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ABSTRACT

Novel branched copolymer surfactants (BCS) allow the formation of oil-in-water emulsions that exhibit a temperature-induced liquid-to-gel transition. If the tem-
perature of this transition is between room and body temperature (ca 25 and 37 °C, respectively), then the emulsions form a gel in situ upon contact with the body. A
major advantage of this in situ gelation is the potential to manipulate the materials at room temperature in the low viscosity liquid state, then administer them to the
body to initiate a switch to a retentive gel state, which could be used to deliver drugs to challenging sites such as the nasal mucosa. There are, however, several
important factors which have not been explored for thermoresponsive BCS-stabilised emulsions to progress their use towards this application. Neither the delivery of
drugs from the materials, the retention on tissue, nor the impact of co-formulated drugs on the thermoresponsive behaviours, are known. Furthermore, it has not been
demonstrated that the materials are compatible with devices to generate sprays of the correct profiles for nasal administration. In this study we investigate the
potential of thermoresponsive BCS-stabilised emulsions for the nasal delivery of licensed molecular therapeutics to examine the potential of BCS emulsion systems as
a carrier for medicines. It was found that thermoresponsive behaviours can be maintained in the presence of drug substances, and that the liberation of the
incorporated drugs occurs in a sustained manner. The BCS appear to have comparable cytotoxicity to common excipients and significantly enhanced retention on
nasal tissue compared to even well-established mucoadhesives. The emulsions were incorporated into a spray device to demonstrate that the materials can be
atomised with a plume appropriate for nasal administration prior to in situ gelation.

1. Introduction neurotherapeutic agents intranasal delivery ensures rapid onset of drug

action, improved bioavailability, reduced dosage, and fewer side effects

Intranasal drug delivery is a route of administration that can enable
therapies which would be ineffective or inefficient via other means. The
nasal cavity contains a large and highly vascularised surface area,
allowing for efficient drug absorption while bypassing first-pass meta-
bolism (Bhise et al., 2008; Ong et al., 2016; Pozzoli et al., 2016).
Common uses include local administration of drugs for treating condi-
tions such as nasal congestion, infections, and allergic rhinitis (Illum,
2003). Additionally, nasal delivery can also be employed for the sys-
temic delivery of drugs to treat diseases like osteoporosis, migraine,
pain, and for vaccine administration (Rama Prasad, Krishnaiah and
Satyanarayana, 1996). This method offers rapid drug onset, high patient
compliance, and can bypass the blood-brain barrier via the olfactory
bulb (Costantino et al.,, 2007; Lee and Minko, 2021). For

(Bahadur and Pathak, 2012; Kapoor, Cloyd and Siegel, 2016; Rassu
et al., 2017). Various dosage forms are available for nasal drug delivery,
suspension nasal sprays and nasal drops being the most popular (Ehrick
et al., 2013). Aqueous nasal spray formulations are favoured for their
simplicity, drug compatibility, rapid onset and ease of administration
(Ehrick et al., 2013; Pires et al., 2022). Despite this, they face challenges
such as short residence time and limited drug retention due to muco-
ciliary clearance and gravity (Ehrick et al., 2013; Saindane, Pagar and
Vavia, 2013). Enhancing residence time on the nasal mucosa can be
achieved through the use of mucoadhesive and/or viscous materials
(Leung and Robinson, 1987). For example, highly-viscous polymers
solutions, such as carbomers or xanthan gum, have been shown to
adhere to the nasal mucosa for long periods, allowing for prolonged and
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controlled drug release (Vigani et al., 2020). However, there are draw-
backs associated with viscous polymeric solutions as a nasal spray
formulation; typically they cannot be actuated through nozzles or
atomised into a fine mist, resulting in inconsistent and inefficient dosing
(Moakes et al., 2021).

“Engineered” emulsions stabilised by copolymer surfactants that
respond to temperature stimuli to induce a sol-gel transition offer great
potential for nasal drug delivery (da Silva et al., 2022; Rajbanshi et al.,
2022). Previous studies have identified branched copolymer surfactants
(BCSs) as optimal for in-situ gelation due to their superior stability,
provided by steric hindrance and multipoint irreversible anchoring at
the oil-water interface compared to linear copolymers (Rajbanshi et al.,
2024). The latter sol-gel transition could provide a novel approach for
nasal mucoadhesion, thereby optimizing nasal drug delivery. Not only
this, but BCSs can also be synthesised with relative ease in a highly
scalable one-pot synthesis (Rajbanshi et al., 2024).

Herein, we evaluated a BCS consisting of thermoresponsive dieth-
ylene glycol methyl ether methacrylate (DEGMA), hydrophilic poly-
ethylene glycol monomethacrylate (PEGMA), branching ethylene glycol
dimethacrylate (EGDMA), and hydrophobic dodecanethiol (DDT). This
BCS, identified in our previous work, forms a viscous gel state at nasal
cavity temperatures (32-35 °C) (Rajbanshi et al., 2023a, b). Emulsions
stabilised by this BCS alone, and in combination with methylcellulose,
were tested for their ability to solubilise various active pharmaceutical
ingredients (APIs), control release kinetics, and provide compatibility
with nasal devices. The APIs investigated were phenylephrine hydro-
chloride, lidocaine hydrochloride, and budesonide, chosen for their
varying solubility and partition coefficients. Rheological analysis and
spray performance testing were performed to assess the suitability of
drug-loaded emulsions for nasal administration.

2. Experimental
2.1. Materials and methods

Di(ethylene glycol) methyl ether methacrylate (DEGMA, 95 %), poly
(ethylene glycol) methyl ether methacrylate (PEGMA, M, 950 gmol 1),
ethylene glycol dimethacrylate (EGDMA, 98 %), 1-dodecanethiol (DDT,
99 %), anhydrous dodecane (99 %), absolute ethanol, acetonitrile
(gradient grade) and methyl cellulose (2000 cP, 2 % aqueous solution at
20 °C) were purchased from Sigma-Aldrich (UK).
a,a-azobisisobutyronitrile (AIBN, >99 %) was obtained from Molekula
(UK). Sodium dihydrogen phosphate dihydrate (99 %), orthophosphoric
acid (85 %), potassium dihydrogen phosphate (99 %) and 1-octanesul-
phonic acid sodium salt (98 %) were supplied by VWR (UK). Dialysis
tubing with molecular weight cut off (MWCO) of 14 kDa was purchased
from Sigma Aldrich (UK). Chitosan (50-190 kDa; deacetylation degree
20.8 + 0.5 %), dextran (average molecular weight 4000 Da), phenyl-
ephrine hydrochloride and lidocaine hydrochloride were purchased
from Sigma Aldrich (UK). Micronised budesonide was supplied by LMG
Pharma (Boca Raton, USA). Phosphate buffered saline (PBS) tablets
were purchased from Oxoid (UK). Tween 20 was purchased from Fluka
Analytical, UK. Potassium dihydrogen orthophosphate, octane sul-
phonic acid sodium salt, orthophosphoric acid, sodium dihydrogen
phosphate dihydrate, absolute ethanol, and gradient grade acetonitrile
were purchased from VWR (UK). Deionised water was employed in all
experiments and produced in-house by reverse osmosis. All chemicals
were used as received. Mechanical nasal spray pumps delivering 100 pL
of formulation per actuation were provided by Bespak. The optimal BCS
system was synthesised and described in our previous studies (denoted
as BSC5) (Rajbanshi et al., 2023a; Rajbanshi et al., 2023b).

2.2. Emulsion formation with drug loading

Aqueous BCS solutions (20 wt%) were prepared in cold water. If
required, 0.25 wt% methylcellulose (MC) additive was added in a
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second mixing step. For emulsion formulations with APIs incorporated,
0.5 wt% phenylephrine HCl, 5 wt% lidocaine HCl and 0.064 wt%
budesonide (as a suspension) were then added to the aqueous solution to
match licensed reference products (Martindale Pharma an Ethypharm
Group Company, 2017; Sandoz Limited, 2022). The mixtures were
refrigerated and mixed by vortex every 15 min until a clear solution was
obtained for lidocaine and phenylephrine. Budesonide solution was fully
saturated in the BCS aqueous phase, leaving excess solid. Dodecane was
added and the system emulsified as described above to yield a three
phase system of undissolved drug, aqueous phase, and creamed emul-
sion phase. This saturated emulsion phase was then isolated for future
experiments, including the determination of loading efficiency.

The preparation of oil-in-water emulsions was carried out by mixing
an equal amount of aqueous BCS solution with an equal amount of
dodecane oil in a 1:1 ratio. For details of the specific composition of
emulsion formulation, see Table 1. The mixtures were emulsified for 2
min using a Silverson L4R mixer with a 5/8" micro tubular frame and
integral general purpose disintegrating head at 2400 rpm. Upon emul-
sification, the mixtures were left to rest for 36 h at room temperature.
The resulting creamed phases of the emulsions were then isolated by
removal of the upper turbid phase for further analysis. For details on
emulsion mass yields see the supplementary information.

2.3. Rheology of thermoresponsive emulsions

Rheology experiments were performed on an AR 1500ex rheometer
(TA instruments (USA)) equipped with a Peltier temperature control
unit and a 40 mm parallel plate geometry with a specified gap distance
of 500-750 pm. The creamed layer of each emulsion (collected after 36 h
of isolation) was placed on the rheometer lower plate prior to the
measurement. Samples were equilibrated for 2 min prior to the mea-
surements. Temperature ramps were performed in the range 20-50 °C,
at 1 °C min~! heating rate, with an oscillating stress of 1 Pa and a fre-
quency of 6.283 rad/s. The change in storage modulus (G') and loss
modulus (G") as a function of temperature were recorded.

2.4. Droplet size determination of emulsion by laser diffraction

Emulsion droplet size (36 h after isolation of the creamed phase) was
determined by laser diffraction using Sympatec HELOS/BR QUIXEL. 10
uL of emulsion was added to the dispenser R3 cuvette containing 50 mL
of water with constant stirring at 1800 rpm. Water was used as a
reference before sample measurement. All samples were measured at an
optical concentration of approximately 30 %. Trigger conditions were as
follows: reference measurement duration — 10 s, signal integration time
— 100 ms, trigger timeout — 90 s.

2.5. Chromatographic method for determination of drug concentration

2.5.1. Phenylephrine and lidocaine

Concentrations of phenylephrine and lidocaine released from the
emulsion formulations were determined by analytical high performance
liquid chromatography (HPLC) using a Waters symmetry C18 column
(250 mm x 4.6 mm, 5 pm). The mobile phase consisted of aqueous phase
(0.02 M potassium dihydrogen phosphate, 0.01 M of octane sulphonic
acid sodium salt, pH 2.8) and acetonitrile. A gradient method was
selected where the gradient began at 0 min 75:25, changed to 70:30
after 10 min, then returned to 75:25 at 21 min (total method 25 min).
The flow rate was 1 mL/min at 30 °C, with detection set at 272 nm. A 20
pL injection volume was used for each solution. Method validation
adhered to ICH guidelines (Harron, 2013; ICH, 2022). For the evaluation
of controlled release, the validation range covered 20 %, 40 %, 60 %, 80
%, 100 % and 120 % of the target concentration in phosphate buffer
saline solution (0.05 mg for phenylephrine and 0.5 mg for lidocaine).
Precision and repeatability assessments were conducted with six repli-
cates at the target concentrations of phenylephrine (0.05 mg/mL) and



A. Rajbanshi et al.

International Journal of Pharmaceutics 676 (2025) 125506

Table 1

Reagent and drug quantities for emulsion formulation.
Reagents Phenylephrine Lidocaine Budesonide

Emulsion with BCS Emulsion with BCS/MC Emulsion with BCS Emulsion with BCS/MC Emulsion with BCS Emulsion with BCS/MC

BCS 0.5 0.5 0.5 0.5 0.5 0.5
Methylcellulose 0.0125 0.0125 0.0125
Phenylephrine 0.025 0.025
Lidocaine 0.25 0.25
Budesonide 0.0032 0.0032
Water 2.24 2.23 2.13 2.12 2.25 2.24
Dodecane oil 2.24 2.23 2.13 2.12 2.25 2.24

lidocaine (0.5 mg/mL). Calibration curves were constructed from ac-
curacy data, plotting peak area versus concentration to verify linearity.

2.5.2. Budesonide

Concentrations of budesonide were quantified using an isocratic
HPLC method described with a Waters stainless steel column (150 mm x
4.6, 3 pm, end-capped octadecyl silyl silica gel). The mobile phase
consisted of ethanol, acetonitrile, and phosphate buffer solution (PBS)
(2:34:66 by volume, 0.026 M sodium dihydrogen phosphate dihydrate,
pH 3.2). The flow rate was 1.5 mL/min at 50 °C, with detection set at
240 nm. A 20 pL injection volume was used for each solution. Method
validation adhered to ICH guidelines (Harron, 2013; ICH, 2022). Ac-
curacy testing was carried out on 7 concentrations of 0.01 mg/mL, 0.02
mg/mL, 0.04 mg/mL, 0.06 mg/mL, 0.08 mg/mL, 0.1 mg/mL and 0.12
mg/mL of budesonide in 0.2 %v/v Tween-20 in PBS as a solvent. Pre-
cision and repeatability were tested with six determinations at the target
concentration (0.1 mg/mL). Calibration curves were constructed from
accuracy data, plotting peak area versus concentration to verify
linearity.

2.6. Drug quantification and release profile using Franz diffusion cells

Quantitative analysis of the emulsion drug loading was performed
using the HPLC methods previously described (section 2.3). For phen-
ylephrine and lidocaine, 1 g of creamed emulsion (equivalent to 5 mg of
phenylephrine, and 25 mg of lidocaine) was weighed and dissolved in
100 mL of aqueous mobile phase. For quantification of budesonide by
HPLC, 1.5 g of emulsion (equivalent to 1 mg of budesonide) was dis-
solved in 10 mL of the mobile phase. Sample solutions were sonicated
for 10 min, then centrifuged for 15 min (5000 rpm). The supernatants
were collected for analysis, where drug content was determined using
calibration curves. For budesonide, calculations were based on the sum
of the areas of the two epimer peaks (see Supplementary Fig. S3).

For release studies, individually calibrated upright unjacketed Franz
diffusion cells (Soham Scientific, average volume 3 mL, diameter 1 cm)
were used. A dialysis membrane (MWCO 12-14 kDa) was mounted
between the donor and receiver chambers of the cells. The receiver

chamber was filled with PBS of pH 7.4 for phenylephrine and lidocaine
determination, and with 0.2 %v/v Tween-20 in PBS of pH 7.4 for
budesonide determination. 0.5 g of phenylephrine emulsion (equivalent
to 2.5 mg phenylephrine), 0.5 g of lidocaine emulsion (equivalent to 25
mg lidocaine) and 0.1 g of budesonide emulsion (equivalent to 32 pg
budesonide) was added to the donor chamber of the Franz cell. Sink
conditions were maintained as per the solubility of the drugs (Table 2).
Franz cells were equilibrated in a water bath at 37 °C for 0.5 h with
stirring in the receptor chamber during the diffusion study (to achieve a
temperature in the donor chamber temperature of 32 °C, representing
the nasal mucosa surface temperature). Samples (100 pL from each of six
Franz cell replicates) of the receiver fluid were withdrawn at intervals up
to 24 h and replaced with preheated receiver fluid. Drug quantification
was achieved using HPLC.

2.7. Mathematical modelling of drug release kinetics and statistical
analysis

To study the drug release profile of all 3 APIs studied, Korsmeyer-
Peppas model was applied to fit the experimental data. The model is
described by the equation

M,/M,, = Kyt"

where, M; and M,, represent cumulative drug release at time t and at
infinite time, respectively. Ky, is a constant related to the structural and
geometrical characteristic of the particles, t is the release time, and n is
the diffusional exponent indicating the drug release mechanism. For thin
film delivery systems, n = 0.50 indicates a Fickian diffusion release
mechanism, 0.50 < n < 1.0 indicates anomalous (non-Fickian) transport
and n > 1.0 indicates zero-order release. For budesonide, data were also
fitted with linear regression indicating zero order release to assess the
best possible release kinetics. The statistical significance of the obtained
values was analysed using the Bonferroni post-hoc t-test for analysis of
variance (ANOVA) with GraphPad Prism.

Table 2
Properties of phenylephrine, lidocaine and budesonide (VCCLAB, 2023).
Properties Phenylephrine Lidocaine Budesonide
Structure
H OH CHs o rCH3
N)I\/NVCH3
H,;C
3 \H H, H
OH
Chemical Formula CoH14CINO, C14H5CIN,O, Cos5H3406
Molar mass (g/mol) 167 234 431
Water solubility at 20 °C (mg/mL) 22.0 0.593 0.0457
logP —0.69 1.81 2.42
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2.8. Model formulation for nasal device

Dodecane in water (1:1) emulsions stabilised with 10 wt% BCS were
used for the investigation of nasal spray generation with a unit dose
nasal spray device (NasaDose™) (Recipharm, 2023). The nasal sprays
(10 devices for each test) were assembled and parameters such as shot
weight, droplet size distribution, plume geometry and spray pattern
were tested. These parameters are an essential requirement for in vitro
bioequivalence studies, quality control and development of nasal sprays.

2.8.1. Determination of shot weights

To determine the shot weights, nasal spray devices were filled with
0.1 g of stabilised emulsion, measured precisely using an analytical
balance (A 200 S, Sartorius analytic). The devices were actuated with an
automated actuator (SPRAYER-module, Sympatec). After each actua-
tion, the device was reweighed on the same analytical balance to
determine the delivered mass.

2.8.2. Determination of droplet size distribution (DSD)

The droplet size distribution (DSD) was determined by laser
diffraction using a Spraytec instrument (Malvern Panalytical). This
technique allows for the measurement of size of droplets and particles in
real-time. Both 3 cm and 6 cm distances to the measuring zone were
tested. Data were acquired during the fully developed spray phase and
droplet sizes were represented by D, Dsg, and Dgg. These values
represent 10 %, 50 % and 90 % of the population below the obtained
volume droplet size, respectively. The span, which signified distribution
width, was determined using the following equation:

(Dgo — D10)/Dso

The fraction of droplets smaller than 10 pm was also recorded.

2.8.3. Determination of plume geometry and spray pattern

For the determination of plume geometry and spray pattern, Proveris
Sprayview system was used. The images were corrected for distortion,
due to the skewed camera perspective, and plume angle was determined
manually using CorelDraw X6 software (Corel).

The characterisation of spray patterns was performed by automated
image analysis. The approximate centre of mass (COM) was identified,
and the maximum and minimum diameters (Dyax and Dyin) were drawn
through this centre to determine the size of the pattern. The ovality ratio
(Dmax/Dmin) Was calculated as the control of the shape pattern. The
spray pattern was determined based on a single spray. Spray pattern
measurements were performed at two distances from the actuator tip (3
and 6 cm) at room temperature.

2.9. Cytotoxicity measurements

SH-SY5Y human neuroblastoma cells (European Collection of
Authenticated Cell Cultures) were cultured in growth media containing
1:1 Hams F12: Eagle’s Minimum Essential medium (EMEM) supple-
mented with 1 % essential amino acid solution, 15 % foetal bovine
serum (FBS), 1 % penicillin/streptomycin (P/S) and 2 mM L-glutamine
and maintained in a humidified incubator at 37 °C with 5 % CO, in air.
Medium was changed every 2-3 days. When 70-80 % confluency was
reached, cells were passaged with trypsin-EDTA, centrifuged at 100 g for
5 min, and re-suspended in medium before seeding into flasks or 96 well
plates. Cells were used at passage 10.

Cells were seeded into 96 well plates at a density of 50,000 cells/well
in 100 pL growth medium and cultured for 24 h. Medium was aspirated
from the wells and replaced with 100 pL of sterile filtered medium
containing BCS, sodium lauryl sulfate (SLS), Tween 20 (T20) or Tween
80 (T80) with concentrations starting at 20 mg/mL and decreasing in a
1:3 series dilution. Plates were incubated for 24 h and then an equal
volume of the Cell TitreGlo™ reagent was added. The reagent lysed the
SH-SY5Y cells and reacted with the ATP to produce a luminescent signal
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during a 10 min incubation. The plates were loaded into the Spec-
traMax® plate reader and set to shake for 60 s before luminescence was
measured. Triplicate experimental and technical repeats were
performed.

2.10. Assessment of mucoadhesion

Artificial nasal fluid (ANF) was prepared according to an established
protocol, composed of KCl (7.45 g, 127 mmol), NaCl (1.29 g, 17 mmol),
and CaCly-H30 (0.23 g, 2.2 mmol) (Porfiryeva et al., 2019). The above
ingredients were dissolved in deionised water. The solution was left
stirring at room temperature until the compounds fully dissolved, then
adjusted to pH 5.80 with 1 M HCI (total volume 1 L). ANF solution was
kept at 37 °C throughout the experiments using a water bath.

Sheep heads and nasal tissues were received from P.C. Turner Ab-
attoirs (Farnborough, U.K.) immediately after animal slaughter, packed,
transported to the laboratory in cold plastic containers, and used within
24 h of collection. The nasal septum mucosal tissues were carefully
extracted from sheep heads with bone-cutting shear scissors and then cut
into 1 x 1 cm square pieces with disposable sharp blades.

Experiments to evaluate the mucosal retention of emulsions stabi-
lised with BCS and BCS-MC on ex vivo sheep nasal tissues were con-
ducted using a well-established flow-through method involving
fluorescent detection with minor modification. Initially, freshly excised
nasal tissue was mounted on a microscope glass slide with the mucosal
side facing upward, then placed on a substrate fixed at an angle of 20°
and pre-rinsed with 1 mL of ANF solution for 1 min to activate the
mucins, before commencing each ex vivo mucoadhesion test.

Fluorescence images were captured for the mucosal surface of the
nasal tissues using a Leica MZ10F stereomicroscope (Leica Micro-
systems, U.K.) equipped with a Leica DFC3000G digital camera fitted
with a green fluorescence protein (GFP) filter (blue, Aemission = 527 nm)
at 2.5 x magnification, with an exposure time of 160 ms and a 1.0 x
gain. Initially, images of blank nasal tissues were acquired to determine
the background fluorescence intensity for each sample before adminis-
tration of the test material.

ANF solution (pH 5.80) was dripped onto the nasal mucosa at a flow
rate of 0.5 mL per min using a syringe pump (total washing time was 60
min). The flow rate mentioned was intentionally set higher than the
physiological production rate of nasal fluid for practical reasons. This
adjustment was made to expedite the experiments and ensure they could
be conducted within a reasonable time frame. The fluorescence micro-
scopy images of the nasal mucosal surface of each sample were acquired
at predetermined time points (every 10 min) and then analysed with
ImageJ software (NIH, U.S.A.) by measuring the pixel intensity after
each wash with ANF. The pixel intensity of the bare samples (nasal
mucosa without fluorescent test material) was subtracted from each
measurement and data were converted into normalised intensity values
using the following equation:

1
b % 100%

Fluorescence Intensity = II _—
0

where I}, is the background fluorescence intensity of a given tissue
sample (a blank tissue); Iy denotes the initial fluorescence intensity of
that sample (the tissue sample with a mucoadhesive fluorescent material
applied on it before the start of first washing; this was considered as the
zero time point with 100 % fluorescence intensity); and I represents the
fluorescence intensity of that tissue sample with the mucoadhesive
fluorescent material after each washing cycle. These fluorescence in-
tensities were then converted into % mucosal retention values.

3. Results and discussion

To evaluate the suitability of thermoresponsive engineered emulsion
formulations for nasal drug delivery systems, drug solubility tests were
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conducted. Emulsions, consisting of dodecane in water (1:1) as shown in
Fig. 1, were formulated using the optimal BCS identified in our previous
work (Rajbanshi et al., 2023a, b). Two formulations were tested: one
containing 10 wt% BCS alone and another with 10 wt% BCS combined
with 0.25 wt% methylcellulose (MC). A range of drugs were explored
and three drugs (phenylephrine hydrochloride, lidocaine hydrochloride
and budesonide) were selected with respect to their range of solubility
and partition coefficients covered (Table 2) (VCCLAB, 2023).
Emulsions were formulated with 0.5 wt% phenylephrine HCI, 5 wt%
lidocaine HCl and 0.064 wt% budesonide to match reference licensed
products (Martindale Pharma an Ethypharm Group Company, 2017;
Sandoz Limited, 2022). The solubility and physical state of the drugs
were carefully considered during emulsion formulation. Both phenyl-
ephrine and lidocaine in their salt forms, which are highly soluble in
water, were dissolved in the aqueous phase and emulsified. However,
budesonide, being highly insoluble in water, was suspended in the
aqueous polymer solution before emulsification giving a cloudy
dispersion of the drug. All mixtures successfully formed emulsions
(Table 3), however degrees of creaming varied and hence so did emul-
sion yield in the BCS-stabilised systems. The various amounts of drugs
added to the emulsion system increased the viscosity of the continuous
phase thus reducing the velocities of the oil droplets to creaming. The
addition of methylcellulose removed creaming in all systems. It has been
reported in our previous studies that emulsions with BCS/MC contains
droplets with small median diameters and narrower size distributions,
contributing to the stability of the system (Rajbanshi et al., 2023a, b).

3.1. Emulsion characterisation

To examine the bulk properties of the emulsions further, rheological
analyses of the BCS and BCS/MC stabilised drug-loaded emulsions were
conducted (Fig. 2). The impact of temperature on the emulsions was
evaluated by using small-amplitude oscillatory rheology at a fixed fre-
quency. This experiment determined the storage (G) and loss (G")
moduli within the linear viscoelastic range of the system (at a shear
strain of 0.1 %), thus preserving the sample structure.

For BCS drug-loaded emulsions, the temperature ramp revealed
distinct thermoresponsive behaviour (Fig. 3). At low temperatures, both

Fig. 1. Chemical structure and schematic of BCS (a), emulsion formulation
with high shear homogenisation (b), light microscopy images at 20x magnifi-
cation of dodecane in water (1:1) emulsion and its solution (25 °C) to gel
(37 °C) transition without any syneresis observed (c).
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Table 3

Yield and oil phase volumes (¢,;) of emulsions with BCS and BCS/MC; and drug-
loaded emulsions with BCS and BCS/MC after isolation of the creamed phases at
36 h (n=1).

Emulsion Yield (%) Poil
with with BCS/ with with BCS/
BCS MC BCS MC
without drug 76 100 0.72 0.57
0.5 wt% 80 100 0.65 0.57
Phenylephrine
5 wt% Lidocaine 86 100 0.74 0.57
0.064 wt% Budesonide 80 100 0.65 0.57

G’ and G" remained low, approximately 3 Pa for budesonide emulsion, 8
Pa for lidocaine emulsion and 15 Pa for phenylephrine emulsion. This
indicated a predominantly liquid-like state for the lidocaine and bude-
sonide emulsions (G' > G). The phenylephrine emulsion behaved
differently, as a thick viscoelastic liquid, with G’ slightly greater than G”.
As the temperature increased above around 30 °C, both moduli for all
emulsions exhibited an increase, with a shift towards a more elastic
character in the system. At 32 °C the system transitioned to a predom-
inantly elastic state (G' > G"). At this temperature, designated as T, the
formation of a gel-like structure was observed. This change is triggered
by the lower critical solution temperature (LCST) of DEGMA, known to
be around 31-35 °C when copolymerised with PEGMA (Rajbanshi et al.,
2023a, b). Above Tge, the systems reached a plateau at approximately
35 °C, with G’ reaching close to 100 Pa in all examples. With further
heating, both G' and G” decreased, likely due to reduced internal friction
as more kinetic energy was added to the system or structural changes in
the BCS system at higher temperatures.

Thermoresponsive behaviour was also observed in the BCS-MC drug-
loaded emulsions. At low temperatures, both G’ and G” remained low for
budesonide and lidocaine, ranging from approximately 5 to 15 Pa
indicating a predominantly liquid-like state (G > G'). As with the BCS
emulsions, the phenylephrine emulsion system demonstrated slightly
more solid-like behaviour with G’ over G”. Tg for each emulsion was
found to be 30 °C. Above this temperature, the budesonide and lidocaine
emulsion reached G’ of around 200 Pa. For the phenylephrine emulsion
system, a plateau was observed at ca 120 Pa.

To assess the possibility of macroscopic instability events, all emul-
sions were left on the bench top without any disturbance under ambient
conditions. Emulsions formulated with phenylephrine and budesonide
were found to be stable with no further creaming after 36 h. After 10
days, it was observed that the lidocaine emulsions separated into 2 phase
systems indicating breaking. Hence, a set of lidocaine emulsions stabi-
lised by BCS and BCS/MC were prepared for stability studies. After 7
days of isolation, rheological analysis was conducted (Fig. 3). At low
temperatures, G’ was observed to be 10-fold greater (approximately 80
Pa) as compared to the emulsions analysed after 36 h of isolation
(Fig. 3). As the temperature increased, a reduction in viscosity was
observed leading to emulsion breaking at approximately 28 °C.
Compared to the other drug-loaded emulsion systems, the lidocaine
emulsions were formulated with the highest drug concentration (5 wt
%). The higher drug content likely had both charge and steric impacts,
hindering the BCS from connecting from one O/W interface, through the
bulk, to another. This may have resulted in the displacement of BCS from
the interface, concurrently altering the surface properties. Additionally,
lidocaine is known to have intrinsic surface activity and thus may have
anchored to the O/W interface (Sarheed et al., 2020).

Laser diffraction was used to measure droplet size distributions,
giving X1, X50, and Xgg values (Table 4). Typically, X5, representing the
median is used as an average with the other two values giving a nu-
merical description of dispersity.

Median particle size (Xso) of all BCS drug-loaded emulsions
demonstrated bimodal distributions when loaded with budesonide and
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Fig. 2. Temperature-ramp oscillatory shear rheology of 1:10/w drug-loaded emulsions stabilised with 10 wt% BCS (left column), and drug-loaded emulsions sta-
bilised with 0.25 wt% methylcellulose and 10 wt% BCS (right column). G’ (red), G” (blue) and tan & (green) are shown. Closed symbols indicate heating, whilst open
symbols indicate cooling. The rheological measurements were conducted after 36 h of isolation. Rheological studies of control systems (emulsion with BCS and BCS/

MC without drug) can be found in our previous work (Rajbanshi et al., 2023a, b).

lidocaine. For phenylephrine emulsions the distributions were largely
monomodal with a minor shoulder at lower diameters (Fig. 4). The
similarity in droplet size for all systems could be due to the same ho-
mogenisation technique used for the formation of droplet diameter
(Table 4). Comparatively, the BCS-MC drug-loaded emulsions had
smaller median droplet diameters and narrower distributions (Table 4

and Fig. 4). This is likely to contribute to the stability of the systems.

3.2. Drug loading and quantification

1 wt%, 10 wt% and 0.128 wt%, respectively, of phenylephrine,
lidocaine and budesonide were added to aqueous BCS and BCS/MC
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Fig. 3. Temperature-ramp shear rheology of 1:1o/w lidocaine loaded emulsions stabilised with 10 wt% BCS (left) and drug-loaded emulsions with 0.25 wt%
methylcellulose and 10 wt% BCS (right) after 7 days storage at room temperature. G’ (red) and G” (blue) are shown. The rheological analysis of the emulsion was

conducted after 7 days of isolation.

Table 4
Droplet size of BCS and BCS/MC drug-loaded emulsions after isolation of the creamed phase for 36 h.
Droplet size (um)  Phenylephrine Lidocaine Budesonide
Emulsion with BCS Emulsion with BCS/MC Emulsion with BCS Emulsion with BCS/MC Emulsion with BCS Emulsion with BCS/MC
X10 1.30 2.09 1.38 1.82 1.26 2.00
X50 4.80 3.94 4.70 291 4.83 2.86
X90 9.51 6.85 10.21 4.29 10.46 3.90

solutions and emulsified with equal weight of dodecane oil phase. The
resulting emulsions therefore contained a drug loading of 0.5 wt%, 5 wt
% and 0.064 wt% of phenylephrine, lidocaine and budesonide, respec-
tively, to match licensed formulations. Upon quantification, the drug
loading of each 5 g of formulation (as % of the nominal content) for BCS
emulsions was determined to be 81.5 % (20.375 mg) for phenylephrine,
91 % (227.5 mg) for lidocaine and 38.1 % (1.22 mg) for budesonide.
Drug loading for BCS/MS emulsions was found to be 98 % (24. 5 mg) for
phenylephrine, 96 % (240.0 mg) for lidocaine and 51.3 % (1.64 mg) for
budesonide (Table 5). In the budesonide formulation, drug was added as
a suspension due to its low solubility, giving rise to the lower loading
efficiency reported. The systems were not buffered which could be
considered for weakly acidic or basic drugs

3.3. Drug release profiling using Franz diffusion cells

For phenylephrine drug release, 0.5 g of emulsion (2.5 mg phenyl-
ephrine) was added to the donor chamber of the Franz cell. The receiver
fluid was PBS and sampling was conducted at time intervals of 0.25, 0.5,
1, 3, 6,9, 12 and 24 h. The quantification of drug release in the receiver
fluid was performed using HPLC analysis. Lidocaine-phenylephrine
topical solution containing 5 %w/v solution of lidocaine and 0.5 %w/
v solution of phenylephrine was used for comparison (Martindale
Pharma an Ethypharm Group Company, 2017).

The cumulative release of phenylephrine formulated into either BCS
or BCS/MC emulsions, as well as the reference product, was studied
across a cellulose membrane over 24 h period (Fig. 5). The drug release
profile of the commercially available topical solution gave relatively
rapid liberation. It was observed that 60 % of drug was released after 1.5
h and over 80 % of the drug was released after 3 h. Both the BCS and
BCS/MC emulsion systems retarded liberation across the membrane
significantly, compared to the marketed solution products. In the BCS
emulsion, it was observed that 60 % of the drug was released after 10 h

and 88 % of the drug was released after 24 h. The BCS/MS emulsion
showed a further reduction in drug release rate, only liberating 60 %
after 20 h and 65 % after 24 h.

Statistical evaluation of the drug release data was conducted using 2-
way ANOVA with Bonferroni post-hoc testing for multiple comparisons.
At 0 min, the release of phenylephrine from the reference sample and the
BCS and BCS/MS emulsions was 0 %, as expected. At 15 min, drug
release from the BCS emulsion and BCS/MC emulsion were significantly
not different (p > 0.05) with release below 5 % while the drug release
from both the emulsion formulations were significantly different as
compared to the reference product which showed a release of 11.1 %.
Furthermore, except for these time points, in all the sampling events
there were significant differences in release between all three formula-
tions (p < 0.001). The drug release pattern for both emulsion formula-
tions showed controlled release relative to the reference product. The
reference product showed more than 83 % after 3 h and 95.9 % release
after 24 h, whereas the emulsions only reached 88 % (BCS) and 65 %
(BCS/MS) release by 24 h.

For lidocaine drug release, 0.5 g of the emulsion (25 mg lidocaine)
was added to the Franz cell donor compartment and PBS was added to
the receiver chamber. The quantity of lidocaine permeated across the
membrane from the BCS, BCS/MS emulsions and the reference product
over a 24 h period was recorded (Fig. 5). Initially, at 0 h, all samples
showed 0 % release. After 15 min, the BCS and BCS/MS emulsions
showed <5 % release (p > 0.05), significantly different to the reference
product (10.4 %, p < 0.001). After 30 min the emulsions showed <10 %
release, whereas the reference showed 20.5 % (p < 0.001). All subse-
quent time points continued to show significant differences in release
between the emulsions and the reference (p < 0.001). After 15 h the BCS
emulsion, had released 60 % of the drug and after 24 h, 76 % was
released. For the BCS/MC emulsion release was found to be 60 % after
21 h and 64.5 % after 24 h. Comparatively, the reference product
released 60 % of the drug after 2 h and 91.4 % by 24 h. The lidocaine
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Fig. 4. Droplet size distribution of BCS drug-loaded emulsions (left column) and BCS/MS drug-loaded (right column) as determined by laser diffraction. Red points
with solid line indicate distribution density, dotted lines indicate cumulative distribution.

release pattern was similar to phenylephrine, but with reduced rate
(Fig. 5).

The cumulative amount of budesonide permeated across the mem-
brane over 24 h period was also studied (Fig. 5). In the donor chamber of
the Franz cell, 0.1 g of the emulsion (32 pg budesonide) was added, in
the receiver chamber a 0.2 %v/v solution of Tween-20 in PBS was used,
determined by a preliminary solubility study (supplementary informa-
tion, Fig. S5). It was observed that 60 % of the drug (calculated relative
to the drug loading) was released in 9.5 h and 74 % of the drug was

released by 24 h. The BCS/MC emulsion showed drug release of 60 %
after 12 h and 67.5 % after 24 h. Interestingly, the budesonide formu-
lations showed near zero-order liberation for the first 9 h of the exper-
iment. The reference product was found to release 60 % of the drug after
2 h and 83.9 % after 24 h.

The Korsmeyer-Peppas (Korsmeyer et al., 1983) equation was fitted
to the drug release data to probe further the drug release kinetics from
the BCS and BCS/MC emulsions (Section 2.5). Using the Korsmeyer-
Peppas model, nonlinear curve fits were applied to the experimental
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Table 5

Drug loading and quantification in 5 g of each BCS and BCS/MS emulsion sys-
tems (n = 6). Drug loading percentage was calculated with respect to the amount
of drug loaded in the system before emulsification.

Drug Drug loaded (mg) Drug quantified Drug quantified
for emulsion with  for emulsion with
BCS BCS/MC
in% inmg in% inmg
Phenylephrine 25.0 81.5 20.38 98.0 24.50
Lidocaine 250.0 91.0  227.50 96.0  240.00
Budesonide 3.2 38.1 1.22 51.3 1.64
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Fig. 5. Drug release profile of phenylephrine, lidocaine and budesonide from
reference products, BCS emulsions, and BCS/MS emulsions using Franz diffu-
sion cells (n = 6).

data for the phenylephrine and lidocaine formulations and zero-order
release kinetics were applied for the budesonide formulations (Fig. 6).
The release constant (k) is directly proportional to the diffusion constant
and hence depends on the physical and structural properties of both the
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Fig. 6. Drug release profile fitted with Korsmeyer-Peppas model fit for phen-
ylephrine and lidocaine emulsions; and zero-order kinetic model for budesonide
emulsions. Solid lines represent the predicted model.

drug and BCS. The value of k is higher for the BCS-emulsions compared
to the BCS/MS emulsions (Table 6). The n value is observed to be greater
than 0.5 for all the systems, which is attributed to anomalous (non-
Fickian) transport through the dialysis membrane, indicating that the
dosage form affected liberation from the formulation system (Korsmeyer
et al., 1983). The kinetic parameters obtained from the in vitro drug
release data showed that the release of phenylephrine and lidocaine
followed the diffusion model of Korsmeyer-Peppas (Table 6). The
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Table 6

Parameters obtained from fitting the Korsmeyer-Peppas model to experimental data.
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Korsmeyer-Peppas fit Phenylephrine

Lidocaine

Budesonide

parameters Emulsion with Emulsion with BCS/ Emulsion with Emulsion with BCS/ Emulsion with Emulsion with BCS/
BCS MC BCS MC BCS MC

K 17 10.94 13.35 10.81 14.24 11.91

n 0.53 0.57 0.55 0.57 0.56 0.58

R? 0.9955 0.9969 0.9985 0.9982 0.9737 0.9749

correlation coefficient values (R%) were 0.9955 and 0.9969 for the
phenylephrine BCS and BCS/MC emulsions respectively and 0.9985 and
0.9982 for the lidocaine BCS and BCS/MC emulsions respectively. For
budesonide-loaded emulsions, the drug release obeyed zero order ki-
netics with R? values of 0.9866 and 0.9925 for the BCS and BCS/MGC
emulsions, respectively. This may be due to higher affinity of the hy-
drophobic budesonide for the oil droplet, resulting in a zero-order
release profile due to the requirement to partition from the oil into the
external water phase prior to drug release from the formulation.
Furthermore, the better fit with zero order kinetics was confirmed by
assessing the correlation coefficient between the experimental and fitted
values obtained through mathematical methodologies at various time
points during the experimental duration. Mechanistically, zero order
delivery can be achieved when the rate of partition of drug from oil to
water is approximately equal to that rate of diffusion across the mem-
brane from the water phase.

Overall, slower release is observed from the BCS/MC emulsions
when compared to BCS emulsions and the reference products (Fig. 5). In
BCS emulsions, the drug release may be controlled by multiple factors,
including the drug’s affinity for the BCS, its solubility in the oil phase, its
diffusion through the BCS matrix, and the emulsion droplet size which
can alter both the area of the O/W interface and the tortuosity of the
aqueous inter-droplet space (Caldero et al., 1997, 2000). However, in
the BCS/MC thermoresponsive gelation system, an additional factor is
introduced. Methylcellulose is a hydrophilic polymer which forms a gel-
like matrix when hydrated, which is known to slow down the dissolution
and diffusion of a drug through the matrix (Calder¢ et al., 2000; Dewan
et al., 2015). The addition of the MC therefore results in delayed drug
release, as the drug molecules must diffuse through polymer networks
before being released into the surrounding environment. The enhanced
thermogelation strength of the emulsion, as evidenced by the rheology
studies (section 3.1) could have also contributed to the delayed release.
A stronger gel matrix can impede drug diffusion, leading to a slower
release rate. Hence, the differences in drug release rate from BCS and
BCS/MC systems can be attributed to the interplay between drug-
polymer interactions and the influence of the MC hydrated layer on
these interactions.

A slower release was observed with BCS/MC formulation despite the
emulsion droplet size being smaller when compared to the formulation
with only BCS (Table 4, Fig. 4). Conventionally, smaller emulsion
droplets are generally associated with a greater surface area of the oil,
potentially leading to an accelerated drug release from oil to water
(Caldero et al., 1997). Hence, the polymer in the bulk or at the interface
is believed to be limiting the release rate. The drug release patterns for
phenylephrine, lidocaine, and budesonide showed that phenylephrine is
released the fastest. After 24 h, drug release from the BCS-emulsions was
89 % for phenylephrine, 76 % for lidocaine, and 74 % for budesonide.
For the BCS/MS-emulsions, release was 66 %, 64 % and 68 %, respec-
tively. The difference in release corresponds to the hydrophobicity of the
drugs. Phenylephrine, the least hydrophobic, has a higher affinity for the
water phase than the oil phase, leading to quicker release. Lidocaine,
which is more hydrophobic, is released at an intermediate rate as it
slowly partitions from the oil phase to the surrounding medium. Bude-
sonide, the most hydrophobic, remains primarily in the oil phase,
resulting in the slowest release.

The release pattern was also related to how the drugs diffuse through
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a medium. Hydrophobic drugs can interact with the oil phase of the
emulsion or polymer surfactants, slowing diffusion (Calder¢ et al., 1997,
2000). Additionally, polymer micelles, present in the aqueous phase,
can interact with hydrophobic drugs (Babak, Stébé and Fa, 2003). This
further slows their release from the emulsion, as they must diffuse out of
the micelle first. Tortuosity within the polymer matrix and oil droplets
can also affect the drug release. Budesonide, being the most hydropho-
bic, is likely to encounter more tortuous paths, resulting in slower
release compared to lidocaine and phenylephrine. The interaction of the
drug with the gel structure, and diffusion through the thermogelling
systems likely also influenced the release mechanisms.

3.4. Drug delivery platform and nasal spray device assembly

Thermoresponsive engineered emulsions hold great potential as drug
delivery vehicles for nasal application. The low viscosity at room tem-
perature should allow the material to be sprayed effectively. Post-
spraying, a thermoresponsive switch to a gel state, stimulated by the
nasal temperature, should allow the material to better resist shear and
enhance retention. The delivery of highly-viscous solutions necessary to
achieve mucoadhesion (Smart, 2005) has long been regarded as a
challenge for traditional nasal sprays designs that achieve shear of
10°-10° 7!, with a viscosity limit of ~0.02-0.03 Pa s prevents uniform
dispersion of a droplet aerosol cloud.(Dayal, Shaik and Singh, 2004) As
such, the emulsions developed in this project were evaluated for
compatibility with a novel spray device (NasaDose) (Recipharm, 2023)
developed by Bespak Ltd. NasaDose is a unit dose nasal spray device,
designed to have user-independent actuation and spray performance.
This means that it delivers intranasal formulations repeatably and reli-
ably, as per essential performance requirements outlined in the FDA
guidance for nasal sprays, regardless of the force applied by the user to
actuate it. This has been demonstrated previously with different for-
mulations, including sumatriptan (active), a low viscosity placebo and
20 cP silicone oil. The samples provided for this study were “off the
shelf” devices with the standard NasaDose configuration and had not
been optimised for delivery of the emulsion under investigation.

To test the suitability of the device, atomisation and qualitative tests
were performed. In each test, the emulsion was added to the vial of the
NasaDose (Recipharm, 2023) nasal spray device and droplet size dis-
tribution (DSD), plume geometry, spray pattern and shot weights were
determined (Fig. 7).

3.5. Determination of shot weights

The determination of shot weights serves to verify valve function-
ality and assess pump-to-pump consistency for accurate and repro-
duceable dosing (FDA, 2002; Farina, 2010). To determine shot weights
from the NasaDose nasal spray, devices were weighed before and after
each actuation using an analytical balance. Our investigation examined
for any relationship between the actuation force and shot weight
(Fig. 8). After the actuation of 45 devices (each using 0.1 g emulsion),
the average dispensed dose was found to be 52.5 + 3.6 mg, with an
average actuation force of 32.6 + 2.6 N. The device demonstrates in-
dependence of actuation force and dose, expected by the spring design.
Despite the formulations lying outside the typically accepted range of
viscosities for nasal spray actuation, the average performance with the
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Fig. 7. Atomisation of engineered emulsions stabilised with 10 wt% BCS
through unit dose nasal device (NasaDose) (Recipharm, 2023).
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Fig. 8. Impact of actuation force on shot weight using the NasaDose nasal
device (45 actuations).

NasaDose device was acceptable. Nevertheless, several outliers were
outside the 15 % regulatory limit (FDA, 2002), identifying the need for
formulation-device optimisation. Thus, the device and formulation pa-
rameters will require optimisation if adopted for medical use. Parame-
ters that may be considered to reduce deviations include viscosity,
surface tension, actuation stroke length, force and velocity (Trows et al.,
2014).

3.6. Droplet size distribution (DSD)

The DSD within the nasal spray is a critical parameter to assess how
the drug is deposited within the nasal cavity during in vivo

11

International Journal of Pharmaceutics 676 (2025) 125506

administration. The dimensions of these droplets are primarily influ-
enced by several factors such as the design of the nasal device, actuation
force, actuation velocity, stroke length, the distance between the nozzle
and the laser beam, spraying angle and the viscosity and surface tension
of the formulation (Trows et al., 2014). Laser diffraction was used to
measure the size of droplets in real time. The droplet sizes of a single
spray were measured at both 3 and 6 cm distances from the nozzle tip
(Table 7). The data were collected during the fully developed phase of
the spray and the sizes are expressed as D1, Dsg, Dgg as well as span. The
measurement distances were found to influence D1, Dsg and Dgg due to
the evolution of a spray plume. The average median droplet size (Ds)
was found to be 186 pm for 3 cm and 197 pm for 6 cm. There was a slight
effect on span with an average of 1.515 and 1.584 for measurement
distances of 3 cm and 6 cm respectively. The acceptance criteria for the
median droplet size falls within the range of 30-120 pm (FDA, 2002).
When droplets are above 120 pum, they tend to deposit in the anterior
regions of the nasal passage whereas if the droplets are less than 10 pm,
they could potentially be inhaled reaching the lungs and causing adverse
effects. The formulations show a desirable droplet size distribution with
negligible fine fraction (<10 um) (Table 7). Some variability was
observed in the DSD; however this may have occurred due to the
emulsion viscosity, the nozzle size and the nasal device parameters.
Although the median droplet diameter was larger than desired with
these formulations, given that 0.02 Pa s has been reported to be the
maximum viscosity enabling the production of acceptable droplet sizes
(Pennington et al., 2008), it is all the more remarkable that aerosol
droplets were produced for the BCS formulations with the NasaDose
device, and provides excellent potential for a formulation-device opti-
mization in our future work.

3.7. Plume geometry and spray pattern

For optimal deposition in the nasal cavity, the plume angle needs to
be carefully controlled. A plume angle that is too narrow may result in
the spray being directed too high in the nostrils, potentially missing the
targeted areas within the nasal passages. A plume angle that is too wide
might cause the spray to impact the nasal septum or even exit the nasal
cavity altogether (Gao, Shen and Mao, 2020). To effectively deposit the
spray in the desired regions of the nasal cavity, the plume angle should
be adjusted to align with the anatomy and airflow patterns within the
nose. This ensures that the spray particles are carried by the nasal
airflow to the intended target areas, such as the nasal cavity and the
mucosal surfaces, where efficient absorption can occur. Hence, the
plume angle of a nasal spray is one of the critical parameters for optimal
therapeutic effect. Trows et al. investigated the influence of viscosity
and suggested that a decrease in plume angle and spray area were
observed with an increase in the viscosity of the formulation (Trows
et al., 2014). Moreover, the plume geometry can also be affected by the
type of nozzle, measurement distance and actuation force. For the
determination of plume geometry, a laser sheet and high-speed digital
camera were used. Images were taken from a sideward view of the
emitted spray parallel to the axis of the plume (Fig. 9). Plume angles
were determined to be from 51.1° to 23.1°, and plume widths were
found to be between 28.71 mm to 12.25 mm (measured at 6 cm from
nozzle) (Table 8). The average plume angle of 38° suggests potential
efficient delivery to the turbinate region of the nasal mucosa. Previous
studies have shown that formulations with a similar plume angle can
deliver 80 % of the dose to this region (Foo et al., 2007). This highly
vascularised and permeable region of the nasal cavity is ideal for sys-
temic drug delivery.

To assess the spray pattern, an image capturing a cross-sectional
view of the plume along the axial direction was employed at 3 and 6
cm from the actuator tip (Table 7). The plume width data supplements
the spray pattern data and was determined based on single actuation.
Spray patterns measured at 3 cm showed variable results for the ovality
ratio, ranging from 1.12 to 2.59. Whereas, at 6 cm no significant changes
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Table 7
The droplet size distribution and span measured at 3 and 6 cm from the nozzle.
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Actuations Droplet Size Distribution @ 3 cm (um) Droplet Size Distribution @ 6 cm (um)

%<10 pm Do DVso DVgo Span %<10 pm DViyo DVso DVgo Span
1 0.00 70.23 160.60 313.60 1.52 0.00 40.89 88.49 181.00 1.58
2 0.00 35.88 90.87 183.60 1.63 0.00 339.70 511.40 744.00 0.79
3 0.00 64.20 147.10 287.60 1.52 0.00 51.68 148.10 309.50 1.74
4 0.00 242.40 459.80 759.90 1.13 0.17 47.00 122.80 257.50 1.71
5 0.00 38.64 99.73 207.20 1.69 0.00 82.12 172.10 316.20 1.36
6 0.00 123.50 267.50 558.70 1.63 0.00 31.18 71.56 169.70 1.94
7 0.00 71.17 163.20 318.20 1.51 0.00 81.90 202.50 420.20 1.67
8 0.00 87.53 181.60 340.60 1.39 0.00 37.76 90.86 196.30 1.75
9 0.00 59.17 152.80 306.80 1.62 0.00 39.21 95.98 203.80 1.72
10 0.00 58.49 138.30 269.50 1.53 0.14 274.20 468.40 755.40 1.03
Mean 85.12 186.15 354.57 1.52 102.56 197.22 355.36 1.53
SD 60.59 107.59 174.52 0.16 110.22 159.87 221.52 0.36

Fig. 9. Plume geometry and spray pattern from NasaDose nasal spray loaded with engineered emulsion stabilised with 10 wt% thermoresponsive BCS captured by a
high-speed digital camera. Images captured of four devices actuated manually showing reproducibility with slight variations.

were observed in the ovality ratio. It should be noted that the spray
pattern increases with increasing actuation velocity, leading to a slight
decrease in spray pattern ovality (Newman et al., 1988). A spray pattern
with low ovality (circular) is the most desirable as it ensures an even
distribution of the spray within the nasal cavity. This enhances the
effectiveness and consistency of drug delivery and absorption, contrib-
uting to the overall performance of the nasal spray for therapeutic
outcomes (Gao, Shen and Mao, 2020). It is of note that ovality and spray
area achieved with the NasaDose device for the thermogelling BCS
emulsion were broadly in line with those achieved for low viscosity
solutions (200-700 mmz) (Pennington et al., 2008), and that have been
shown to be suitable for nose-brain drug delivery (Wingrove et al.,

2019).

The studies performed on the BCS-emulsions in the nasal spray de-
vices highlighted that the viscosity of the formulation is a critical factor.
Viscosity significantly influenced DSD, shot weight, plume geometry
and spray pattern. In future studies, it will be crucial to balance the BCS
molecular weight and concentration, which enhance the stability of the
emulsion and increase the magnitude of gelation, with the ideal viscosity
for effective spray function.

3.8. Invitro cytotoxicity evaluation

Considering the potential for nasal application using a device,
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Table 8
Evaluation of plume geometry 6 cm from the nasal spray device nozzle.

International Journal of Pharmaceutics 676 (2025) 125506

Actuations Plume Geometry Spray Pattern @ 3 cm Spray Pattern @ 6 cm

@ 6 cm

Plume Angle (°) Plume Width (mm) Dmax (mm) Ovality Area (mm?) Dmax (mm) Ovality Area (mm?)
1 40.7 22.26 20.88 1.17 288.80 46.16 1.42 1142.50
2 46.1 25.65 22.61 1.15 347.10 34.40 1.33 662.80
3 23.1 12.25 19.09 1.27 222.50 36.17 1.35 722.80
4 29.3 15.70 16.15 2.59 74.70 29.13 1.35 474.90
5 51.1 28.71 18.91 1.25 228.10 32.10 1.29 596.40
6 45.1 24.89 21.88 1.86 191.50 36.31 1.32 813.90
7 32.7 17.61 22.28 1.12 343.50 45.99 1.24 1395.90
8 27.2 14.55 22.77 1.19 347.40 33.67 1.71 470.10
9 48.2 26.8
Mean 38.2 20.20 20.57 1.45 255.45 36.74 1.38 784.91
SD 10.3 5.98 2.34 0.52 95.85 6.20 0.15 327.66

further assessment of the candidate formulations was performed using in
vitro cell culture. Cytotoxicity was determined for the BCS in compari-
son to a known cytotoxic positive control (Triton-X) and benchmarked
against surfactants which are already listed in the FDA’s inactive in-
gredients database, namely sodium lauryl sulfate (SLS), Tween 20 (T20)
and Tween 80 (T80). SLS is an anionic surfactant which appears in
approved medicines at up to 65 % concentration and has been approved
for routes of administration including topical and respiratory applica-
tion. T20 and T80 are non-ionic polysorbates that appear in approved
medicines at up to 15 % for routes of administration including inject-
ables, topicals, and nasal medicines.

Cytotoxicity of these surfactants and BCS were performed on a
human neuroblastoma cell line with neuron-like properties to represent
the olfactory region of the nasal mucosa. The linear relationship be-
tween luminescence and SH-SY5Y cell number was confirmed using a
CellTiter-Glo® assay (Fig. S1).

BCS showed a classical reverse sigmoidal dose-response (R? =
0.9772), expressed as a percentage of a non-treated control and was
compared to a known cytotoxic surfactant, Triton X-100 (Fig. 10A). The
BCS concentration lethal to 50 % of cells (LCsg), was determined as
0.662 mg/mL. A side-by-side comparison of cytotoxicity of the BCS and
comparator surfactants is shown in Fig. 10B, with no significant differ-
ences in cell viability observed between materials at 0.2 mg/mL and
below. BCS appears to be more cytotoxic than T20 and T80 at higher
concentrations. Whilst in vitro cytotoxicity thresholds are not explicitly
defined for medicinal products, ISO 10993-5 defines medical device
cytotoxicity as the concentration when fewer than 70 % of the cells
tested are viable. With this threshold in mind, SLS and BCS both
exhibited cytotoxicity in vitro at approximately 0.2 mg/mlL, giving a
positive indicator of comparable tolerance.
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3.9. Ex vivo mucoadhesion assessment

Mucoadhesion was assessed on ex vivo sheep nasal mucosa using a
well-established flow-through method to give indicators of behaviours
in vivo (Fig. 11) (Porfiryeva et al., 2019; Vanukuru et al., 2024). FITC-
dextran and chitosan were used as controls to represent a known
mucoadhesive and a polymer with low mucoadhesion, respectively. In
these experiments, retention is evaluated qualitatively with image
collection (Fig. 11i) and quantified by the pixel intensity of the image
(Fig. 11ii). Visually, retention of the BCS-stabilised emulsion formula-
tion was greater than the chitosan (1 wt%) and dextran (1 wt%) solution
as controls (Fig. 11i). Quantitatively the rank order adhesion was BCS >
Chitosan > FITC-dextran at the longest timepoint in the experiments.
Chitosan is well-known for its excellent mucoadhesion, driven by elec-
trostatics, hydrogen bonding, and hydrophobic interactions with the
mucosa (Sogias, Williams and Khutoryanskiy, 2008; Sandri et al., 2012).
At the end of the study the BCS emulsion exceeded the degree of
retention of chitosan by ca 75 % (51 vs 29 % remaining, respectively).
Factors which may make the emulsion system very retentive include the
potential for hydrophobic interactions, a driver of adhesion (Cook et al.,
2017), and the immiscibility of the oil phase with water, making the
system resistant to wash-off. These ex vivo studies further indicate the
great potential of the BCS-stabilised emulsions in the preparation of
nasal medicines.

4. Conclusion
The exploration of thermoresponsive engineered emulsions for nasal

delivery of small molecules was reported in this study. The emulsions
were versatile and able to incorporate phenylephrine, lidocaine, and
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Fig. 10. Cytotoxicity of BCS, T20, T80, and SLS where the viability of SH-SY5Y human neuroblastoma cells was inferred using ATP concentration, measured using
CellTiter-Glo®. Data were normalised as a percentage of a non-treated control and expressed as mean + SD (n = 3 in triplicate independent experiments). A) Dose-
response of BCS. B) BCS was compared to each of the other surfactants and significant differences are indicated where present at each concentration (two-way

ANOVA with Tukey’s multiple comparisons test, **** P < 0.0001).
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Fig. 11. Mucoadhesion assessment ex vivo on sheep nasal mucosa using a flow-through method. Images are collected of target formulations (i) and percentage
retention is calculated as a function of volume of artificial nasal fluid flow (ii). Data presented as mean + standard deviation (N = 3).

budesonide drugs. The drug release was significantly retarded in the Furthermore, ex vivo mucoadhesion assessment on sheep nasal mucosa
emulsions compared to a reference product available on the market. indicated a significant retentive effect of the in situ gel-forming emul-
Liberation from the emulsion systems occurred over several hours, sion system, outperforming chitosan as a positive control. Taken
opening the possibility of sustained effects from nasal medicines. together, this enhanced retention alongside controlled liberation
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indicates a potential for extended delivery of drugs via the nose. To this
end, compatibility of the system with a nasal spray device was assessed.
It was found that the emulsions could be sprayed and successfully
atomised by these systems, with exceedingly little fine fraction, and
generating a spray plume with properties that are promising for nasal
delivery. This indicates that nasal medicines developed from these sys-
tems may attenuate the fraction of inhaled dose from nasal sprays, as
well as delivering emulsion to the nasal mucosa. Furthermore, evalua-
tion of cytotoxicity was benchmarked the BCS excipient against common
surfactants used as excipients, indicating a comparable cytotoxicity to
SDS. Overall, this research provides valuable insights into the develop-
ment and characterisation of thermoresponsive emulsions for drug de-
livery applications, offering potential new avenues for controlled
delivery of active pharmaceutical agents through nasal routes.
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