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The optimum delivery of very poorly soluble drug compounds is
challenging, especially if targeting of disease sites is required.
Delivery to the lung is hampered by a range of physiological issues,
and inhalation may be the most appropriate route. When breathing
is compromised by infection or poor lung capacity, nebulisation
may enable therapeutics to be carried deep into the respiratory
tract. Here we report the development of nebulised aqueous for-
mulations of two highly water-insoluble drugs with demonstrated
anti-SARS-CoV-2 activity and evaluate their pulmonary delivery
using in vitro models that include the breathing patterns of chil-
dren and COVID-19 infected adults.

Introduction

Chronic pulmonary and respiratory conditions are included
within the list of major non-communicable disease areas
facing global healthcare systems, with increasing prevalence
due to a range of causes including climate change, airborne
pollution, smoking of tobacco products, and vaping."* The
emergence of new respiratory pathogens, such as the recent
coronaviruses Middle East respiratory syndrome (MERS-CoV),
severe acute respiratory syndrome coronavirus (SARS-CoV) and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
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have also demonstrated the ongoing threat of acute respiratory
infection to human life.?

The direct delivery of therapeutics to the respiratory tract
and deeper lung regions poses several challenges. Solid par-
ticulate powder and aerosol delivery is hampered by the highly
bifurcating architecture of the lungs, the progressive narrowing
of airways and the different angles within the branched struc-
ture. This encourages impact of airborne particulates onto
lung surfaces. Additionally, the high humidity and the pres-
ence of the mucociliary escalator, as the primary route for
clearance, limit drug residence times and, therefore, impact
efficacy.”

Many dry inhaled medicines rely on engineered and
porous, low-density carrier particles to augment the delivery of
encapsulated drug compounds. Nebulised medicines may
utilise aqueous drug solutions or suspensions.® Penetration
into the alveolar regions is of particular interest and nano-
particle (or sub-micron) drug formulations have received sig-
nificant interest.” Despite the relatively low availability of bulk
water to aid the solubility of poorly water-soluble compounds
within the lung, the low particle size and high surface area of
nanoparticles within the dosed drug mass is expected to aid
penetration,  deposition and  dissolution  kinetics.?
Development strategies have utilised nanocarriers generated
from polymers, such as poly(lactic-co-glycolic acid) (PLGA), or
liposomal formulations.’

Solid drug nanoparticles (SDNs) are sub-micron particles
that are formed entirely of drug compound with aggregation
avoided by absorbed polymer and/or surfactant stabilisers."”
There are several techniques for the production of SDNs
from poorly water-soluble drug compounds including
nanomilling,"" high pressure homogenisation,'> emulsion
freeze drying/spray drying,"*™"® and nanoprecipitation
techniques.?®™*

Two drug compounds of considerable pulmonary potential
are niclosamide (NCL) and nitazoxanide (NTZ). NCL is a salicy-
lanilide anthelmintic agent, listed by the World Health
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Organisation (WHO) as an Essential Medicine,” and is the
subject of numerous reports showing efficacy against diseases
including viral infections,**** several forms of cancer,”*° and
Parkinson’s disease.*® Importantly, it also displays bronchodi-
lation properties, providing additional potential in the treat-
ment of respiratory diseases including asthma, cystic fibrosis,
and chronic obstructive pulmonary disease.’’ NTZ is a
nitrothiazole benzamide broad spectrum antiparasitic and
antibacterial agent with reported additional broad spectrum
antiviral activity.’> Both drugs are highly insoluble in water
(NCL = 6 pg mL™" and NTZ = 7.66 ug mL™"),>*¢ and have
shown efficacy against SARS-Cov-2.%"*°

NCL and NTZ are Biopharmaceutics Classification System
class II molecules, resulting in very low oral bioavailability
and, therefore, have limited systemic drug concentrations after
oral administration.*"** Accumulation of either drug at a
primary pulmonary site of infection is unlikely with conven-
tional oral medicines; however, both drugs are good candi-
dates for pulmonary delivery as aqueous SDN dispersions.
Aerosol delivery is classed as a non-invasive administration
route with the considerable benefit of self-administration if
required, reducing clinic and contact time for both patients
and heath care professionals. Delivery may be targeted directly
to the lungs, improving efficacy and clinical outcomes.**"**

SDNs of NCL have been reported through high-pressure
homogenisation and recovery via spray drying, with studies as
an inhalable medicine candidate after redispersion in saline
solution.*” A high level of mannitol (up to 10x the mass of
NCL) was required in these studies to stabilise the particles
during drying, considerably exceeding amounts in currently
approved products. NCL/human lysozyme nanoparticles suit-
able for delivery via a dry powder inhaler or using a nebuliser/
nasal spray after dispersion in a suitable medium, have also
been reported.*® Within these formulations the maximum
possible NCL loading was <1% w/w within the dry mass, sig-
nificantly reducing the deliverable dose of NCL with respect to
total mass inhaled. Inhalable NTZ formulations have also
been reported using PLGA nanocarrier encapsulation.*”

We recently demonstrated the scalable nanoprecipitation of
NCL and maintenance of in vivo long-acting systemic drug
exposure after intramuscular administration of an aqueous
NCL SDN dispersion.*® Here we evaluate nanoprecipitation as
a route to generate SDN formulations of NCL and NTZ for
inhaled delivery using vibrating mesh nebulisers (VMNs), with
studies to model lung delivery for healthy and compromised
breathing patterns.

Results and discussion

Synthesis and characterisation of solid drug nanoparticles of
niclosamide and nitazoxanide

The synthesis and characterisation of NCL SDNs has been pre-
viously reported via flash nanoprecipitation methodology and
was utilised without modification in this study.*® In summary,
an NCL solution in 80/20 (v/v) acetone/ethanol at 60 °C

518 | RSC Pharm., 2025, 2, 517-526

View Article Online

RSC Pharmaceutics

(Fig. 1A) was rapidly added to an aqueous solution containing
hydroxypropyl methyl cellulose (HMPC) and sucrose with fast
stirring, followed by sonication (Fig. 1B). The resulting suspen-
sion was spray dried to remove the aqueous and organic sol-
vents and produce a fine powder containing nanoparticles of
NCL (Fig. 1C) that could be readily redispersed into water.

Establishing the ideal nanoprecipitation conditions for NTZ
required the formation of a drug solution in a water-miscible
solvent environment. Dimethyl sulphoxide (DMSO) was found
to generate a 200 mg mL ™" solution at ambient temperature
and used to screen a number of combinations of possible exci-
pient stabilisers under flash nanoprecipitation conditions. The
selected stabiliser options were poly(vinyl alcohol) (PVA),
Pluronic F127® (F127), Pluronic F68® (F68), HPMC, hydroxy-
propyl cellulose (HPC), Tween® 20, Tween® 80 and sodium
dodecyl sulfate (SDS). Each excipient was selected based on its
use within the NCL SDN formulations and a thorough study of
materials utilised in FDA approved inhalable medicines (FDA
Centre for Drug Evaluation and Research (CDER) list of
Inactive Ingredients) or reviewed in literature reports of pul-
monary delivery.**>* Following the procedure for the synthesis
of NCL SDNs, the NTZ DMSO solutions were added to aqueous
solutions of binary combinations of excipients. A matrix of
fifteen nanoprecipitations were conducted, utilising either
Tween® 20, Tween® 80 or SDS as the secondary (2°) excipient
and combining with each of the remaining materials as a
primary (1°) excipient (namely PVA, F127, HPMC, F68 or HPC)
to form a library of 70/20/10 wt% combination of NTZ/1°/2°
excipient formulations. Within this screen, the DMSO content
within the final aqueous flash nanoprecipitation medium was
17.5% v/v leading to a solids content of 5% w/v. After spray
drying, followed by freeze drying to ensure complete removal
of DMSO, the samples were redispersed into saline solution
(0.9% w/v) at an NTZ concentration of 1 mg mL ™" for dynamic
light scattering (DLS) studies using a Malvern Panalytical
ZetaSizer Ultra. For application as a dispersion within the
Aerogen Solo VMN (Fig. 1D), z-average particle diameters (D)
of <1 pm were targeted. Unfortunately, the fifteen formulations
generated poor quality dispersions or poor distributions D, =
1.3-2.0 pm (ESI Table S17). Combinations of F127 and Tween®
20, however, subjectively showed the highest potential within
this screen.

The precipitation conditions were modified to reduce the
DMSO content in the final aqueous phase after flash nanopre-
cipitation to 10% v/v, thereby reducing the amount of good
solvent in the final precipitation mixture. A 50 wt% content of
NTZ was targeted in the final formulation (relative to excipi-
ents) and the remaining 50 wt% of the formulation relating to
1° and 2° excipients was altered systematically from 40/10, 30/
20, 20/30, 10/40 respectively, whilst maintaining a 5% w/v
solids content overall. None of these variations led to stable
particle dispersions after redispersion into saline and the
recovered samples were less solid, leading to handling
problems.

Pulmonary formulations have utilised lactose as a carrier
material for many years,>® therefore lactose was added into the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the formation of nebulised SDN dispersions. (A) Formation of a solution of niclosamide (NCL) or nitazoxanide
(NTZ) in a water-miscible good solvent. (B) Addition of the solution to water (acting as a poor solvent) containing stabilisers — rapid diffusion of the
good solvent leads to supersaturation and particle formation. (C) Spray drying of the aqueous/solvent dispersion to form a powdered composite
product comprising a matrix of water-soluble stabilisers and solid drug nanoparticles (SDNs). (D) Redispersion of the spray dried product into saline
and vibrating mesh nebulisation to form aerosol droplets containing drug particles.

aqueous precipitant medium as a tertiary (3°) excipient.
Nanoprecipitation formulation screening was restricted to
F127 and Tween® 20, with initial results having shown this
excipient combination to offer the greatest potential. Studies
continued to utilise a 50 wt% NTZ content (relative to excipi-
ents) whilst varying the 1°/2°/3° excipient ratio systematically
from 30/10/10 to 10/20/20, with some samples having no F127
or Tween® 20 to explore the importance of a ternary stabiliser
combination. A considerable improvement in solid nature of
the samples was immediately seen. The polydispersity (PdI) of
the redispersed samples also improved with a general decrease
in D, values, with the best formulation being: NTZ5,/F127,,/
lactoses,, D, = 860 nm and PdI = 0.282 (ESI Table S27).

Further iteration of the F127/lactose ratio, whilst maintain-
ing a 50 wt% NTZ concentration in the solid product, showed
no significant improvement and increasing the NTZ content to
60 wt% led to a general increase in D, and PdI values to D, >
1 pm and PdI > 0.450, Table 1. Interestingly, the substitution
of lactose for the alternative disaccharide, sucrose, led to a
considerable decrease in D, values when targeting 60 wt% NTZ
in the final solid formulation, Table 1. The beneficial introduc-
tion of sucrose mirrored our previous NCL formulation*® and
offered a simplified binary formulation for the NTZ SDN
nanoprecipitation.

The lead formulation, showing good reproducibility and
relatively low D, values, Fig. 2B, was selected as NTZgo/F127,0/
Sucrose,,. This was reproduced at a total formulation mass of

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Composition of developmental nitazoxanide (NTZ) formu-
lations and corresponding physical characterisation data, measured
using Dynamic Light Scattering (DLS). Solid drug nanoparticle powder
dispersed at 1 mg mL™ in 0.9% w/v saline

Formulation composition (wt%) DLS analysis

NTZ F127 Lactose Sucrose D, (nm) PdI
50 30 20 — 900 0.437
25 25 — 850 0.372
20 30 — 860 0.282
60 30 10 — 850 0.377
25 15 — 1080 0.471
20 20 — 1030 0.519
15 25 — 1090 0.520
60 30 — 10 700 0.390
20 — 20 680 0.388
10 — 30 820 0.353
60° 20° — 20° 700 0.197

“Scale up sample containing 4.5 g NTZ.

7.5 g with excellent scalability when compared with the small-
scale sample production. The solid product was a free-flowing
powder with excellent redispersion into saline with hand
shaking.

Analysis of the scaled sample using reverse-phase high per-
formance liquid chromatography (RP-HPLC) confirmed the
expected loading of NTZ (wt% relative to excipients) within the

RSC Pharm., 2025, 2, 517-526 | 519
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Fig. 2 Characterisation of lead formulation containing 60 wt% nitazoxanide (NTZ), 20 wt% pluronic F127, 20 wt% sucrose. (A) HPLC analysis
showing both NTZ and tizoxanide (TIZ; active metabolite) peaks, (B) particle size and distribution analysed by dynamic light scattering at 1 mg mL™*
in 0.9% w/v saline, (C) and (D) scanning electron micrograph (SEM) analysis of spray dried solid drug nanoparticle powder, (E) and (F) SEM analysis of

NTZ formulation dispersed at 1 mg mL™* in water.

spray dried powders (ESI Fig. S1 and 31) and indicated the
presence of two peaks that were identified as NTZ and tizoxa-
nide (TIZ), the active metabolite of NTZ formed by deacetyla-
tion, presumably during the preparation or analysis of the
SDN samples, Fig. 2A. At this investigation stage, the presence
of the active metabolite of NTZ is not considered a major
concern.

The spray dried powders containing NCL SDNs, and dried
SDN dispersions have been previously studied by scanning
electron microscopy (SEM).*® A similar study was conducted to
assess the morphology of the spray dried powders containing
NTZ SDNs and the dried dispersions, Fig. 2C-F. Particles
within spray dried powders have been reported with many
process-dependent structures,> and the nature of feedstocks
may alter the characteristics of powders formed from disper-
sions rather than solutions.”> NTZ SDN powders showed
complex structures that appeared to differ considerably from a
conventional dried droplet, typically seen when spray drying
solutions, Fig. 2C, and on closer examination it was apparent
that the powder particles comprised large numbers of platelet
structures that appeared bound together into bundles/aggre-
gates, Fig. 2D. Dispersion of the powder into water and sub-
sequent drying onto the SEM stub for analysis, confirmed a
relatively broad distribution of thin NTZ platelet structures
were present, Fig. 2E and F. This contrasted to SEM analysis of
bulk powder (ESI Fig. S4%), indicating a more complicated

520 | RSC Pharm., 2025, 2, 517-526

mechanism during the addition of the NTZ solution to the
aqueous poor solvent environment than would typically be
expected from nanoprecipitation.

Many parameters are known to impact the formation of par-
ticles during precipitation processes such as those employed
here. For example, the supersaturation stages experienced by
the drug molecules after the good solvent solution is added to
the aqueous antisolvent mixture of stabilisers are modified by
drug concentration, rate of addition, efficiency of mixing,
temperature and the chemical nature of the dissolved drug
molecule and the stabilisers present.>>>°

Under these conditions, the formation of NTZ particles
with a platelet morphology, consistent D, and PdI values was
extremely robust, and the formulation was utilised for nebuli-
sation studies.

Nebulisation studies using aqueous dispersions of NCL and
NTZ

The formation of stable dispersions of NCL and NTZ SDNs in
saline solutions was important for the intended use of nebuli-
sation using a VMN. Due to the isotonic nature of saline solu-
tions, their use is particularly beneficial for preventing drying
of the airways during pulmonary drug delivery.>” More impor-
tantly, the electrolyte concentration has a significant impact
on solution conductivity and can impede the piezo-electric
actuation mechanism if too low.>® Critically, the VMN process

© 2025 The Author(s). Published by the Royal Society of Chemistry
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forms an aerosolised mist from the bulk liquid and the dis-
persed drug particles are expected to be dispersed within the
aerosolised droplets, in a manner not dissimilar to the spray
drying of a dispersion or suspension (Fig. 1D). VMN delivery of
aerosolised drug has been shown to be more efficient than
other means of pulmonary delivery such as pressurised
metered-dose inhalers and jet nebulisers.’®°

Several studies have reported the nebulisation of nano-
particle dispersions generated from biodegradable polymers,®*
hydrogels,®> and liposomes,* but there have been relatively
few reports of the use of nanoprecipitated SDN dispersions
within nebulised formulations. A similar study of nebulisation
reported the use of rod-like NCL nanoparticle dispersions
formed by up to 20 cycles of high-pressure homogenization in
the presence of different stabilisers, after pre-milling.*’

Initial nebulisation studies of the NCL and NTZ dispersions
(1, 5 and 10 mg mL "), using an Aerogen Solo VMN, involved
loading the suspensions into the medication cup at the upper
part of the nebuliser, with collection of the resulting aerosol in
50 mL centrifuge tubes and samples taken for particle size
analysis, Table 2.

Studies showed efficient nebulisation of SDNs dispersed at 1,
5, and 10 mg mL™" for both NTZ and NCL. For NCL nebulisa-
tion rate decreased as dispersion concentration increased. For
NTZ there was no clear trend observed for nebulisation rate as a

Table 2 Nebulisation output rate of niclosamide (NCL) and nitazoxa-
nide (NTZ) formulations using Aerogen Solo vibrating mesh nebuliser at
concentrations of 1, 5, and 10 mg mL™* dispersed in 0.9% w/v saline.
Output rate was determined as mass of dispersion recovered after nebu-
lisation. Dynamic light scattering analysis was performed on pre-nebu-
lised dispersions and dispersions recovered post nebulisation, diluted to
1 mg mL™tin 0.9% w/v saline

Before After
nebulisation nebulisation
API concentration Output rate D, D,
(mg mL™") (g min™) (nm)  PdI (nm)  PdI
NTZ
1 0.291 1329 0.485 717 0.347
5 0.236 1447 0.536 606 0.237
10 0.267 1273 0.557 663 0.388
NCL
1 0.326 719 0.272 589 0.226
5 0.269 823 0.305 542 0.216
10 0.170 698 0.268 547 0.245

Table 3 Results of laser diffraction analysis of nebulised lead formulations.
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function of dispersion concentration. For all samples, at all con-
centrations tested, measured D, of the dispersed formulations
decreased after nebulisation. This is potentially due to the
breakdown of larger particles during vibration, and of preferen-
tial nebulisation of smaller particles with the distributions.

Characterisation of the behaviour of nebulised aqueous NCL
and NTZ SDN dispersions

The properties of NTZ and NCL dispersions were measured for
inhalation applications by two orthogonal methods; laser diffr-
action (Table 3) and cascade impaction®® (Next Generation
Impactor (NGI); Fig. 3; Table 4), in accordance with inter-
national regulatory submission standards.®® For clarity, the
aerosol droplets are themselves liquid dispersions containing
the SDNs of NTZ or NCL.

The NGI was not developed to act as an in vitro lung model
and the collection stages do not represent any specific lung
sites, however, a standardised section is present that assesses
unwanted throat deposition and allows statements about
expected penetration into the human lung to be made.**
Aerosol formulations, with a droplet size distribution is intro-
duced to the impactor through an induction port and at a con-
stant flow (Fig. 3A). The NGI comprises seven stages, each with
an impaction plate containing increasing numbers of holes
with decreasing diameters (Fig. 3B). The aerosol flows through
the stages consecutively, with each stage designed to remove a
droplet fraction within a narrow diameter window through
direct impaction on the surface of a removable collection cup
(Fig. 3B). The remaining distribution passes through to the
next impaction zone and another part of the distribution, of a
smaller diameter, is similarly separated (Fig. 3C).

Laser diffraction®® results provided the size distribution of
aerosol droplets, along with the percentage of fine particle frac-
tion (FPF) below 5 um (Table 3). The FPF is the percentage of
aerosol droplets containing SDNs that are small enough to enter
the lungs and therefore deliver drug to the targeted site of action
after nebulisation.®” An Aerogen Solo VMN, was utilised in combi-
nation with an Aerogen Ultra and its mouthpiece to deliver each
aerosol containing either 5 or 10 mg mL™" of NTZ or NCL SDNs.

When increasing the drug concentration in the aerosolised
SDN dispersions, a slight decrease in FPF was seen for both
NTZ and NCL, however, the volume mean diameters at the 10,
50 and 90 percentiles were remarkably consistent between the
aerosolised formulations containing the different drug sub-

The volume mean diameters, fine particle fraction (FPF), and flow rate of

aerosol droplets were determined for niclosamide (NCL) and nitazoxanide (NTZ) formulations at 5 and 10 mg mL™* in 0.9% w/v saline (Data shown

as mean + SD, n = 3)

API (mg mL™") Dy (pm) D50 (pm) D,g0 (pm) FPF% (<5 pm) Flow rate (mL min™")
NTZ

5 1.22 (+0.07) 3.34 (+0.14) 7.41 (+0.28) 71.91 (+2.22) 0.37 (£0.02)

10 1.25 (+0.04) 3.59 (+0.02) 8.13 (+0.10) 67.58 (+0.33) 0.32 (£0.01)

NCL

5 0.99 (+0.02) 3.43 (+0.07) 8.24 (0.21) 68.27 (+1.13) 0.31 (£0.01)

10 1.04 (+0.01) 3.54 (+0.18) 8.40 (+0.43) 67.09 (+2.67) 0.23 (+0.03)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of Next Generation Impactor (NGI) cascade impactor design. (A) The inlet and outlet points, direction of air flow, (B) the locations
of the removable collection cups and cut-off sizes of the cup orifices, and (C) a demonstration of aerosolised droplet separation based on size are

shown.

Table 4 Aerodynamic properties of aerosolised dispersions of niclosamide (NCL) and nitazoxanide (NTZ) lead candidate formulations including
mass median aerodynamic diameter (MMAD), fine particle fractions (FPF), and flow rate of aerosol droplet at 5 and 10 mg mL™* in 0.9% w/v saline,
measured using the Next Generation Impactor (Data shown as mean + SD, n = 3)

FPF % (um)

NTZ (mg mL™) MMAD (pm) GSD <5 2.3-5 <2.3 Delivery Rate (mL min™")
5 4.21 (+0.05) 1.54 (+0.02) 66.67 (+0.37) 64.02 (+0.18) 2.95 (+0.28) 0.35 (+ 0.05)
10 4.08 (+0.16) 1.61 (+0.01) 67.75 (+2.95) 61.86 (+1.78) 5.90 (+1.17) 0.30 (= 0.01)

FPF % (um)
NCL (mg mL™) MMAD (um) GSD <5 2-5 <2 Delivery Rate (mL min™?)
5 3.98 (+0.22) 1.81 (+0.04) 65.77 (+4.29) 57.46 (+3.84) 8.31 (+0.75) 0.30 (+0.05)
10 3.62 (+0.21) 1.84 (+0.02) 70.36 (+3.14) 55.24 (+1.49) 15.24 (+2.99) 0.21 (+0.00)

stances. The FPF values of >67% are highly comparable with
reports of aerosolised polymer nanoparticle dispersions con-
taining a 1:20 w/w drug/polymer ratio,’® although SDNs are
able to inherently deliver more drug substance as they avoid
encapsulation within polymeric nanocarriers.

Aerosol droplet size analysis measured by NGI showed values
in agreement for FPF (<5 pm) values observed by laser diffrac-
tion (Table 4) and provided further insight into the size range of
droplets within that fraction. The mass median aerodynamic
diameter (MMAD) values for aerosols droplets containing SDNs
from both NTZ and NCL were <4.5 pm with consistent dispersi-

522 | RSC Pharm., 2025, 2, 517-526

ties, as shown by the geometric standard deviation (GSD)
values. Both NTZ and NCL aerosolised dispersions displayed
droplet sizes predominantly in the region of 2-5 pm, however
the NCL dispersion had a higher fraction than the NCL of dro-
plets smaller than 2.3 pum. Droplets of this size are known to
penetrate deeper into the peripheral airways of the lungs.*

This was further evidenced when looking at the amount of
NTZ or NCL deposited on the various collection plates of the
NGI, with deposition on higher numbered plates indicative of
increased aerodynamic efficiency of the particles (Fig. 4).
Deposition into stages 4 and 5 approximates the central

© 2025 The Author(s). Published by the Royal Society of Chemistry
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or its metabolite tizoxanide (T1Z) (C) detected at each stage of the cascade

impactor, after nebulised dose of 5 mg mL™ (i) or 10 mg mL™ (ii). The direction of travel of the nebulised droplets goes from left to right, with depo-

sition on higher numbered plates indicated a deeper penetration into the

simulated breathing model, indicative of deeper penetration into the lungs.

Samples were a quantified using RP-HPLC and data are shown as +SD (n = 3). The Throat stage of the cascade impactor models human throat depo-

sition and shows limited unwanted deposition in this region.

airways (trachea, primary and secondary bronchi), but, as men-
tioned previously, it is important to note that stages of the NGI
do not directly relate to specific deposition sites within the
lung.®* For a total nebulised volume of 1 mL, the highest recov-
ered masses were observed in plate 4 for both NTZ and NCL at
both concentrations tested, with NCL having 0.832 mg and
1.457 mg for 5 and 10 mg mL-1 respectively, and with NTZ
having equivalent recovered mases of 1.029 and 1.222 mg.

The deposition of either NCL (Fig. 4A) or NTZ (Fig. 4B)
showed a similar profile within the NGI study, irrespective of
the concentration of the nebulised SDN dispersion. TIZ depo-
sition was also determined as relatively mild conditions can
yield the active metabolite; it was clear that TIZ deposition
largely mirrored that of the NTZ SDNs at both study concen-
trations (Fig. 4C).

Evaluation of nebulised aqueous NCL and NTZ SDN
dispersions within simulated breathing models

NTZ and NCL have potential medicinal benefits within prophy-
laxis and treatment of active respiratory diseases. It is, there-
fore, important to evaluate the administration within an
in vitro model of healthy and compromised patients, including
adults and paediatric studies.

The nebulisable SDNs described above were studied using a
breathing simulator able to model the pattern of adult and
paediatric healthy breathing, and the altered breathing that is

© 2025 The Author(s). Published by the Royal Society of Chemistry

80
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Fig. 5 Measurement of inhaled dose (%) of nitazoxanide (NTZ; black)
and niclosamide (NCL; grey) formulation at 5 and 10 mg mL™ concen-
tration across three breathing patterns. Albuterol was used as a tracer to
determine the deposition of the formulation. Dose was assessed at the
exit of the mouthpiece, without use of a head model.

seen within adults experiencing the mild symptoms of
SARS-CoV-2 infection (Fig. 5). NTZ and NCL were both inde-
pendently nebulised at the two study concentrations of 5 and
10 mg mL™" and the formulations were spiked with albuterol
sulphate to act as an aerosol tracer within the simulator and
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determine the inhaled NCL or NTZ dose within each breathing
simulation;*® this approach follows the international standard
1S027427:2023.%°

A higher inhaled dose was observed with the NCL formu-
lation at all administration concentrations and breathing
models compared with the NTZ. This correlates with the NCL
formulation exhibiting a slightly smaller MMAD and higher
FPF below 2 pm, which allows for improved delivery of NCL.

Interestingly, the breathing pattern that models mild
COVID-19 symptoms appears to aid the nebulised dose of the
SDN dispersions. The higher breath rate (25 min™" vs.
15 min~" for healthy adults) and tidal volume (600 mL vs.
500 mL for healthy adults) may modify the flow of the nebu-
lised dose to allow the improved inhalation. A symptom of
COVID-19 is shortness of breath or dyspnea,”® a state where
breathing can become more rapid and deeper to compensate
for lack of oxygen uptake. The influence of breathing patterns
on the effectiveness of drug delivery by vibrating mesh nebuli-
ser is well established in the literature.”"”> For both the NTZ
and NCL formulations, over 50% of the administered dose was
inhaled for the adult breathing models, and over 39% was
inhaled in the paediatric model, providing a clear indication
that both the NTZ and NCL formulations are viable candidates
for pulmonary drug delivery by nebulisation.

Conclusions

Solid drug nanoparticles are a nanocarrier free option for
poorly water-soluble drug formulation. The aqueous disper-
sions appear to be nebulised without significant negative
impact on the nebulisation process, delivered dose, movement
of the aerosol, and deposition within areas deep within the
lung. For very low water-solubility drugs like NTZ and NCL,
this opens avenues of investigation for readily deployable
inhalable therapeutics in the event of future emergencies and
also the development of medicines to address unmet clinical
needs within chronic disease conditions. The demonstration
of future potential, that we present here, requires considerable
preclinical pharmacokinetics, pharmacodynamics and safety
evaluation, however, this proof-of-concept does generate con-
siderable evidence to support further research.
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