
a significant increase in conductivity was observed for bupivacaine HCl
(235 £+ 1.53 pS/cm; p < 0.001) and tramadol HCI (273 + 1.01 pS/cm; p
< 0.001).

SEM images of the electrospun layer with and without drug
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Fig. 2. Incorporation of analgesics and anti-inflammatory drugs into the mucoadhesive patch. Placebo (dark grey), bupivacaine HCI (teal), tramadol (blue),
celecoxib (orange), naproxen (pink), or prednisolone (violet) were all incorporated at 3 % w/w. Conductivity measurements of the drug-doped polymeric solutions
(A). SEM images of the mucoadhesive fibres for placebo patch (Bi) and after incorporation of bupivacaine HCI (Bii), tramadol HCI (Biii), celecoxib (Biv), naproxen
(Bv) and prednisolone (Bvi), scale bar = 50 pm. Relative fibre frequency diameter measurements, n = 90 (C) and average fibre diameters presented as mean + SD, n
= 90 (D). Electrospun mucoadhesive patches were characterised for mass (Ei), thickness (Eii), pH (E iii), and adhesion to tissue culture plastic (Eiv). Electrospun
patches (10 mg) were submerged in PBS for 1 h and the accumulated drug release measured by RP-HPLC at increasing time intervals (F). Data are shown as mean +
SD, n = 3, from three independent experiments. Statistical significance was determined using an ordinary one-way ANOVA followed by Dunnett's post-hoc test (A, D
and E) and student t-test (F) with a significance difference indicated by *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

incorporation revealed uniformly dispersed, randomly oriented fibres prednisolone was more gradually released, with 49 % released by 10
(Fig. 2B-D). The mean fibre diameter of the placebo patch was 3.58 + min and 100 % after 40 min (Fig. 2F).

0.52 pm with no difference observed when loaded with celecoxib (3.37
+ 0.57 pm), naproxen (4.54 + 0.53 pm) or prednisolone (3.39 + 0.54
pm). In contrast, bupivacaine HCl (2.99 + 0.44 um; p < 0.001) and
tramadol HCl (2.98 + 0.57 pm; p < 0.001) demonstrated significantly
narrower fibres when compared to the placebo (Fig. 2C-D).

Material characterisation revealed uniformity in mass and thickness
across all drug-loaded patches (Fig. 2 Ei and ii). The pH of the placebo
patch was 3.42 + 0.07. In comparison, the pH for bupivacaine HCl (4.36
=+ 0.33) doped patch was significantly increased while that of naproxen
(2.74 + 0.03) was significantly decreased (Fig. 2 Eiii). All patches were
shown to adhere to tissue culture plastic for >168 h, except for tramadol
HCl where adhesion was significantly reduced to 46 + 43 h (p < 0.001)
(Fig. 2 Eiv).

Following material characterisation and to match clinical practice,
prednisolone and bupivacaine were taken forward for future experi-
ments. Accumulative drug release from patches over 1 h revealed a rapid
release of bupivacaine HCI, with approximately 85 % of the total drug
being released within 10 min and 100 % by 25 min. Conversely,

3.2. Use of poly(N-isopropylacrylamide) for the controlled release of
bupivacaine hydrochloride

To meet clinical need, bupivacaine HCl should be released from the
patch in a sustained manner, so that pain control is effective over a
prolonged period. Therefore, we aimed to develop a PNIPAM formula-
tion that could achieve a more sustained release of bupivacaine HCI.
This formulation could then be employed in a dual electrospun patch.
Pre-electrospun PNIPAM solution conductivity was 4.33 £ 0.005 puS/cm
but once doped with bupivacaine HCI this significantly increased to
10.64 + 0.19 pS/cm (p = 0.002) (Fig. 3A). SEM images of electrospun
PNIPAM (5 % w/v) loaded with bupivacaine HCl (3 % w/w) revealed
that the PNIPAM patches had uniformly dispersed, randomly oriented
fibres with an average fibre diameter of 2.07 + 0.38 pm. The addition of
bupivacaine HCl (3 % w/w) to the PNIPAM fibres resulted in signifi-
cantly narrower fibres (1.84 + 0.37 pm; p = 0.003) (Fig. 3B-D).

Physicochemical testing revealed uniformity in mass and thickness
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Fig. 3. Investigation of PNIPAM fibres, incorporation of bupivacaine HCI and release rates. PVP/RS100 + bupivacaine HCl (37 °C) (teal), PNIPAM (grey),
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meter (A). SEM images of the fibres composed of PNIPAM (Bi) and PNIPAM with bupivacaine HCl (Bii), scale bar = 50 pm. Relative fibre frequency diameter
measurements, n = 90 (C) and average fibre diameters presented as mean + SD, n = 90 (D). Electrospun mucoadhesive patches were characterised for mass (Ei),
thickness (Eii), pH (Eiii) and adhesion to tissue culture plastic, with no adhesion observed for PNIPAM and PNIPAM + bupivacaine HCl (Eiv). Electrospun patches
(10 mg) were submerged in phosphate-buffered saline (PBS) for 6 h and the accumulated drug release measured by RP-HPLC at increasing time intervals (F). Data are
shown as mean =+ SD for n = 3, for three independent experiments. Statistical significance was determined using a student t-test (A, D, F) or an ordinary one-way
ANOVA (E) followed by Dunnett's post hoc test with a significance difference indicated by * p < 0.05, *** p < 0.001. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

across all patches (Fig. 3 Ei and ii). The pH of both the PNIPAM placebo
and bupivacaine HCl-loaded patches were similar to each other but pH
was significantly increased compared to PVP/RS100 patches (Fig. 3 Eiii,
P < 0.05). In contrast to PVP/RS100 patches, PNIPAM patches were
non-adhesive (Fig. 3 Eiv).

Bupivacaine HCI release profile from the PNIPAM fibres was deter-
mined at 15 °C and 37 °C. At 15 °C, the patch exhibited a similar rapid
release profile to that of PVP/RS100 bupivacaine HCl-loaded patch at
37 °C, with 79 % of the drug released within 10 min and full release by
35 min. In contrast, when the PNIPAM patch was incubated at 37 °C, the
fibres displayed slower release kinetics of bupivacaine HCl with 30 % of
the drug content released in 10 min, increasing to 94 % by 6 h (Fig. 3F).

3.3. Dual electrospinning of polyvinyl pyrrolidone/Eudragit RS100 and
poly(N-isopropylacrylamide) fibres for drug release

To investigate the incorporation of PVP/RS100 and PNIPAM fibres
via dual electrospinning, polymer solutions were labelled fluorescent
red (PVP/RS100) or green (PNIPAM). When both of the polymers were
electrospun onto a flat collecting plate the fibres repelled each other

259

producing separate mat (Supplementary Fig. 2). Therefore, a mandrel
collector was employed to promote intertwining of fibres, producing a
homogenous electrospun mat that was confirmed by confocal micro-
scopic analysis (Fig. 4A). SEM analysis of the final patch composition
showed a tri-layer structure consisting of: 1) a dual fibre electrospun mat
comprised of prednisolone (3 % w/w)-loaded PVP/RS100 fibres and
bupivacaine HCl (3 % w/w)-loaded PNIPAM; 2) a bupivacaine HCI (3 %
w/w)-loaded PNIPAM mat (to increase the overall bupivacaine HCI
content; and 3) a PCL backing layer (Fig. 4 Bi-ii), with the different
layers consecutively spun on top of one another. Once constructed, the
resultant patch was exposed to heat treatment (20 min at 70 °C) in order
to melt the PCL to form a water-resistant backing layer (Fig. 4B).

SEM images of the individual fibres in each patch showed that drug-
containing fibres were a similar diameter to each other and their non-
drug-containing counterparts, except PNIPAM -+ bupivacaine HCl
which were smaller than PNIPAM fibres alone (p < 0.001) (Fig. 4C-E).
Similarly, the dual electrospun patches, with and without drugs, dis-
played similar characteristics in terms of mass, thickness and pH to each
other and the PNIPAM alone patches but these were all significantly
lighter, thinner and with higher pH than PVP/RS100 patches (Fig. 4 Fi-
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Fig. 4. Dual electrospun patch for controlled drug release. PVP/RS100 (dark grey), PNIPAM (grey), dual spin (light grey), PVP/RS100 + prednisolone (violet)
PNIPAM -+ bupivacaine HCl (37 °C) (dark teal) and dual spin + drugs (navy). The dual spin consists of two different polymer blends: PVP/RS100 labelled with 7-
hydroxy- 4(trifluoromethyl)coumarin (red), and PNIPAM labelled with rhodamine 110 chloride (green). Scale bar = 250 pm (Ai-iii) and 25 pm (Aiv). SEM cross
section images of the final patch formulation, revealing the tri-layer composition (Bi-ii). The first layer consists of dual electrospun PVP/RS100 doped with pred-
nisolone and PNIPAM loaded with bupivacaine HCI, the second layer is composed of PNIPAM doped with bupivacaine HCI, and the backing layer is composed of PCL.
SEM images of the mucoadhesive fibres for PVP/RS100 (Ci), PNIPAM (Cii), dual spin (Ciii), PVP/RS100 and prednisolone (Civ), PNIPAM and bupivacaine HCI (Cv)
and dual spin loaded with bupivacaine HCI and prednisolone (Cvi). Relative fibre frequency diameters measurements, n = 90 (D) and fibre diameters are shown as
mean + SD, n = 90 (E). Electrospun mucoadhesive patches were characterised for mass (Fi), thickness (Fii), pH (Fiii) and adhesion to tissue culture plastic (Fiv).
Data are shown as mean + SD n = 3, for three independent experiments. Statistical significance was determined using an ordinary one-way ANOVA followed by

Dunnett's post hoc test with a significance difference indicated by *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

iii). Interestingly, dual spun fibres with or without drug as well as PVP/ patches composed entirely of drug-loaded PNIPAM and from dual spun
RS100 patches alone were highly adherent whereas PNIPAM patches patches that also contained prednisolone-loaded PVP/RS100 (Fig. 5 Ai).
alone were non-adherent, suggesting that adhesion of dual patches is via In contrast, release of prednisolone into PBS from dual spun patches that
PVP/RS100 alone (Fig. 4 Fiv). also contained bupivacaine HCl-loaded PNIPAM was significantly

slower (p = 0.002 over the first 2 h) than release from patches composed

entirely of drug-loaded PVP/RS100 (Fig. 5 Aii), suggesting that PNIPAM
3.4. Drug release from the dual electrospun patch fibres slow down the release of prednisolone from PVP/RS100 fibres

when these fibres are combined into one patch.
The release kinetics of bupivacaine HCI into PBS was similar from
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Fig. 5. Drug release from the dual electrospun patch. Dual spin + drugs (navy), PNIPAM + bupivacaine (dark teal), PVP/RS100 + prednisolone (violet). Electrospun
patches (10 mg) were submerged in PBS and the accumulated drug release measured by RP-HPLC at increasing time intervals for bupivacaine HCI (Ai) and pred-
nisolone (Aii). Data are shown as mean + SD, n = 3, for three independent experiments. Statistical significance was determined using a student t-test with a sig-
nificant difference indicated by *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Topical application and permeation through reconstituted human
gingival epithelial equivalents

resulted in less epithelial damage than controls (Fig. 6 Aiii).
The permeation of bupivacaine HCI and prednisolone released from
a topically applied dual electrospun patch were compared to drugs in

We next examined permeation of drugs through RHGE when deliv-
ered topically via patch or in solution. The RHGE formed a multi-layered
stratified squamous epithelium on polycarbonate membranes (Fig. 6 Ai)
and displayed an excellent permeability barrier by day-7 culture as
determined by TEER analysis (Fig. 6 Aii). A LDH assay was performed to
confirm that the treatments were not cytotoxic. The placebo dual spin
patch showed no difference in LDH release in comparison to the negative
control, whereas the drug-loaded dual spin patch caused significantly
lower LDH release (p < 0.001) compared to control (no patch) or dual
patch alone controls, suggesting that inclusion of drugs into patches

solution using RHGE (Fig. 6B). Drug permeation into and across RHGE
was much slower than release directly into PBS. In the first 3 h no sig-
nificant difference was observed in epithelial permeation between
bupivacaine HCI in solution compared to that released from the dual
patch. After 4 h, significantly more dual patch-released bupivacaine HCI
permeated the epithelium (38.5 + 4.3 %) than from solution (27.6 +
1.7 %, p < 0.05) and this trend continued up to 24 h (54.8 + 3.3 % patch
compared to 35.8 + 8.3 % solution, p < 0.001, Fig. 6 Bi).

A similar profile was observed for prednisolone. Here, drug perme-
ation was similar for patch-released drug and that in solution for up to 3
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Fig. 6. Topical application and permeation through reconstituted human gingival epithelial equivalents. The permeation of drugs from the dual-spun path was
assessed through RHGE; scale bar = 100 pm. (Ai). TEER measurements were taken every day over a 7-day period to confirm permeability barrier (Aii). LDH release
indicating the cytotoxicity after 24 h treatment with dual spin drug-loaded patch with and without drug incorporation (Aiii). RP-HPLC measured accumulative
permeation of bupivacaine HCI (Bi) or prednisolone (Bii) from dual electrospun patch compared to drug in solution control, and accumulative permeation of
bupivacaine HCl and prednisolone from dual electrospun patch (Biii), all after topical application for 24 h. Data are shown as mean + SD, n = 3, for three inde-
pendent experiments. Statistical significance was determined using an ordinary one-way ANOVA (A) followed by Tukey's post hoc or student t-test (B) test with a
significant difference indicated by *p < 0.05, **p < 0.01, ***p < 0.001.
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h. After 24 h 65.8 + 5.1 % prednisolone had permeated the RHGE when
released from the dual patch compared to only 40.0 + 1.0 % permeation
from the prednisolone applied in solution (p < 0.001) (Fig. 6 Bii).
Permeation of bupivacaine HCl from PNIPAM fibres was significantly
more rapid over the first 5 h compared to prednisolone from PVPS/
RS100 fibres when applied as dual patches (p < 0.01, Fig. 6 Biii).
Prednisolone ultimately achieved a higher epithelial permeation
compared to the bupivacaine HCl at 24 h (p < 0.05, Fig. 6 Biii).

3.6. Bupivacaine hydrochloride released from electrospun patches blocks
voltage-gated sodium channels and prevents veratridine- induced calcium
responses in SH-SY5Y neuroblastoma cells

To confirm that bupivacaine HCl retained its analgesic activity once
released from the dual patch, intracellular calcium flux measurements
were used to establish functionality. Veratridine, causes persistent
opening of voltage-gated sodium channels leading to cell depolarisation
and downstream intracellular calcium flux [41]. Analgesics such as
bupivacaine HCl have been shown to exert their biological action by
blocking these voltage-gated sodium channels preventing veratridine-
induced intracellular calcium flux [42]. The difference in the calcium
flux in SH-SY5Y cells was measured post-veratridine treatment by in-
cubation with elutes from patches or bupivacaine HCl in solution as
control. Addition of veratridine caused a rapid intracellular calcium flux
in untreated controls or cells preincubated with elute from placebo
patches with relative fluorescence reaching 1624 + 91 and 1009 + 122,
respectively. In contrast, SH-SY5Y cells pre-incubated with bupivacaine
HCI in solution (p < 0.01) or as elute from a patch (p < 0.05) signifi-
cantly reduced veratridine-induced intracellular calcium flux, showing
that bupivacaine released from patches retained pharmacological ac-
tivity by blocking voltage-gated sodium channels (Fig. 7A&B).

3.7. Anti-inflammatory effects of prednisolone following patch release

The biological action of prednisolone following elution from the
drug-loaded dual electrospun patch was tested by its ability to suppress
pro-inflammatory cytokine release in THP-1 monocytic cells following
their stimulation with a combination of LPS (to mimic Gram-negative
bacteria) and PAM3CSK4 (to mimic Gram-positive bacteria). Stimu-
lated THP-1 cells were placed underneath a GME to represent patch-
mediated prednisolone delivery more closely in inflamed post-
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extraction tissue. Prednisolone was then applied to the top of the GME
either as a drug-loaded patch or in solution for 24 h; a placebo non-
medicated placebo patch was used as a negative control. Gene expres-
sion of the inflammatory cytokines IL-6, CXCL8 and TNF-o were
measured in THP-1 cells and the levels of these cytokines secreted into
the medium by both THP-1 and GME, measured by ELISA.

When stimulated by bacterial products (LPS & PAM3CSK) THP-1
increased IL-6 gene expression 2.6-fold compared to untreated con-
trols (p < 0.001). Addition of eluate from the placebo patch increased
expression further to 3.7-fold above baseline (p < 0.001). However,
when treated with eluate from the prednisolone-loaded patch, IL-6 gene
expression was significantly reduced to 2.0-fold (p < 0.05) which was
consistent with the reduced IL-6 expression observed when treated with
a solution of prednisolone (1.8-fold) (Fig. 8 Ai). The same trend was
observed for the chemokine, CXCL8. Here, stimulated THP-1 cells dis-
played a 7.2-fold increase compared to untreated controls that was once
again increased to 10.27-fold upon treatment with placebo elute.
However, CXCL8 gene levels were significantly reduced following in-
cubation with the elute from both the prednisolone patch (5.1-fold; p <
0.01) and prednisolone in solution (2.8-fold; p < 0.001) (Fig. 8 Aii). For
TNF-a gene expression in THP-1 cells following stimulation significantly
increased by 6.7-fold compared to unstimulated control. Interestingly,
eluate from the placebo patch significantly reduced expression to 1.5-
fold (p < 0.001). Gene expression levels were similarly decreased by
treatment with elute from the prednisolone patch (0.75-fold; p < 0.001);
and prednisolone in solution (1.4-fold; p < 0.001) (Fig. 8 iii).

Cytokine levels released into the medium mirrored those observed at
the THP-1 gene expression level. For both IL-6, CXCL8 and TNF-q,
secreted levels were significantly increased by addition of LPS and
PAMB3CSK, addition of the placebo patch has no effect on cytokine levels,
whereas treatment with either the prednisolone-containing patch or
prednisolone in solution caused a dramatic and significant reduction in
all cytokine levels compared to stimulated controls (Fig. 8B). Similar
data was produced when THP-1 cells were treated in suspension, in the
absence of a GME (Supplementary Fig. 3). These data show that upon
release from the patch prednisolone retains its anti-inflammatory
properties, even when delivered through a full thickness epithelium.

4. Discussion

Tooth extractions are one of the commonest surgeries with millions
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Fig. 7. Bupivacaine remains biologically active following patch release. Untreated control (black), placebo patch eluent (grey), bupivacaine HCI patch eluent (dark
teal), bupivacaine HCI solution (345 mM) (turquoise). Calcium flux in SH-SY5Y cells was determined overtime using flow cytometry. Baseline fluorescence was
acquired for 10 s before injection of veratridine (black arrow) to induce a calcium influx (A). Relative fluorescent units (RFU) were determined by subtracting the
median baseline from the maximum median fluorescence following stimulation with veratridine (B). Data are shown as mean + SD, n = 3, for three independent
experiments. Statistical significance was determined using an ordinary one-way ANOVA followed by Dunnett's post hoc test with a significance difference indicated
by *p < 0.05, **p < 0.01. (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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Fig. 8. Prednisolone exhibits anti-inflammatory activity following patch release and permeation through a gingival mucosal equivalent. THP-1 (10° cells) contained
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patch, prednisolone patch or prednisolone solution. Gene expression for IL-6 (Ai), CXCL8 (Aii) and TNF- « (Aiii) were analysed by qPCR, calculated relative to the
reference control gene f2-microglobulin and normalised to the untreated control. To measure protein secretion the treatment length, following stimulation, was
increased to 24 h for medium only (negative control), placebo patch, prednisolone patch or prednisolone solution. Condition media collected was assayed for in-
flammatory cytokines IL-6 (Bi) CXCL8 (Bii) and TNF-« (Biii) by ELISA. Data are presented as the mean + SD, n = 3. Statistical significance was determined using an
ordinary one-way ANOVA followed by Dunnett's post-hoc test with a significance difference indicated by *p < 0.05, **p < 0.01, ***p < 0.001.

of procedures carried out worldwide each year. Post-surgical compli-
cations such as AO are common yet current treatments or preventative
measures for this condition are inadequate. Therefore, the translational
potential for new AO treatments is considerable. AO requires a sophis-
ticated therapeutic approach to both protect the extraction site and
enable delivery different therapeutic agents at different time intervals
post-surgery. Indeed, it is this complexity that has undermined the
development of effective interventions to date. Electrospinning tech-
nology is increasingly being developed to treat oral conditions such as
periodontitis [43], candidiasis [44], premalignant disorders [45,46],
oral lichen planus [22,47] and now AO.

The final patch design comprised three layers: the first layer was a
blend of dual electrospun PVP (10 % w/v)/RS100 (12 % w/v) fibres
loaded with prednisolone along with PNIPAM (5 % w/v) loaded with
bupivacaine HCI. The middle layer consisted of PNIPAM (5 % w/v)
loaded with bupivacaine HCl alone, which was required to increase
bupivacaine content to achieve the desired dose. The final layer con-
sisted of heat-treated PCL to provide a hydrophobic backing later for
protection and to drive unidirectional drug delivery into the tissue,
preventing drug release into the oral cavity. Confocal microscopy im-
ages showed that the PVP/RS100 and PNIPAM fibres form an intimate
blend upon use of a mandrel collection plate. This dual fibre patch
approach facilitated patch adhesion in a PVP/RS100-dependent manner
allowing PNIPAM fibres to also adhere, which was not evident when
drug-loaded PNIPAM fibres alone were tested for adherence.
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Bupivacaine HCI, tramadol HCl (analgesics), celecoxib, naproxen
(COX-2 inhibitor; NSAID) or prednisolone (corticosteroid) were all
successfully incorporated into PVP/RS100 electrospun fibres. Addition
of bupivacaine HCl and tramadol HCl led to a significant increase in the
conductivity of the PVP/RS100 polymer solution, most likely attribut-
able to the HCI salts present in these drugs that enhance conductivity
through the addition of electrolytes to the solution [48], an effect that
also leads to decreased fibre diameters [49]. Naproxen (an acidic NSAID
with a pH range of 2.2-3.7) lowered the pH of the solution, celecoxib, (a
non-acidic NSAID), did not affect the pH while the alkaline drugs
bupivacaine and tramadol caused an expected increase in pH [50,51].
Upon application to the oral cavity the pH is buffered by bicarbonates
within saliva to maintain the local environment at pH 6.7-7.3, thus
mitigating fluctuations in pH caused by these patches [52].

The physical properties of the final electrospun patch, including the
ability to adhere at the clinical site to stabilise the blood clot, are critical
for both protection and targeted drug delivery. All drug-containing
patches except tramadol HCl were adhesive for up to 150 h. Patch
adhesion primarily relies on PVP that swells upon contact with water,
RS100 prevents the rapid dissolution of PVP while permitting the patch
to swell [23,53]. The microfiber structure provides a large surface area,
and along with water uptake facilitates adhesion through capillary ac-
tion and osmotic pressure. Sustained adhesion is likely attributed to
electrostatic interactions involving the cationic functional groups of
RS100, along with hydrogen bonding between both PVP and RS100 to
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the mucosa [54].

Naproxen was eliminated due to its low pH while celecoxib was
removed due to its likely cross-reactivity with prednisolone, giving rise
to gastrointestinal toxicity, bleeding and ulcerogenic potential [55].
Therefore, bupivacaine HCl and prednisolone were chosen. Bupivacaine
HCl is quick acting and provides long lasting pain-relief for up to 8 h
while anti-inflammatory prednisolone, which has been shown to reduce
AO occurrence [56], can take up to 24 h to inhibit proinflammatory
mediators and has a duration of action of 8 h. Therefore, an instant but
sustained release of prednisolone from electrospun fibres is desirable for
prolonged anti-inflammatory effect coupled with a sustained release of
bupivacaine HCI to offer an immediate but also longer lasting pain-
relief.

Although informative, drug release into PBS is not physiologically
relevant, therefore, drug permeation was investigated using in vitro
models that mimic the human gingival epithelium [40,57]. Dual spun
and drug-loaded patches were non-toxic in line with previous studies on
similar patches [22,58]. Upon release both bupivacaine HCl and pred-
nisolone permeated the epithelium, aligning with previous studies on
the permeation of other local anaesthetics and corticosteroids [24,22]. It
was noted that drug permeation through the epithelium was greater
when delivered via a fibre-based system compared to drug delivered in a
solution, indicating that fibre-mediated drug delivery is more effective;
likely due to the high local concentration of drug at the epithelial sur-
face. Both drugs were delivered in a sustained manner over a 24 h
period.

These data show that when delivered in a dual electrospun patch,
PNIPAM fibres slow down the release of prednisolone from the PVP/
RS100 fibres. This is likely due to the interspersed PNIPAM fibres
restricting water uptake and reducing the rate of swelling and drug
release from the PVP-RS100 fibres. Once released from the fibres the
physicochemical properties of these drugs such as lipophilicity (logP),
ionisation and mass may also affect epithelial permeation further.

Patch-released bupivacaine HCI and prednisolone maintained their
biological activity. Bupivacaine HCI exerted its anaesthetic activity by
blocking voltage-gated sodium channels on SH-SY5Y neuronal cells, as
shown previously for lidocaine [24]. Prednisolone suppressed the
expression and release of pro-inflammatory cytokines (IL-6, CXCL8 and
TNF-a) by LPS and PAM3CSK-activated THP-1 monocytes in a full-
thickness gingival model. These data provide clear evidence that the
levels of bupivacaine HCl and prednisolone released from dual spun
patches are therapeutically active, enabling the blockage of oral mucosal
neuronal cell depolarisation and preventing inflammation, key re-
quirements for the management of pain and inflammation associated
with AO.

5. Conclusions

This is the first detailed report of the fabrication and evaluation of a
dual drug-loaded mucoadhesive electrospun patch designed specifically
for AO. This study employed simultaneous electrospinning of different
drug-polymer systems to produce a novel, adhesive electrospun patch
that was able to deliver both analgesic and anti-inflammatory drugs
simultaneously. Moreover, these patches provided temporal control of
release for different therapeutic agents, further improving potential ef-
ficacy. Following release, drugs permeated the gingival mucosa,
retained their biological activity and acted upon relevant cells. The
translation of this innovative electrospun patch technology to the clinic
will be highly impactful, representing a step-change for the effective
prevention of AO.
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