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ARTICLE INFO ABSTRACT

Keywords: Lidocaine is most often employed as a local anaesthetic via the parenteral route, whereas advanced drug delivery
Liposome systems are a key concept using needle-free formulations for improved drug stability, deposition, and sustained
Proniosome

release. Three delivery systems (liposomes, ethanol-based proliposomes, and proniosomes) were prepared with
and without cholesterol and delivered via four commercially available throat spray devices (referred to as A, B, C,
and D) for their performance and deposition. Formulations without cholesterol demonstrated higher drug
entrapment and release. Upon analysis, spray device A demonstrated lower numbers of actuations for priming
and tailing-off phases and higher numbers of full actuations; thus, it delivered a lower number of total actuations.
Therefore, each shot weight delivered a larger amount of formulation (189 mg; an average of all formulations)
using spray device A than counterpart devices. Spray device A showed significantly superior plume geometry
(including plume angle (59°), plume width (14 cm), and total plume length (54 cm) (an average of all three
formulations)). Furthermore, spray device A showed a round-shaped spray pattern with an ovality ratio of 1.05
when compared to the crescent, oval, and irregular/star-shaped patterns and ovality ratios of 1.19, 1.07, and
1.16 by devices B, C, and D, respectively. In addition, spray device A exhibited longer phases (i.e., formation,
evolution, and dissipation) and higher mass output, drug output, drug deposition, and aerosol output rate. Thus,
spray device A and formulations without cholesterol were identified as the best combination for their superior
performance and targeted drug delivery.
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1. Introduction

Pain management is one of the major therapeutic goals in intensive
care units. A gold standard for pain relief is the use of opioids. However,
a number of unwanted and potentially severe side effects are associated
with their systemic administration, including drowsiness, sedation,
neutrophil dysfunction, nausea, vomiting, and respiratory depression
[1]. Therefore, lidocaine is used as a local anaesthetic by blocking the
transmission of painful stimuli to the brain via inhibiting the influx of
sodium ions. Sodium ions are responsible for the initiation and

* Corresponding author.
E-mail addresses: 1.Khan@ljmu.ac.uk, iftikharkhans@yahoo.com (I. Khan).

https://doi.org/10.1016/j.jddst.2025.107619

conduction of nerve (i.e., nociceptor nerve fibre) impulses that are
associated with pain; hence, reversible blocking of nerve conduction
provides local pain relief for both acute and chronic pain [2]. Moreover,
in order to improve local anaesthetic’s pharmacokinetic properties,
enhance pharmacological activities, and reduce toxicity, various re-
searchers have formulated local anaesthetics in various forms, like oral
dissolving films [3], creams [4], ointments [5], patches [6], polymeric
nanoparticles [7], viscous solutions [8], implants [9], and injectables
[10]. However, the majority of the available forms of local anaesthetics
have a shorter duration of action, and therefore frequent administrations
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are required in order to achieve long-term pain relief, which conse-
quently greatly affects patient compliance and increases side effects. A
sustained release formulation employing a local anaesthetic would be a
great option that can significantly improve the issues related to the
previous formulations [11]. Furthermore, a sustained release formula-
tion would reduce the risk associated with high and multiple dose ap-
plications irrespective of the route of administration [12,13].

There are few local anaesthetic licensed formulations that produce
delayed effects, therefore minimizing frequent administration. Methods
for adopting such effects were gained through the incorporation of va-
soconstrictors (i.e., preventing leakage of local anaesthetic to systemic
circulation) or through the introduction of novel lipid-based formula-
tions (i.e., DepoFoam) [14-19]. The novel vesicular formulations such
as liposomes, ethanol-based proliposomes, and proniosomes provide
several advantages as drug delivery carriers. These novel vesicular for-
mulations are also intended to be sustained release delivery systems and
hence a better approach to enhance and improve patient compliance and
achieve the desired effect. These vesicular delivery systems have the
advantage and ability of delivering hydrophilic or lipophilic active
pharmaceutical ingredients in the central core and concentric bilayers.
Furthermore, this is the first study to employ a combination of novel
vesicular formulations (liposomes, ethanol-based proliposomes, and
proniosomes) with spray devices, in which both the formulations and
the devices were thoroughly characterized and analysed. These formu-
lations are composed of biocompatible and biodegradable lipids that
self-assemble into vesicle form and work as delivery agents [20,21].
Vesicle formulations tend to leak drugs, and therefore the incorporation
of cholesterol makes these vesicles more rigid and less prone to drug
leakage. These delivery systems gained attention since they can entrap
both small and large molecular weight agents and possess the ability to
be delivered via many routes of administration (i.e., transdermal, buccal,
or parenteral) [22,23].

Previous research has indicated that spray devices are often used as
local anaesthetics that significantly decrease pain perception during
burn dressing changes [24], before injections or arterial lines [6,25],
and as a general topical use [26]. Local anaesthetics can be used to avoid
throat pain prior to and post-gastroscopy and endoscopy, as well as pain
caused by viral and bacterial infections [27-29]. However, the majority
of local anaesthetics have a very short life [30]; that is why the
entrapment of local anaesthetic in vesicular formulation as a drug car-
rier is important to give a sustained release of the drug for a longer time
and to discontinue its frequent administration. Furthermore, this is the
first study to employ a combination of novel vesicular formulations
(liposomes, ethanol-based proliposomes, and proniosomes) with spray
devices, in which both the formulations and the devices were thoroughly
characterized and analysed.

One particular aspect of throat spray devices is that there is very
limited literature around spray pattern (i.e., ovality ratio, shape pattern)
and plume geometry (i.e., plume angle, plume width, plume height, and
different phases of plume generation). Similarly, none of the formula-
tions was investigated using these spray devices for deposition, shot
weight, and dose accuracy. Here, in the current study, three vesicular
formulations (liposomes, liposomes generated from ethanol-based pro-
liposomes, and niosomes hydrated from proniosomes) were character-
ized using four commercially available throat spray devices. These
formulations and spray devices were extensively investigated for size,
zeta potential, morphology, entrapment efficiency, dose accuracy, shot
weight, in-vitro release, drug deposition, spray pattern, plume geometry,
aerosol mass, drug output, and output rate. The main benefit of this
investigation could be a potential future clinical use of lidocaine in
vesicle-based formulations using an appropriate throat spray device,
with better outcomes resulting in pain management and quick pain re-
covery with sustained release of the drug from nanoformulations.
Additionally, increased pain comfort can significantly reduce lengthy
stays in hospitals, and easy use of appropriate devices would be able to
provide a higher degree of patient satisfaction and healthcare.
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2. Materials and methods
2.1. Materials

Soya phosphatidylcholine (SPC, lipoid S-100) was supplied by Lipoid
GmbH, Ludwigshafen, Germany. Lidocaine was purchased from Acros
Organic, New Jersey, USA. Bromophenol blue dye, cholesterol, sorbitan
monostearate (Span 80), and sucrose were purchased from Sigma
Aldrich, Gillingham, UK. Di-potassium hydrogen orthophosphate
anhydrous (potassium phosphate) was obtained from BDH Chemicals,
UK. Dialysis membrane, phosphotungstic acid, absolute ethanol, meth-
anol, and acetonitrile (HPLC grade) were purchased from Fischer Sci-
entific Ltd., Loughborough, UK. Four throat spray devices were bought
from Boots, UK.

2.2. Preparation of liposome formulations via thin-film method

SPC, lidocaine, and cholesterol (with or without) were used in a
2:1:1 M ratio (310.40:77.33:9.28 w/w ratio) and referred to as a lipid
phase. All ingredients of the lipid phase were accurately weighed in a
round-bottom flask (RBF) and dissolved in absolute ethanol (10 ml). The
organic solvent (i.e., ethanol) was completely removed with the help of a
rotary evaporator (Biichi Rotavapor R-215, Biichi, Switzerland) under a
negative pressure of a vacuum pump for 1 h. The rotation speed of the
rotary evaporator was adjusted to 185 rpm, and the temperature con-
dition of the water bath was set to 45 °C. After complete evaporation of
ethanol, a thin-film layer formed in the RBF was hydrated with deion-
ized water (10 ml), followed by manual shaking. The lipid suspension
was left for 1 h annealing at room temperature to generate liposomes.
This ensured that the final vesicles were free of ethanol before further
analysis.

2.3. Preparation of ethanol-based proliposome formulations

A lipid phase containing SPC, lidocaine, and with or without
cholesterol was used as a 2:1:1 M ratio (310.40:77.33:9.28 w/w ratio).
All ingredients were weighed in a glass vial (50 ml), only a very small
volume of absolute ethanol (76 pl) was pipetted into the glass vial to
dissolve the ingredients, and the glass vial was placed in a water bath for
5 min previously adjusted to 70 °C. This was followed by the addition of
deionized water (1 ml) into the lipid phase, and vortex (Labnet Inter-
national, Edison, NJ, USA) mixing was conducted for 2 min for primary
hydration. For secondary hydration, deionized water (9 ml) was added
to the same vial, and vortex mixing was done for 2 min. The lipid sus-
pension was left for 1 h annealing at room temperature to generate
liposomes.

2.4. Preparation of proniosome formulations

A lipid phase comprising Span 80, lidocaine, and with or without
cholesterol was used as a 2:1:1 M ratio (177.44:77.33:9.28 w/w ratio).
Sucrose carrier (2640.50 mg) was incorporated in a 10:1 w/w (carbo-
hydrate carrier to the lipid phase ratio) and placed in a 100 ml RBF. The
lipid phase was dissolved in absolute ethanol (10 ml) and transferred
into the RBF containing sucrose carriers. The RBF was then attached to a
rotary evaporator under a vacuum pump (reduced pressure). The tem-
perature of the water bath was set to 45 °C with a rotation speed of 185
rpm. After 1 h, a thin-film layer was formed over sucrose particles in an
RBF when ethanol was completely evaporated via rotary evaporator.
Finally, deionized water (10 ml) was used to generate niosomes from
sucrose-based proniosomes after 1 h annealing time at room
temperature.

2.5. Particle size reduction

Probe sonication (Qsonica Probe Sonicator, Q125, Newtown, CT,
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USA) was employed to reduce vesicle size. Initially, the tip of the probe
sonication was washed and cleaned with deionized water, followed by
drying. Formulation suspension (10 ml) in a 50 ml glass vial was placed
under a probe sonicator using 40 % intensity (i.e., 50 W) for 10 min. To
avoid overheating of the formulation suspension, an interval of 2 min of
sonication followed by 1 min of rest cycle was conducted for all for-
mulations. It is important to know that any ethanol that remained in the
formulations was eliminated during the particle size reduction step, as
probe sonication was applied for 10 min, leading to its evaporation.

2.6. Particle size and zeta potential analysis

Formulation suspension containing vesicles was measured via dy-
namic light scattering (DLS) using Zetasizer Nano Series (Malvern
Zetasizer Nano Series, Malvern, Worcestershire, UK). DLS measured the
particle’s Brownian motion, which was then related to their size. This
was performed by adding a formulation suspension (1 ml) with the help
of a Gilson pipette into a disposable cuvette cell (Fisher Scientific Ltd,
UK) for size analysis. Size and size distribution were referred to as
Zaverage and polydispersity index (PDI), respectively.

Zeta potential of formulations was analysed by Laser Doppler
Velocimetry (LDV) using Zetasizer Nano Series. LDV measures the
electrophoretic mobility of particles (to determine the velocity of par-
ticles in an electric field). The formulation suspension was transferred
into a polystyrene zeta cell with the help of a Gilson pipette to measure
the zeta potential of the individual formulation. Moreover, these char-
acterization studies (i.e., particle size, PDI, and zeta potential) were only
performed before aerosolization performance.

2.7. Morphology study via transmission electron microscopy (TEM)

Surface morphology analysis using TEM was carried out for lipo-
somes, ethanol-based proliposomes, and proniosomes only when the
formulations were freshly prepared. A drop of formulation suspension
and a drop of negative stain (1 % of phosphotungstic acid) were mixed
together and placed over a 400-mesh carbon-coated copper grid (TAAB
Laboratories Equipment Ltd., UK). Post-drying, samples were viewed
and photographed using various magnifications via transmission elec-
tron microscope (TEM) (Morgagni 268D, EFI, MegaView, Brno, Czech
Republic).

2.8. Determination of entrapment efficiency of lidocaine

To separate the entrapped drug in vesicles from the unentrapped
drug (i.e., free drug), formulation suspension (0.5 ml) was placed into a
Millipore filter (3.5 kDa, Amicon® Ultra, Merck Millipore Ltd, County
Cork, Ireland), and bench centrifugation (pectrafuge 24D, Labnet In-
ternational, Edison, NJ, USA) was conducted at 15,100 rcf for 30 min.
After centrifugation, a clear filtrate (unentrapped drug, allowing only
free lidocaine to pass through the filter) was collected and analysed via
HPLC (Agilent 1200 Series Instrument, Waldborn, Germany). To deter-
mine the total drug, the formulation (1 ml) was dissolved and diluted
with methanol until the solution was clear, followed by HPLC analysis
(Eq. (1)).

Entrapment efficiency (%) = Total drug ,;Oltjal;iﬁ:;pped drug x 100
(Eq- 1)

An HPLC study was performed using a C18 column (250 mm x 4.6
mm, 5 pm) (Phenomenex, Torrance, CA, USA) with a detection wave-
length set at 254 nm. Acetonitrile and water (80:20 % v/v) were used as
a mobile phase with a flow rate of 1 ml/min, and the temperature was
set at 30 °C, with an injection volume of 10 pl. A calibration curve of
lidocaine (0.1-2 mg/ml) was constructed for the identification of un-
known lidocaine concentration.
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2.9. Determination of dose accuracy and shot weight of formulations

In this study, four commercially available throat spray devices were
used (each one has a different design and volume capacity and was
purchased over the counter) and referred to as spray devices A, B, C, and
D. All four spray devices were emptied of the original formulations and
thoroughly washed with a mixture of water and ethanol and left to dry
overnight at 30 °C before using them for further studies.

Prior to the use of spray devices, a number of priming actuations are
required to remove/purge the air off the device in order to achieve full
actuation for a consistent dose release [31]. Suspensions (5 ml) of li-
posomes, liposomes generated from ethanol-based proliposomes, and
niosomes hydrated from proniosomes were transferred into the spray
devices. The number of actuations required to prime the spray devices,
and the number of full actuations delivered by these devices were
determined. When the volume in the devices became low, degrada-
tion/inconsistency in the accuracy of the devices was observed as a
non-uniform dose was emitted, known as tailing-off; spraying was
continued until complete cessation was achieved (where no further
formulation was able to aerosolize upon actuation; also known as dry-
ness). The total number of actuations, including priming, full actuation,
and tailing-off, was determined for all devices with different formula-
tions. Moreover, the shot weight or spray weight from a single actuation
was also determined for the number of actuations from each device
using all three formulations (liposome, ethanol-based proliposomes, and
proniosomes). This was attained by recording the weight of each spray
device before and after each actuation for each formulation [32].

2.10. Characterization of spray pattern and plume geometry

Spray pattern and plume geometry were assessed in order to char-
acterize the generation of spray cloud from the spray devices [33]. For
the spray pattern, the impaction technique was used, where the spray
from the device was fired horizontally on a thin-layer chromatographic
(TLC) sheet. Spray pattern was characterized at specific distances (i.e., 3,
12.5, and 30 cm) from the tip of the device to determine the shape of
aerosol delivered from the device upon actuation. It is noteworthy that
both 3 cm and 12.5 cm are the most relevant distances to evaluate de-
vices’ spray patterns, and 30 cm has no physiological relevancy. A dis-
tance of 30 cm was only selected to see the appearance and design of the
spray pattern at a longer distance. A bromophenol blue dye was incor-
porated in formulations in order to visualize the splatter pattern easily
on the TLC sheet. The resultant images of the spray pattern on the TLC
were then analysed for maximum and minimum diameter (i.e., Dmax
and Dmin) and the ovality ratio (Dmax to Dmin).

Plume geometry describes the shape of the discharged or generated
plume cloud parallel to the axis after actuation from the device. A high-
speed digital camera (Cannon LTD., Tokyo, Japan) was used by firing or
actuating the spray horizontally against a dark background to record the
spray cloud generation. The emitted plumes or spray clouds from spray
devices were captured as a movie clip (25 frames per second). The
recorded videos or clips were transferred and processed on a computer.

Additionally, various phases of spray cloud development, including
the formation phase (early stage, where pressure and flow rate through
the device were low), the evolution phase (fully developed stage, once
the correct atomization was reached), and the dissipation phase (last
stage, when the plume spray started to separate from the device tip, i.e.,
the tailing-off stage), were recorded for their time duration. According
to the recommendation of the Centre for Drug Evaluation and Research
(CDER), image analysis can be done at a time delay corresponding to the
fully developed phase of the plume while the plume was still touching
the tip of the nozzle [31,34].

The fully developed plumes from videos were printed and charac-
terized for plume angle and plume width, whereas the equivalent ruler
marks on the background were used to calculate the plume height. The
plume angle (measured from the vertex of the spray cone, which is
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Table 1
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Particle size of vesicles, polydispersity index (PDI), zeta potential, and drug entrapment of liposomes, liposomes generated from ethanol-based proliposomes, and

niosomes generated from proniosomes with and without cholesterol formulations.

Formulations Particle size (nm) PDI Zeta potential (mV) Drug entrapment (%)
Liposome (cholesterol) 201.83 + 3.16 0.36 + 0.05 —-1.18 + 0.62 33.72 + 5.46
Liposome (without cholesterol) 176.2.68 + 4.55 * 0.30 + 0.05 0.98 &+ 0.75 67.72 £ 5.73 *
Ethanol-based proliposome (cholesterol) 198.64 + 4.98 0.26 + 0.06 —1.48 + 0.66 51.30 + 7.76
Ethanol-based proliposome (without cholesterol) 171.4 £ 3.56 * 0.29 + 0.04 0.85 £ 0.71 71.77 £ 2.14 *
Proniosome (cholesterol) 415.93 + 4.58 0.28 + 0.06 —1.42 4+ 0.53 39.25 + 8.15
Proniosome (without cholesterol) 387.40 +£5.71 * 0.27 + 0.05 —1.21 £+ 0.49 69.84 + 3.05 *

Data are mean + SD, n = 3; p > 0.05 for PDI and zeta potential; “p < 0.05 for particle size without cholesterol compared to with cholesterol; *p < 0.05 for entrapment

efficiency without cholesterol compared to with cholesterol.

located at or close to the tip (i.e., using a height of 3 cm)), plume width
(maximum width of the plume at a specific distance, i.e., 3 cm from the
apex of the spray cone), and plume height (from the apex of the spray
cone to the maximum distance covered) were determined after actuation
of the different spray devices using a protractor and ruler.

2.11. In-vitro study performance using two-stage impinger

The performance of formulation deposition via spray devices was
determined in-vitro using two-stage impinge (TSI) (Copley Scientific Ltd,
UK). This apparatus comprises two stages, the upper stage (stage 1)
representing the upper airways (i.e., covering areas from mouth to tra-
chea) and the lower stage (stage 2) representing the lower airways.
Deionized water was placed in stage 1 (7 ml) and stage 2 (30 ml) as a
collection medium. According to the British Pharmacopoeia (BP), when
using a two-stage impinger for inhaled products, the flow rate is 60 L/
min in order to simulate physiological conditions [35]. Aerosols/-
droplets that are collected in the throat of the upper stage are referred to
as nonrepairable. The cut-off diameter between the upper and lower
stages of the TSI is 6.4 pm [36], which means droplets bigger than this
range will deposit in the upper stage and smaller in the lower stage.
Formulation (3 ml) was placed in spray devices, and spray/aerosol
generated from these devices was directed towards the mouthpiece of
TSI This experiment was repeated for all four spray devices and all three
formulations in triplicate.

2.12. Performance of throat spray devices

In order to investigate the performance of spray devices, several
endpoints of the total actuations (i.e., priming, full actuation, and
tailing-off) were determined. Post total actuation, the amount of drug
was also analysed by collecting samples from each compartment of TSI
(i.e., upper stage and lower stage), and the dead volume in the spray
devices (a fraction of formulations that was unable to aerosolize and
remained in the devices) using HPLC. Moreover, the performance of
spray devices was also evaluated in terms of mass output, aerosol output
rate, and drug output. Mass output was determined by weighing the
spray device before actuation and again after complete or total actua-
tions (i.e., when droplet formation ceased and no further formulation
was released). The difference in weight before and after actuation rep-
resented the mass output, which was calculated using Eq. (2).

Weight of aerosolized or actuated formulation

or total actuations), as shown in Eq. (3).

Aerosol output rate (72;)
actuation

_ Weight of aerosololized or actuated formulation
- Number of actuations

(Eq. 3)

After complete actuations, the amount of drug deposited in the upper
and lower stages of TSI, as well as the formulation that remained in the
spray device as a residual or dead volume, was analysed via HPLC
(Section 2.8). The recovered dose (RD) of the drug is the total amount of
drug identified in the upper stage, lower stage, and reservoir of the spray
device. Whereas the amount of drug deposited in the two stages of TSI
represents the drug output, which is calculated as the percentage of RD
and represented as Eq. (4).

Drug delivered to TSI

Recovered dose 100 (Eq. 4)

Drug output (%) =

All experiments were performed in triplicate under room tempera-
ture conditions. All actuations were done manually by the author using
all four spray devices.

2.13. In-vitro sustained release of lidocaine from formulations

A sustained release study of lidocaine was carried out using the
dialysis bag method at 37 °C. Formulations (7 ml, containing 54 mg of
lidocaine) were introduced into the dialysis membrane (a cut-off
MWCO; 3.5 kDa), and both ends of the membrane bag were tied with
the help of thread. Similarly, free lidocaine drug was also used as a
control (54 mg) sample. Dialysis membrane-containing formulations
were placed in a 250 ml glass beaker already filled with 143 ml of
deionized water, and the membranes were stirred in the medium with
the help of a magnetic stirrer adjusted to 250 rpm. Aliquots (0.5 ml)
were withdrawn from the medium with the help of a Gilson pipette at
predefined time intervals (i.e., 1, 2, 3, 4, 5, 6, 22, 23, and 24 h) and
replaced with deionized water (0.5 ml). The withdrawn aliquots were
analysed using HPLC.

2.14. Statistical analysis

Statistical analysis was performed on the data obtained using one-
way analysis of variance (ANOVA) and the student t-test, as appro-
priate, via SPSS. Values were expressed as mean =+ standard deviations,

Mass output (%) =

Aerosol output rate was gravimetrically analysed by determining the
volume/amount of formulation generated per actuation (after complete

Weight of formulation present in spray device before aerosolization or actuation

100 (Eq. 2)

and a p-value less than 0.05 indicated that the difference between the
groups was statistically significant. All experiments were performed in
triplicate.
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Fig. 1. Transmission electron microscopy (TEM) images of all three formulations prepared are (a) liposomes, (b) liposomes generated from ethanol-based proli-
posomes, and (c) niosomes hydrated from proniosomes. These images are typical of three different batches.
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Fig. 2. Liposomes, ethanol-based proliposomes, and proniosome formulations via four throat spray devices, i.e., A, B, C, and D, were used for the determination of (a)
number of actuations required for priming, full actuation, and tailing-off phases, and (b) shot weight per actuation. Data are mean + SD, n = 3. (a) *p < 0.05 for
device A full actuations compared to devices B, C, and D; **p < 0.05 for device B total actuations compared to devices A, C, and D. (b) *p < 0.05 for device A shot
weight compared to device B, C, and D. **p < 0.05 for device B shot weight compared to device A, C and D.

3. Results and discussion

3.1. Particle size, zeta potential, and entrapment efficiency of lidocaine-
loaded formulations

Upon analysis, a significantly (p < 0.05) smaller particle size was

found for liposomes, liposomes generated from ethanol-based prolipo-
somes, and niosomes hydrated from proniosomes prepared without
cholesterol when compared to formulations with cholesterol (Table 1). It
is important to know that cholesterol presence in the formulations may
enhance vesicle rigidity and make them less prone to drug leakage.
Cholesterol is a lipophilic molecule and therefore has a high affinity for
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Table 2
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Plume geometry (including plume angle, plume width, and total plume length) generated from all four throat spray devices (i.e., A, B, C, and D) at a distance of 3 cm
using liposome, ethanol-based proliposome, and proniosome formulations. Data are mean + SD, n = 3.

Spray Liposomes Ethanol-based proliposome Proniosome
devi
evices Plume angle Width (at 3 Total plume Plume angle Width (at 3 Total plume Plume angle Width (at 3 Total plume
(at 3 cm) cm) length (cm) (at 3 cm) cm) length (cm) (at 3 cm) cm) length (cm)
A 58.63 + 1.52 14.22 +1.30 54.98 + 4.24 57.84 + 2.68 13.76 + 1.54 53.65 + 4.47 62.06 + 2.51 14.77 + 1.64 52.33 + 4.39
B 35.36 +£ 1.23 8.16 + 1.50 34.13 + 3.20 35.36 + 1.06 8.07 £1.62 32.27 £ 2.21 36.89 + 1.35 8.89 £ 1.67 33.52 + 2.08
C 54.45 +1.32 11.50 + 1.02 45.44 + 3.35 52.52 +1.86 11.49 +1.58 44.06 + 3.80 55.51 +1.93 12.13 + 1.74 42.37 + 2.55
D 44.37 £ 1.61 9.47 + 1.46 33.97 + 2.06 42.55 + 1.19 9.42 £ 1.51 33.76 +£ 2.11 46.14 + 1.78 10.06 + 1.68 33.28 +£2.21
30cm
12.5em
3cm

A B

C D

Fig. 3. Images of spray patterns generated by all four throat spray devices (i.e., A, B, C, and D) using liposome formulations. Images of spray patterns deposited on a
TLC sheet using distances of 3, 12.5, and 30 cm. These images are typical of three such different experiments.

the hydrocarbon chains of the phospholipid or surfactant. Moreover,
cholesterol is a large molecule (with a molecular weight of 521.24 g/
mol), and its accommodation in the bilayer of vesicles may occupy a
large space, resulting in large vesicle formation. Similar results of
significantly large vesicle size due to the incorporation of cholesterol
were reported by Shaker et al. [37] and Khan et al. [38] when compared
to formulations without cholesterol [39]. Furthermore, previous
research also exhibited that as the concentration of cholesterol in-
creases, the size of vesicles also increases [40-42]. Both PDI (referred to
as size distribution) and zeta potential values exhibited no significant
difference among formulations (when prepared with or without
cholesterol) (Table 1).

The main reason for inclusion or exclusion of cholesterol was to

Table 3

investigate its impact on particle size and entrapment efficiency. For the
selection of the best formulation, particle size and entrapment efficiency
are very critical parameters. The smaller particle size fits better in the
small droplet, with minimal fragmentation upon actuation from the
spray devices, which may help with higher deposition of vesicles in the
throat. Moreover, the optimum formulation should have the ability to
encapsulate a higher amount of drug. Thus, the best formulation should
be smaller in size with higher encapsulation efficiency. It is noteworthy
that cholesterol also increases the hydrophobicity of particle surfaces,
which may result in aggregation of particles and hence increase their
size. Upon using low-angle x-ray diffraction spacing, the thickness of the
phospholipid layer membrane showed an increase of 3 A when choles-
terol was incorporated [43]. This increase in thickness of membrane by

Spray pattern generated (at a distance of 3 cm) from all four throat spray devices (i.e., A, B, C, and D) using liposome, ethanol-based proliposome, and proniosome

formulations. Data are mean + SD, n = 3.

Spray devices Liposomes Ethanol-based proliposome Proniosome

Dpin (cm) Dpax (cm) Ovality Dpin (cm) Dpax (cm) Ovality Dpyin (cm) Dpax (cm) Ovality
A 4.20 £0.12 4.43 £+ 0.08 1.05 + 0.04 4.13 £ 0.09 4.33 £ 0.10 1.05 + 0.06 4.32 £ 0.20 4.53 £+ 0.04 1.05 + 0.02
B 4.22 +0.22 5.03 £ 0.12 1.19 + 0.05 4.13 +0.13 4.87 £0.11 1.18 + 0.05 4.51 + 0.09 5.34 £ 0.11 1.18 + 0.04
C 4.77 + 0.06 5.10 £ 0.10 1.07 + 0.03 4.61 + 0.08 4.98 + 0.07 1.08 + 0.04 4.89 +0.16 5.25 + 0.07 1.07 &+ 0.04
D 4.33 £0.11 5.01 £0.18 1.16 + 0.07 4.33 £0.15 4.98 + 0.05 1.15 + 0.03 4.51 £ 0.12 5.22 £ 0.10 1.16 + 0.03
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Fig. 4. Ovality ratio from spray pattern generated by all four throat spray devices, i.e., A, B, C, and D (representing four corners of each individual image), using
various distances from top to bottom, i.e., for (a) 3 cm, (b) 12.5 c¢m, and (c) 30 cm, for three formulations from left to right (liposome, ethanol-based proliposome, and

proniosome). These images are typical of three such different experiments.

cholesterol may reduce the area per molecule of phospholipid in the
plane of the membrane and therefore increase particle size.

Lidocaine entrapment efficiency was significantly higher (p < 0.05)
without cholesterol incorporation in liposome (67.72 %), ethanol-based
proliposome (71.77 %), and proniosome (69.84 %) than in formulations
with cholesterol presence (Table 1). It was demonstrated by the previous
studies that both drugs and cholesterol compete for their accommoda-
tion in the bilayers [44-46], when the drugs are lipophilic or amphi-
philic, as they entrap within the phospholipid bilayers (between
hydrocarbon chains of bilayers). Hydrophilic drugs are generally
encapsulated within the central aqueous core, or between bilayers (be-
tween head groups of bilayers), or on the surface of the vesicles; hence,
they do not compete with cholesterol in the bilayers. The presence of
cholesterol makes vesicles more rigid and decreases their fluidity [47],
while simultaneously occupying more space (due to the large size of the
molecule) in the bilayers. Which may be attributed to the larger particle
size, which provides limited spaces for lidocaine accommodation due to
the steric hindrance and packing of steroid (i.e., cholesterol) between
phospholipids. Such packing makes the bilayers tighter and reduces the
internal aqueous volume (i.e., less water holds less hydrophilic drug),
resulting in less capacity to hold hydrophilic drugs and therefore lower
entrapment efficiency. Moreover, cholesterol makes the bilayers less

leaky, which may prevent the hydrophilic drug from diffusing into the
inner aqueous core during formation. These results were also substan-
tiated by the study conducted by Deniz et al. [48], which exhibited
significantly higher drug entrapment when cholesterol was excluded as
compared to formulations with cholesterol incorporation. Briuglia et al.
[49] also showed that cholesterol presence or high concentration
significantly decreases drug entrapment when compared to formulations
without cholesterol. Thus, based on the conducted physicochemical
properties, formulations without cholesterol demonstrated significantly
(p < 0.05) smaller particle size and higher drug entrapment, making
them ideal candidates for further analysis.

3.2. Surface morphology via TEM

TEM was employed to visualize and investigate all three formula-
tions (without cholesterol incorporation), i.e., liposomes, liposomes
generated from ethanol-based proliposomes, and niosomes generated
from proniosomes, using various magnifications. Upon examination, the
morphology of these formulations showed that multilamellar vesicles
(MLVs) were successfully achieved (Fig. 1).
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Fig. 5. The generation of plumes from throat spray devices A, B, C, and D showed different phases (i.e., formation, evolution, and dissipation phases) of the spray
cloud monitored by videography (using time duration via 25 frames per second) using liposome formulations. These images are typical of three such different

experiments.

3.3. Dose accuracy and shot weight measurement

The effect and delivery of formulations from the spray devices are
mainly based on the numbers of actuations required to prime, full
actuation, and tailing-off phases (the numbers of actuations for all three
phases are known as total actuations).

Upon using spray devices (A, B, C, and D), no significant difference
(p > 0.05) was observed for priming between all three formulations (i.e.,
liposomes, liposomes generated from ethanol-based proliposomes, and
niosomes hydrated from proniosomes) (Fig. 2a). All four throat spray
devices required 3-6 actuations to prime the devices. The number of full
actuations was significantly different between the spray devices. Spray
device A delivered a significantly higher (p < 0.05) number of full ac-
tuations of 16, 19, and 16 for liposomes, vesicles generated from
ethanol-based proliposomes, and proniosomes, respectively, when
compared to throat spray devices B, C, and D (Fig. 2a). This difference
between aerosolization of formulations may be attributed to the design
and metering valve of spray devices, regardless of formulation type. For
confirmation, a shot weight of each actuation was measured, where a
lower number of total actuations by throat spray device A (27, an
average of all three formulations) exhibited a larger shot weight (188
mg, an average of all three formulations). Whereas a higher number of
total actuations by throat device B (44, an average of all three formu-
lations) demonstrated smaller shot weight (116 mg) (Fig. 2a and b).
Moreover, significantly lower (p < 0.05) tailing-off actuations were also
recorded for device A and higher (p < 0.05) for device B. The higher
tailing-off phase (i.e., high number of actuations) may be associated
with the performance of spray devices; despite a large volume presence,
spray devices were unable to deliver full actuations. This also demon-
strates that devices with higher full actuation and lower priming and
tailing-off phases are superior in terms of consistent dose delivery. Based

on the performance of spray devices, a trend of a higher number of full
actuations and larger shot weight was found for Device A, followed by
Device C, Device D, and Device B (Fig. 2a and b). Furthermore, based on
the average of all three formulations (liposomes, ethanol-based proli-
posomes, and proniosomes), spray devices A, B, C, and D delivered 188,
116, 169, and 149 mg of shot weight per actuation.

3.4. Plume geometry and spray pattern analysis

The aerosol cloud generation from the throat spray devices offers two
important factors (i.e., plume geometry and spray pattern) to evaluate
their performance. Moreover, these factors also help to predict the
possibility of drug deposition in the throat. Images of plume geometry
and spray pattern were investigated using various distances from the
apex of spray devices (i.e., 3, 12.5, and 30 cm). A distance of 3 and 12.5
cm generally represents formulation deposition in the posterior oral
cavity, which refers to the spray reaching the back of the oral cavity and
is considered effective throat-targeted deposition.

Upon analysis of plume geometry at 3 cm, the following trend for
larger plume angles was found for throat spray devices: Device A >
Device C > Device D > Device B, irrespective of formulation type
(Table 2). It was also identified that plume width (from the same dis-
tance) is dependent upon the plume angle, demonstrating a greater
plume width for spray device A, followed by C, D, and B, respectively
(Table 2). Furthermore, the total plume length is directly proportional to
the plume width and plume angle, and therefore a similar trend of total
plume length (i.e., longer) was demonstrated (Table 2). The generation
of different plume angles from spray devices may have great implica-
tions on the site of deposition in the oral cavity. A narrow plume angle
(<60°) is generally considered to be desirable in order to deposit
formulation into the posterior oral cavity and throat, whereas a wider
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Fig. 6. Liposome, ethanol-based proliposome, and proniosome formulations were aerosolized/actuated via four throat spray devices (i.e., A, B, C, and D) for the
determination of (a) mass output, and (b) drug output. Data are mean + SD, n = 3. (a) *p < 0.05 for spray device A mass output compared to other spray devices; **p
< 0.05 for spray device B mass output compared to other spray devices. (b) *p < 0.05 for spray device A drug output compared to other spray devices; **p < 0.05 for

spray device B drug output compared to other spray devices.

plume angle of more than 65° tends to deposit formulation within the
anterior oral cavity. Therefore, using a plume angle, the average of all
three formulations (i.e., liposomes, ethanol-based proliposomes, and
proniosomes) demonstrated a plume angle of less than 60° and hence
suggested that all spray devices will have higher chances of drug
deposition in the posterior parts of the oral cavity (Table 2).

For spray pattern images on the TLC sheets, only a liposome
formulation was used, as no significant difference was found between
formulation types on spray pattern generation. Upon examination of the
spray pattern, spray devices A and C were found to exhibit round and
oval shapes with a dense spray pattern when compared to the crescent/
hemispherical shape by device B and irregular shape by device D
(Fig. 3). These images of the spray pattern at a distance of 3 cm were also
confirmed by the ovality ratio. In the ovality ratio, value 1 represents a
complete round shape of the spray pattern produced by a device. Hence,
spray device A exhibited a much closer value of ovality ratio to 1, fol-
lowed by devices C, D, and B (1.05, 1.07, 1.15, and 1.19), respectively
(Table 3). The same trend of the ovality ratio closer to 1 can be seen in
Fig. 4 for spray devices (i.e., A, C, D, and B), which further suggests that
device A would have better coverage and drug deposition in the oral
cavity as compared to other spray devices.

Furthermore, upon comparing the spray pattern at a distance of 12.5

cm (Figs. 3 and 4), again spray device A demonstrated a high degree of
round spray pattern, followed by D, C, and B. The pattern of spray was
observed to be round, crescent, star, and irregular to oval in shape for
spray devices A, B, C, and D. However, upon examination of the spray
pattern at a distance of 30 cm, where a pattern is blurry due to the longer
distance covered by the formulation, device A still kept its round shape,
followed by devices C, D, and B, respectively (Figs. 3 and 4). Thus, it was
found that throat spray device A is superior to other spray devices
(regardless of formulation type) as it can cover a greater area of the
throat with a larger angle, greater plume width, and longer plume length
for better therapeutic effect.

Moreover, each actuation generated from throat spray devices was
observed and analysed for these three phases, i.e., formation, evolution,
and dissipation (CDER, 2002), using a liposome formulation (Fig. 5).
Throat spray devices A and C exhibited longer formation, evolution, and
dissipation phases when compared to spray devices B and D. However, a
comparatively longer (p < 0.05) evolution phase was determined by
device A (150 ms) when compared to counterpart spray devices (Fig. 5).
It is suggested that the longer evolution phases (by devices A and C) and
shorter evolution phases (by devices B and D) may be related to the total
plume length (to complete the evolution phase) (Table 2). Thus, it was
proposed that spray devices A and C may be more efficient in terms of
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Fig. 7. Liposome, ethanol-based proliposome, and proniosome formulations were aerosolized using four throat spray devices (i.e., A, B, C, and D) for the deter-
mination of (a) drug deposition in the throat part (representing the upper stage of TSI) and (b) aerosol output rate. Data are mean + SD, n = 3. (a) *p < 0.05 for spray
device A drug deposition in throat compared to other spray devices; **p < 0.05 for spray device B drug deposition in throat compared to other spray devices. (b) *p
< 0.05 for spray device A aerosol output rate compared to spray devices B, C, and D; **p < 0.05 for spray device B aerosol output rate compared to spray devices A, C,

and D.

covering a large area of the oral cavity due to a longer evolution phase
with a higher cone angle and length covered by the spray plume.

3.5. Mass output, drug output and aerosol output rate analysis

Aerosolization to “dryness” via total actuation did not result in
complete atomization of the formulation from the throat spray devices,
and hence 100 % mass output was not achieved (Fig. 6a). Some of the
formulation remained as the “dead or residual” volume at the end of
aerosolization/total actuations. Mass output was significantly higher (p
< 0.05) than the drug output for all formulations using all four spray
devices (Fig. 6a and 7b). It may be attributed to the design of the
spraying device, the presence of free/unentrapped drug, or the vesicles
with larger sizes containing entrapped drugs that did not aerosolize
upon actuation. Moreover, using spray device A, aerosol mass output
was significantly higher (p < 0.05), followed by throat spray devices C,
D, and lastly B. Higher mass output of spray device A may be associated
with the higher numbers of full actuations (Fig. 2a) and their close
ovality ratio to one (exhibiting full and complete spray pattern per
actuation) (Table 3 and Fig. 3). A similar trend was also observed for the
drug output (Fig. 6b), where a higher amount of drug was aerosolized via

actuation using spray device A than the counterpart devices.

The deposition of drug, regardless of formulation type, exhibited the
same trend as mass output and drug output using spray device A when
compared to the counterpart spray devices. Upon using the TSI model
for all formulations, an average of 63 % of the drug was deposited (p <
0.05) from the total drug output in the throat part (i.e., the upper stage
of the TSI) compared to the lowest deposition of lidocaine by spray
device B (i.e., 45 %) (Fig. 7a). Higher or lower deposition of drug by
spray devices A and B in the throat may be directly related to the mass
and drug output efficiency as well as the speed of spray upon actuation.
A typical targeted dose for throat spray is approximately between 10 and
20 mg per actuation. On average of all three formulations (i.e., lipo-
somes, ethanol-based proliposomes, and proniosomes), spray device A
demonstrated a deposition of 8.88 mg of lidocaine per actuation in the
throat (when using TSI), whereas spray devices B, C, and D showed a
deposition of 4.82, 7.45, and 6.03 mg per actuation, respectively. Which
means that spray devices A and C showed better drug deposition when
compared to spray devices B and D. In addition, the plume geometry,
and ovality ratio (Section 3.4) further confirmed that spray device A
(produced a uniform, round-shaped plume) is superior for drug depo-
sition in the upper stage of TSI as compared to the remaining
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Fig. 8. In-vitro study profile of lidocaine entrapped in liposome, ethanol-based
proliposome, and proniosome formulations prepared with (a) cholesterol, and
(b) without cholesterol were investigated for 24 h. Data are mean + STD, n = 3.

counterpart spray devices.

Overall, throat spray device A generated aerosols with higher mass
output and drug output. Additionally, spray device A completed an
average of 22 total actuations (including priming, full actuation, and
tailing-off) or when it reached “dryness” for all formulations when
compared to an average of total actuations by spray devices B, C, and D
(i.e., 29, 23, and 28), respectively (Fig. 2a). Consequently, a much
higher mass output rate was attained using spray device A compared to
the remaining spray devices (Fig. 7b). Moreover, an average aerosol
output rate for all three formulations was 160 mg/actuation for spray
device A, while only 79 mg/actuation was recorded for spray device B
(Fig. 7b). Hence, the lower actuation numbers, higher mass output, and
drug output, as well as the higher output rate using throat spray device
A, may offer advantages over the other spray devices in terms of dose
consistency and reliability.

3.6. In-vitro sustained release study of formulation

Upon using lidocaine alone as a control, 100 % drug release was
achieved after 2 h (data not shown). However, the three nano-
formulations evaluated in this work (thin-film method, ethanol-based
proliposomes, and proniosomes) were not to prevent drug release but
specifically designed and formulated to achieve sustained release, with
the aim of prolonging the analgesic effect of lidocaine. The rationale
behind using nanoformulations was not only to sustain the release but
also to improve the drug’s local retention and tissue penetration [50].
Although some fraction of the formulation may be washed away due to
the dynamic environment of the throat, lipid bilayers and surfactants
used in these drug delivery systems may adhere to the throat mucosa,
thereby reducing clearance and allowing a more prolonged drug resi-
dence time [51]. Moreover, nano-sized vesicles can penetrate mucosal
barriers more effectively than free drug, allowing deeper and more
sustained delivery to the target tissue [52]. Even partial retention of
these nanocarriers can result in local deposition and controlled drug
release, which may be more effective than rapid clearance of free drug.
Therefore, this concept is based on established principles of mucosal
drug delivery and controlled release technology [53]. The
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proof-of-concept study presented here demonstrates that nanocarrier
systems can indeed modulate lidocaine release kinetics and potentially
extend the duration of analgesia, which is highly desirable for throat
pain management.

Upon comparison between formulations (with or without choles-
terol), a significant difference (p < 0.05) was found for the lidocaine
release between liposome, ethanol-based proliposome, and proniosome
formulations. A maximum release of lidocaine was found in vesicles
generated from ethanol-based proliposomes after 24 h, which was 21 %
and 40 % with and without cholesterol (Fig. 8). This may be related to
the presence of ethanol, which acts as a penetration enhancer. This
means that ethanol fluidizes and disrupts the phospholipid bilayers,
reducing the order of phospholipid hydrocarbon chains, thereby making
them less rigid and increasing the membrane permeability and fluidity.
Moreover, it was also identified that formulations without cholesterol
have higher release when compared to formulations with cholesterol
inclusion. It is suggested that drug release may be associated with the
interaction of cholesterol with the bilayers. It is important to know that
cholesterol incorporation may increase vesicle rigidity, reduce drug
leakage, and enlarge vesicle size by filling extra spaces in the bilayers,
which can decrease or retard the accommodation of lidocaine compared
to formulations prepared without cholesterol (Section 3.1; Table 1).
Upon the addition of a cholesterol molecule, it may fill or occupy the
spaces between phospholipid or surfactant molecules during annealing
time (where cholesterol interacts with the central core of the vesicle).
The presence of cholesterol may improve the stability of vesicular drug
delivery systems. Liposomal doxorubicin (i.e., Doxil®) contains
cholesterol in order to stabilize the circulation duration of vesicles [54].
In oral delivery, liposomes containing cholesterol coated with chitosan
demonstrated higher stability in simulated gastric fluid, which showed
that cholesterol may also prevent the premature leakage/breakdown of
liposomes by gastric fluids and bile salts [55]. Liposomes also showed
stability when cholesterol was used with diclofenac for topical admin-
istration [56]. Without cholesterol presence, the vesicles are more
flexible (having more gaps between phospholipid or surfactant mole-
cules), and hence the drug release is much faster when compared to the
formulations with cholesterol incorporation. Therefore, formulations
without cholesterol released almost twice the drug when compared to
formulations with cholesterol (Fig. 8). Similarly, more than twice the
drug release (i.e., Celecoxib) was demonstrated by Deniz et al. [48]
when liposomes were prepared without cholesterol when compared to
cholesterol inclusion in the formulations. It was also found by Briuglia
et al. [49] that a higher amount of cholesterol incorporation in phos-
pholipid vesicles enables slower release of the drug (i.e., Quinine).
Furthermore, it was also confirmed by Ali et al. [57] and Yasmin et al.
[58] that lipid-based vesicles without cholesterol release a higher per-
centage of drug over the same period of time when compared to for-
mulations with cholesterol incorporation. Thus, it was identified that
cholesterol inclusion in lipid bilayer formulations may decrease the
rotational freedom of the hydrocarbon chains and therefore significantly
decrease the release of the drug from vesicles and hence take a longer
time for the drug to release.

4. Conclusion

In this study, three vesicular formulations (liposomes, liposomes
generated from ethanol-based proliposomes, and niosomes hydrated
from proniosomes), each with and without cholesterol, were prepared
and characterized using four throat spray devices (referred to as devices
A, B, C, and D). This study demonstrated that all three vesicular for-
mulations without cholesterol showed better results in terms of particle
size and entrapment efficiency. These formulations also provided a
sustained release of lidocaine from these vesicular formulations in order
to improve patient compliance compared to conventional formulations.
Spray device A was found to be better in terms of characterization as
compared to other spray devices without being affected by formulation
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type. Therefore, it was concluded that throat spray device A demon-
strated significantly better performance wusing nanoformulation
compared to the counterpart spray devices and may be a more appro-
priate device to be used for the management of throat pain. These
findings highlight the potential of novel vesicular delivery systems in
enhancing better anaesthetic therapy. However, further in-vivo studies
as well as the incorporation of bioadhesive and mucoadhesive agents (to
prevent rapid clearance by swallowing and allow the sustained-release
properties of liposomes) are needed to confirm localized drug de-
livery, clinical effectiveness, and long-term safety.
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