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Purpose: Pulmonary aspergillosis (PA) presents a substantial therapeutic challenge, especially in immunocompromised patients,
where conventional systemic treatments like oral and intravenous routes often result in limited efficacy and increased adverse effects.
This study focuses on the development and evaluation of an inhalable itraconazole (ITZ) formulation within a nanoparticles-in-
microparticles (NIM) system.

Methods: Polyvinyl alcohol 500 (PVA), used in varying concentrations, played a crucial role as a stabilizer in both the wet bead milling
and spray drying processes, enhancing drug release and aerodynamic performance. The influence of PVA ratios on drug penetration into
pulmonary mucus and interactions with pulmonary defense mechanisms were thoroughly investigated through in-vitro simulations.
Results: Pharmacokinetic analysis in Sprague-Dawley (SD) rats revealed enhanced distribution of ITZ-NIMs in pulmonary tissues
and bronchoalveolar lavage fluid (BALF), representing a significant improvement in localized drug concentration. Efficacy against
Aspergillus fumigatus was confirmed by a reduction in galactomannan levels, inhibition of fungal growth in lung tissues, and increased
survival rates. Importantly, pulmonary delivery of ITZ significantly reduced hepatotoxicity markers, including alanine aminotransfer-
ase (ALT) and alkaline phosphatase (ALP), when compared to oral administration.

Conclusion: The incorporation of PVA in NIM technology demonstrated not only improved pulmonary targeting and drug release but
also minimized systemic toxicity, highlighting the potential of nanoparticle-based inhalation systems in treating respiratory fungal
infections like aspergillosis. These findings emphasize the pivotal role of PVA in the formulation, stability, and therapeutic efficacy of
NIM-based drug delivery systems for pulmonary applications, advancing the use of nanoparticle technology in respiratory drug delivery.
Keywords: Polyvinyl alcohol 500, PVA, dry powder inhaler, DPI, nanoparticles-in-microparticles, NIM, itraconazole, 1TZ,
aspergillosis

Introduction

Pulmonary aspergillosis (PA) is an advanced state of Aspergillus fumigatus (A. fumigatus) colonization that occurs after
the germination of conidia. PA is a common cause of morbidity and mortality among immunocompromised individuals.
Over the past 20 years, the incidence of PA infections has increased dramatically. 4. fumigatus conidia can survive
outdoors for extended periods while suspended in the air.' The most common mode of transmission is inhalation. The
lungs serve as the primary gateway for this pathogen, often marking the initiation point for invasive entry, which can lead

to fatal outcomes in more than 90% of cases.?
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Despite the advancements in therapy, mortality rates remain exceedingly high once an invasive stage is reached. The
disease progression in most immunocompromised patients is notably rapid.' The high treatment failure rate can be
attributed to several factors. First, PA is difficult to diagnose in the early stages because of its non-specific symptoms.
Often, by the time the first clinical symptoms appear (eg, hemoptysis), an invasive state has already been reached. Another
critical reason for treatment failure is that the existing oral or intravenous administration methods require high systemic
concentrations to achieve effective pulmonary levels, leading to numerous adverse effects and metabolic interactions.>*

Itraconazole (ITZ) is widely regarded as a first-line drug for the treatment of aspergillosis.” Despite its extensive
antifungal activity and high efficacy, ITZ has low solubility and can induce numerous side effects, including hepato-
toxicity and metabolic interactions.®’ Additionally, the currently available forms of ITZ administered either intrave-
nously or orally require high doses to ensure effective drug delivery to lung tissues and lesion sites.®® Therefore, the
pulmonary delivery of ITZ is a promising alternative to PA treatment. Specifically, A. fumigatus can become embedded
within the mucous layers and remain in the pulmonary cavities. The delivery of ITZ through the lungs not only facilitates
its delivery to pulmonary tissues, but also enables direct access to pathogens embedded within the pulmonary mucus.'®'?
Consequently, this delivery method is expected to enhance both the efficacy and safety of treatment.

Among pulmonary drug delivery formulations, dry powder inhalers (DPIs) are the most traditional and continue to be
extensively developed.'® Unlike liquid formulations, they offer chemical stability, do not require propellants,'* and have
a lower risk of formulation issues.'> They are generally suitable for delivering high drug concentrations and ensure
reproducibility and reliability.'®!” To reach deeper lung penetration, it is essential for the drug particles in DPIs to have
aerodynamic diameters ranging from 0.5 pm to 5 pm.'® However, these fine powders often exhibit high cohesiveness,
which leads to poor flowability.'® Additionally, poorly soluble ITZ has the potential to dissolve slowly and incompletely
in the lungs.” Undissolved ITZ particles can be eliminated through mucociliary clearance or macrophages.?’

Nanoparticles are advantageous formulations for Class 2 and 4 drugs according to the Biopharmaceutics
Classification System (BCS), where the dissolution rate is the rate-limiting step for absorption.?' The rate of drug
dissolution is inversely proportional to the particle diameter; therefore, reducing the particle size can enhance the
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dissolution rate. In addition, nanoparticles are effective in overcoming biological barriers.”* Under conditions involving
pulmonary administration, the lung mucus and bacterial biofilms present substantial barriers to drug penetration.”> Drugs
typically exhibit low diffusion rates and are susceptible to inactivation within mucosal layers or biological films.
Depending on their physicochemical properties, nanoparticles possess the capability to penetrate these mucosal barriers
and biofilms, facilitating more effective drug delivery.”**> Although nanoparticles have the potential to improve lung
treatment, delivering them to the lungs is challenging. Particles between 0.1 and 1 um exhibit low deposition efficiency
upon inhalation.?**” Due to their high surface area-to-volume ratio, nanoparticles tend to form large agglomerates
(>5 um) that deposit in the upper airways through impaction.”® Furthermore, inhaled non-agglomerated nanoparticles are
likely to be expelled during exhalation. For nanoparticles to be successfully delivered to the lungs via inhalation, they
must be transformed into inhalable microparticles while preserving their essential characteristics of the nanoparticles.

Therefore, DPI formulations require extensive particle-level engineering to balance interparticle forces in the dry
powder bulk, ensuring sufficient stability during processing and storage as well as optimal dispersion and fine particle
generation during inhalation® Among these techniques, spray drying is used to produce drugs and excipient particles that
can be inhaled without further modification because of their excellent dispersibility and small mass median aerodynamic
diameter (MMAD).>* The component distribution within the spray-dried particles depends on the surface activity and
diffusion characteristics of the sprayed droplet components, as well as the drying parameters. This also influences the
particle size and shape and is used to control the production of materials with desired properties.>' Typical spray-dried
materials are low-density, somewhat spherical, amorphous particles.>* Porous particles with low interparticle interactions
can be formed by designing a process to promote early envelope formation and coating with hydrophobic surfactants.
Despite their small size, these particles can be easily handled owing to their low cohesiveness. The best commercial
example of this strategy is the PulmoSphere™ technology.*

Nevertheless, existing technologies such as PulmoSphere™ focus on delivering microparticles to the lungs. To preserve
the drug’s efficacy in the lungs, it may be advantageous to retain the unique properties of the nanoparticles. To overcome
these limitations, a multistage formulation process known as Nanoparticles-in-Microparticles (NIM) technology has been
proposed. This involves the preparation of nanoparticles and their incorporation into microparticles. NIM, also referred to as
Trojan microparticles, facilitate stable storage and transportation of microparticles to the lungs. Upon reaching the lungs or
a specific target site, these microparticles release nanoparticles that are capable of penetrating barriers.**>

Another critical factor in facilitating this drug delivery process is the choice of material. Significant research has been
conducted to develop controlled release formulations for pulmonary delivery, where the drug is encapsulated within polymers,
copolymers, or lipids.***” Among these materials, PVA stands out as a biocompatible and non-cytotoxic excipient.**** PVA
plays a crucial role in stabilizing nanoparticles or microparticles, thereby helping to maintain the structural integrity of the
delivery system.*’ Additionally, PVA’s hydrophilic nature supports efficient mucosal adhesion, allowing the drug to remain at
the delivery site for a longer duration, and enhances interactions with the pulmonary mucus layer.*'** This improved retention
and interaction can potentially enhance therapeutic efficacy in pulmonary drug delivery systems.*’

Therefore, the objective of this study was to prepare ITZ-containing NIM formulations using spray drying, evaluate
their efficacy against PA, and develop a DPI formulation that could potentially offer improved therapeutic effects and
safety compared to oral administration. To enhance the stability and performance of the formulation, PVA was selected as
a key excipient due to its biocompatibility and ability to stabilize nanoparticles. The inclusion of PVA in the NIM
formulations was expected to (i) improve the acrodynamic performance of the spray-dried microparticles; (ii) facilitate
more effective drug delivery to the lung cavities, pulmonary mucus, and pulmonary tissues by maintaining nanoparticle
stability and promoting longer retention at the site of action; and (iii) ultimately lead to enhanced therapeutic outcomes
for PA. This approach underscores the promising potential of combining ITZ with PVA in NIM formulations, offering
a more efficient and targeted pulmonary treatment strategy for PA.
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Materials and Methods

Materials

Itraconazole (ITZ) was purchased from SMS Pharmaceuticals Ltd. (India). Polyvinyl alcohol 500 (MW 22,000) was
purchased from the OCI Company Co., Ltd. (Republic of Korea). Sodium lauryl sulfate (SLS) was purchased from
DUKSAN Co. Ltd. (Republic of Korea). The water was purified by filtration in a laboratory. High-performance liquid
chromatography (HPLC)-grade solvents were used for the analysis. HPLC-grade ethanol and acetonitrile (ACN) were
purchased from Honeywell Burdick & Jackson (USA). All reagents were of analytical grade and were used without
further purification.

Preparation Method

A two-step protocol was employed to prepare the NIMs. Initially, a nanosuspension (NS) was prepared using wet milling
techniques with PVA, SLS, and ITZ. After dilution with PVA, the suspension was processed via co-spray drying to obtain
the final micronized powder. Subsequently, the NIMs were prepared by varying the concentration of PVA and spray-drying
the micronized powder. To facilitate a comparative analysis of the physicochemical properties and, in-vitro and in-vivo

studies (pharmacokinetics and pharmacodynamics), jet-milled ITZ microparticles containing nanoparticles were prepared.

Preparation of Nanoparticles Using Wet Milling

PVA (225 mg) and SLS (23 mg) were dissolved in purified water to a final volume of 15 mL. Additionally, 75 g of ZrO,
beads was employed as the milling medium in a planetary ball mill (Retsch Planetary Ball Mill PM 100 MA, Retsch
GmbH, Germany).** The milling parameters were as follows: 120 min at 400 rpm with a bead size of 0.1 mm. This
process resulted in NS containing ITZ, PVA, and SLS. The resulting ITZ-NS was diluted with purified water to a final
volume of 500 mL to achieve an ITZ concentration of 6.25 g/L (Table 1).

Preparation of Nanoparticle-in-Microparticles Using Spray Drying

Different compositions were prepared by adding varying amounts of PVA (Table 1). The different formulations for spray
drying were designated as ITZ: post-additive PVA ratios of 1:0, 1:0.1, 1:0.3, 1:0.5, 1:0.7, and 1:1. The ITZ was spray-
dried using a laboratory scale spray dryer (EYELA SD-1000, Tokyo Rikakikai Co., Ltd., Japan) with the following
parameters: inlet temperature of 160°C; outlet temperature of 85°C — 95°C; nozzle size of 0.7 mm, feeding rate of
1.7 mL/min; atomization air pressure of 150 kPa, and blower rate of 0.30 m3/min. The spray-dried ITZ nanoparticles-in-
microparticles (ITZ-NIM) were kept in a glass vial containing silica gel at —20°C until used.*’

Jet-Milling

The jet-milled ITZ microparticles (JM) were prepared using an air jet mill (A-O JET MILL, J S Tech Co., Ltd., Republic
of Korea) with the following parameters: G nozzle: 0.5 MPa; P nozzle: 0.5 MPa. Nitrogen air was used for milling, and
the JM were then kept in a glass vial containing silica gel at —20°C until used.

Table | Formulation of Itraconazole (ITZ) Nanoparticles-in-Microparticles (NIM)

No. Nano Suspension (NS) Dilution Post-Additive | Total | (ITZ: Post-Additive PVA) Ratio
ITZ (g) | PVA 500 (g) | SLS (g) | Water (mL) | PVA 500

NIM-1 | 3.125 0.225 0.023 500 0 3373 | 10

NIM-2 | 3.125 0.225 0.023 500 0.313 3.686 | 1:0.1

NIM-3 | 3.125 0.225 0.023 500 0.938 4311 | 1:03

NIM-4 | 3.125 0.225 0.023 500 1.563 4936 | 1:0.5

NIM-5 | 3.125 0.225 0.023 500 2.188 5561 | 1:0.7

NIM-6 | 3.125 0.225 0.023 500 3.125 6.498 | I:l
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Physicochemical Properties of Nanoparticle-in-Microparticles

Scanning Electron Microscope (SEM)

JM and ITZ-NIM were visually imaged using a scanning electron microscope (SEM; ZEISS-GEMINI LEO 1530; Zeiss,
Germany). The samples were placed onto carbon tape and were then coated with platinum using a Hummer VI sputtering
device, reaching 200 A coating thickness. A voltage of 3 kV and magnifications of 3,000 x and 10,000 x were used.

Transmission Electron Microscope (TEM)

The electron beam emitted from the high voltage passed through the ultrathin sample to form a two-dimensional image
according to the electron density, allowing observation of the ultrafine structure inside the sample. After transferring the
ITZ-NS and ITZ-NIM samples to a copper grid, negative staining was performed using 1% phosphotungstic acid, and the
samples were completely dried for 2 h at 40°C in a dry oven. The images were captured at a magnification of 15,000%
under an accelerating voltage of 120 kV.

Particle Size Distribution (PSD)

The particle size distribution of the NSs were determined using a dynamic light scattering technique (DLS, Litesizer 500,
Anton paar, AT, measurement range of 0.3 nm — 10.0 um). One milliliter of each sample was added to 50 mL of distilled
water, and the suspensions were vortexed for 20s and allowed to equilibrate for 1 h. The measured mean particle size and
size distribution were expressed as the Z-average and polydispersity index (PDI). The particle size distribution of the
nanoparticle-in-microparticles was determined by laser diffraction (Malvern Mastersizer Scirocco 2000, Malvern
Instruments Ltd., UK). A dry dispersion unit was used to observe the spray-dried nanoparticle-in-microparticles.
Approximately 1.0-2.0 g of the product was loaded onto a feeding tray. The air pressure was adjusted to 3.0 bar and
25% vibration feed was used. Each sample was measured in triplicate.

Differential Scanning Calorimetry (DSC)

DSC was performed using a Q2000 instrument (TA Instruments Ltd., USA). ITZ, JM, and NIM 1-6 weighing
approximately 1 mg, were placed in aluminum pans and sealed hermetically. The samples were heated 0°C — 250°C
at a heating rate of 10°C/min. All experiments were conducted in triplicates.

Powder X-Ray Diffraction (PXRD)

PXRD patterns were obtained using an X’Pert PRO MRD®™ (PANAlytical Ltd., Netherlands) with Cu K radiation at 50
mA and 40 kV. The nanoparticle-in-microparticles (JM, NIM 1-6) were placed on plates at room temperature. 20 scans
were collected from 5° to 60°.

Fourier Transform Infrared (FT-IR)
FT-IR was performed on raw ITZ, JM, and NIM 1-6 in the range of 500-4000 cm ', using IFS 66/S® (BRUKER OPTIK
GMBH Ltd., USA).

In-Vitro Aerodynamic Performance

In accordance with the USP Chapter <601> specifications for aerosols, the aerodynamic performance of the ITZ-NIM
1-6 formulations were evaluated using a next-generation impactor (NGI, Copley Scientific Limited., Nottingham, UK)
and RS01® DPI device. To prevent particle bounce and re-entrainment, the collection plates of the NGI stages were pre-
coated with 3% silicone oil in hexane. Each sample, containing 10 mg of the ITZ-NIM DPIs formulation, was loaded into
hydroxypropyl methylcellulose hard capsules (size 3). A capsule was inserted into the RS-01, and the device was inserted
into the mouthpiece of the induction port. Air was inhaled at a controlled flow rate of 60 L/min for 4 s. For an NGI flow
rate of 60 L/min, the aerodynamic cutoff diameters of each stage were determined as 8.06 um, 4.46 pm, 2.82 um,
1.66 um, 0.94 pm, 0.55 pm, 0.34 um, and 0.14 pm for stages 1-7 and Micro Orifice Collector (MOC). The quantity of
sample remaining in the capsule and deposited on each collection plate at each stage was quantified using HPLC. The
parameters of the aerosolization performance were calculated by Inhalytix® software (Copley Scientific Ltd.,
Nottingham, UK), ie, fine particle fraction (FPF), fine particle dose (FPD), mass median aerodynamic diameter
(MMAD), and geometric standard deviation (GSD).

International Journal of Nanomedicine 2025:20 https: 4361



Jeong et al

Example of Equation:

Emitted Dose [ED, %] = [(Initial Mass in Capsule — Final Mass Remaining in Capsule)/(Initial Mass in Capsule)]

Fine Particle Fraction [FPF, %] = [Mass of Particles in Stages 2-MOC]/[Mass of Particles in All Stages].

The mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) were calculated using the
guidelines provided in USP Chapter 601. The MMAD was determined from a plot of a mass fraction smaller than the
aerodynamic diameter, specified as D50%, on a logarithmic probability scale. The GSD was calculated using the
following equation:

GSD = [D84.13%/D15.87%].

In-vitro Behavior of NIMs in Artificial Mucus (AM) Layer
Diffusion across the artificial mucus (AM) layer into the lung fluid was demonstrated using simulated lung fluid (SLF)
prepared according to literature protocols.* In brief, the SLF was prepared according to the recipe described in Table S1,
and the pH of the fluid was maintained between 7.0 and 7.2 throughout the experiment. Using Franz diffusion cell apparatus
(Phoenix DB-6, Teledyne Hanson Research, Inc., USA), a formulation containing 1 mg of itraconazole was loaded onto
a regenerated cellulose (RC) membrane using a dry powder insufflator (DP-4, Penn-Century Inc., USA), and 15 mL of SLF
was added to the receptor phase of the Franz diffusion cell, maintained at 37°C for 30 minutes under stirring at 150 rpm.
Subsequently, the particle morphologies of the RC membranes were examined by SEM. The particle size and PDI of the
receptor were measured after 100-fold dilution with water. The ITZ concentration in the dispersion was quantitatively
analyzed using high-performance liquid chromatography (HPLC). PVA was dissolved in water, the particle size (excluding
the drugs) was measured, and the particles were found to consist only of nanoparticles. The re-dispersed fraction of
nanoparticles was calculated by relating the nanoparticles in the dispersion to the theoretical nanoparticle content.
Additionally, the upper well of a 24-transwell system was utilized to simulate the mucosal surface and mucus layer, with
the mucus layer thickness set at 50 pm to reflect a patient’s condition. The receptor phase, containing 12 mL of SLF, was
used to model epithelial cells separated by a semipermeable film with a pore size of 0.4 um. The effective diffusion area is
0.33 cm?”. The stirring bar rotation was maintained at 400 rpm, and the temperature was kept constant at 37°C. The ITZ
content of each formulation was measured to be 1.5 mg, and the formulation was incubated for 4 h. The ITZ concentrations
at the apical, artificial mucus, and basal surfaces were measured using HPLC at the end of the incubation period.

Macrophage Uptake Study

To evaluate the ability of ITZ-NIM to resist uptake by lung-resident macrophages, mouse macrophages (RAW 264.7
cells, ATCC) were seeded in a 24-well plate at a density of 5x10° cells/well. ITZ-NS, JM or ITZ-NIM were reconstituted
in RPMI-1640 cell culture medium at a final ITZ concentration of 100 uM. Each well was then treated with 1 mL of the
suspension and incubated for 2 h. Subsequently, the cells were detached using cell scrapers and collected by centrifuga-
tion at 1,500 x g for 10 min. The cells were lyophilized overnight. Subsequently, 1 mL of methanol was added to each
sample and incubation was continued overnight to extract the drug. The supernatant was completely suctioned and
analyzed quantitatively. The drug content in both the cell pellet and supernatant was measured; the drug extracted from
the cell indicated phagocytosis by macrophages, whereas the drug in the supernatant was considered a drug that was not
phagocytized by macrophages.

In-vivo Pharmacokinetic and Pharmacodynamics Studies in SD Rats

Animal and Experimental Design

This animal care and use protocol was reviewed and approval by the IACUC as Chungbuk National University (Republic
of Korea, Approval number: CBNUA-24-0019-03).

Sprague Dawley (SD) rats (male, 250-300 g) were purchased from SAMTAKO BIO KOREA (Republic of Korea)
and provided ad libitum. SD rats were divided into five groups (n = 5) and treated with 10 mg/kg JM, NIM-4, or NIM-6
using the method described below. The oral formulation was suspended and loaded into a syringe equipped with a zone.
The DPI formulations (JM, NIM-4, and NIM-6) were loaded into a DP-4R dry powder insufflator equipped with an SC-X
sample chamber expander (Penn-Century Inc., USA). To conduct pharmacokinetics study, the rats were anaesthetized
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with isoflurane, and 500 pL of blood was taken from the eyeground veins. (Timepoint: 0.5, 1, 2, 4, 6, 8, 12, 24 h). Blood
samples were stored in heparin-coated tubes immediately after collection. Plasma was obtained by centrifugation (15 min
at 4,000 rpm). Plasma was analyzed as soon as it was obtained. Proteins in the plasma were precipitated using ACN. The
ACN was added at 200 pL per 200 puL of plasma and left to stand for 30 minutes after mixing and centrifuged
(10,000 rpm for 15 min). Aliquots (20 puL) of the supernatant were injected for HPLC analysis. After administration, four
rats from each group were sacrificed at 5, 60, and 180 min at each time point to obtain the lungs. Plasma, lung tissue, and
BALF were collected from the sacrificed SD rats. Subsequently, the lung tissues were homogenized, and the homo-
genates were subjected to solvent precipitation prior to analysis of the pharmaceutical compounds.*’

Preparation of A. Fumigatus

A. fumigatus was purchased from ATCC (MYA-4609). The spores were cultivated on potato dextrose agar (PDA) plates.
The spores were grown on PDA plates for 3—5 d at 28 °C and harvested, resuspended in phosphate buffer saline with
0.05% Tween 80 (PBS-T).*8

In-vivo A. Fumigatus Infection

To select the immunosuppressive regimen, 50 mg/kg of cyclosporine A and 0.5 mg per kg of tacrolimus were
administered by intraperitoneal injection.**>" It was administered thrice a week for two weeks. The A. fumigatus strain
(1 x 10® spores/200 pL/rat) was administered by intratracheal installation (ITI).?"->* Passing through the upper airways,
the MicroSprayer™ Aerosolizer device was proven to generate an air-dispersed controlled cloud of conidia in the
bronchial-tracheal apparatus of rats, mimicking the real pathophysiology of airborne A. fumigatus exposure.”” The rats
were divided into five experimental groups (n=4): no A4. fumigatus infection group (NC), untreated control group (PC),
group treated with raw ITZ at 10 mg/kg orally (PO_Raw ITZ), group treated with ITZ via intratracheal administration of
the JM formulation (ITI JM), and group treated with ITZ via intratracheal administration of the NIM-6 formulation
(ITI_NIM-6). Treatment was performed daily for two weeks. After the experimental infection, the body weight and
survival rate of the SD rats were measured daily. The SD rats reduced to less than 20% body weight and sacrificed to
obtain plasma, lungs, and BALE.**>*

Galactomannan (GM) Antigen Enzyme-Linked Immunosorbent Assay (ELISA)

GM in rat serum was measured using a General GM antigen ELISA kit (MyBioSource, USA) according to the
manufacturer’s instructions. Briefly, the serum samples were added to an ELISA plate and incubated for 30 min at
RT. The HRP-conjugated reagent was then added to the plate and incubated for 1 h at RT. The reactions were developed
50 pL of Chromogen Solution A and 50 pL of Chromogen B and terminated by adding 50 pL of 2 mm H2SO4. The plate

was then read with a microplate reader at an absorbance of 450 nm.>>->

Serum Assessments for Hepatotoxicity

Liver enzyme activity is often measured to assess the liver health and function. The two most measured liver enzymes are
Alanine Aminotransferase (ALT) and Alkaline Phosphatase (ALP). ALT and ALP levels were determined using an
automatic blood biochemical analyzer (Model 7180; Hitachi High-Technologies Corp., Tokyo, Japan).”’

Tissue Isolation and Fungal Burden Assessment

The rats were divided into five groups (n=4 per group) and their weights and survival rates were measured daily. The rats
were euthanized, and serum and BALF were collected. The rats were then quickly dissected, and the lungs were quickly
harvested for use in subsequent experiments. Left lungs were preserved in 10% formalin overnight at 4 °C. Paraffin-
embedded sections were stained with hematoxylin and eosin (H&E) and visualized under an optical microscope (LEICA,
DM 2500, Germany). Stained tissue samples were magnified 40x to obtain microscopic images of the primary bronchus
and alveolar.”® The right lung was removed from the body, crushed with steel beads, and immersed in 2 mL of PBS-T.
Homogeneous tissue samples were cultured for 3 d at 28°C by serial dilution with PBS-T and repeatedly incubating them
on PDA plates. The number of colony-forming units (CFU) was measured after 3 d of cultured.”
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High Performance Liquid Chromatography (HPLC) -UV Analytical Method

The HPLC method for quantitative analysis of ITZ was conducted using a Thermo Ultimate 3000 hPLC system (Thermo
Scientific, Waltham, Middlesex County, USA). The column was an Inertsil ODS-2250x4.6 mm, 5 um HPLC analytical
column (GL Sciences, Japan). The mobile phase was composed of a mixture of a buffer containing 27.2 mg of
tetrabutylammonium hydrogen sulfate dissolved in 1,000 mL of water and ACN in a ratio of 30:70 (v/v). The mobile
phase was filtered through a 0.45 um membrane filter (Whatman, UK) and then degassed before use. The mobile phase
was pumped through the column at a flow rate of 2.0 mL/min. The column temperature was set to 30 °C, and the
detection wavelength was 225 nm. The injected volume of each sample was 20 pL. The HPLC retention time was
10 min, and ITZ was detected at 6.0 min.

The standard curve was obtained at eight points (100, 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78 pg/mL) based on
dilutions of the standard ITZ solution at 100 pg/mL. The correlation coefficient of the standard curve was 0.99999. The
limit of detection (LOD) and the limit of quantification (LOQ) were calculated using the standard deviation method and
were determined to be 0.59 pg/mL and 1.78 pg/mL, respectively. The HPLC method was validated for the calculations.

Statistics

Statistically significant differences in physicochemical properties, in-vitro studies, and in-vivo studies (pharmacokinetics
and pharmacodynamics) were evaluated using one-way analysis of variance (ANOVA) and Tukey’s / Dunnett’s post hoc
test (SPSS version 23, SPSS Inc., USA). Statistical significance was set at p < 0.05.

Results and Discussion

Physicochemical Properties of Nanoparticle-in-Microparticles

Morphology

The morphologies of the samples are shown in Figure 1. Additionally, the physicochemical properties of the particles, such as
the true density and zeta potential, are presented in Table S2. Figure 1A and C-Hare SEM images, whereas panel Figure 1B
displays a TEM image of ITZ-NS. The raw ITZ exhibited needle-shaped particles, which were thin and elongated, measuring
tens of micrometers in size. Conversely, the ITZ-NS produced through wet ball milling predominantly exhibited irregular
shapes smaller than 500 nm. In NIM-1, which did not incorporate PVA during spray drying, the milled ITZ particles exhibited
aggregated forms. From NIM-2 onwards, when PVA was added during the spray drying process, the surfaces became
progressively smoother as more PVA was incorporated.”® However, NIM-2, an intermediate stage, had a surface with filled
gaps and aggregated forms, creating a rough texture with pores. NIM-3, where the PVA/ITZ ratio reached 1:0.3, showed
almost no fine pores but retained a rough surface. In NIM-4, the surface smoothened and larger undulations in the particles
were emphasized. This trend continued for NIM-5 and NIM-6, where an increase in the PVA content resulted in smoother
surfaces and deeper undulations in the particle structure. NIM-6 displayed such severe shrinkage that the innermost folds of
the particle undulations were not visible. These morphological features align with the Reynolds theory, suggesting that an
increase in the viscosity of the hydrophilic substrate PVA reduces solute diffusion during spray drying, causing the particles to
fold more significantly and indent.®’ While the overall size of the manufactured NIM particles remained similar, the
smoothness or roughness of the surface and the degree of particle undulation significantly affected the aerodynamic
2 Furthermore,

small undulations such as dimples can improve the acrodynamic inhalation efficiency, whereas larger macroscale undulations

performance. Previous studies have suggested that rough or porous surfaces can enhance particle adhesion.

may cause interlocking among particles, thereby reducing the inhalation efficiency.

Particle Size Distribution (PSD) by Laser Diffraction

The particle size distributions of the formulations are summarized in Figure 2A. The NSs were prepared using raw 1TZ and
PVA during milling. In the final ITZ-NS formulation (Table S3), the particle size of ITZ was 270 nm + 5 nm, with a PDI of
0.17 + 0.02. Following spray drying, all formulations had a Dv50 value within the range of 1-5 pm with monodisperse
distribution, making the particle size suitable for pulmonary delivery. The incorporation of PVA into the formulation
increased the geometric size of the spray-dried particles. The distribution was monodispersed in all cases (span < 2.0),
which was essential for accurate dosing.**®* To avoid mucociliary clearance and macrophage uptake during the
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Figure | SEM image and TEM image of ITZ particle; (A) SEM image of Raw ITZ, (B) TEM image of ITZ-NS, (C - H) SEM image of ITZ NIM-I to NIM-6, respectively.
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Figure 2 Physicochemical characteristics of NIMs; (A) PSD using laser diffraction, (B) DSC thermograms, (C) PXRD patterns, (D) FT-IR spectra.

determination of nano particle size, the Dv90 value (um) was set below 0.3 pm (Figure S1). PDI typically allows
monodispersed below 1, with a criterion set below 0.2 to producing more uniform particles.> The MMAD may vary
depending on particle density or shape. Nonetheless, particles larger than 5 um generally cannot follow the airflow direction
changes at the upper and branching airway bifurcations due to inertial impaction. Particles smaller than 1 pm are typically
exhaled. Ultimately, the required particle size range for pulmonary therapy falls within a diameter of 1-5 pum.*
Crystallinity
The crystal state was determined by DSC and PXRD. In the thermal analysis depicted in Figure 2B, DSC was employed
to evaluate the impact of excipients and processing conditions on the physical properties of the ITZ. PVA exhibited no
endothermic peaks during DSC analysis.®” The DSC thermograms of raw ITZ displayed a pronounced endothermic peak
at 167.4°C, indicative of its melting point and crystalline nature.®*®® Following milling and spray drying, the DSC
thermograms consistently showed broader endothermic peaks for ITZ, suggesting a reduction in drug crystallinity. The
decrease in the melting temperature of the residual ITZ crystals in the formulations relative to those in the raw ITZ can be
attributed to the reduced particle size and increased amorphization facilitated by PVA. Comparison with the PXRD data
revealed no alterations in the crystal state (Figure 2C), including no shifts or deformations in the crystal structure.
Although there were no changes in the molecular structure or crystallinity of the compound, the addition of PVA
diminished the agglomeration energy of the particles, thereby lowering the melting point of the ITZ. During the spray
drying process employed in the manufacture of NIM, the melting point of the drug is reduced, yet the molecular structure
and crystallinity remain unaltered.

As illustrated in Figure 2C, the PXRD patterns were used to characterize the crystalline state of the ITZ after
preparation. The XRD patterns of the raw materials confirm the crystalline structure of the ITZ, as anticipated.
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Specifically, raw ITZ exhibited characteristic diffraction peaks with the highest intensities at 8.9°, 10.9°, 14.5°, 17.5°,
20.5°,23.6°, 25.5°, and 27.2° 2-theta, indicative of its crystalline nature.%7° However, in the formulations, the intensities
of these characteristic peaks were diminished. The incorporation of PVA and SLS had no discernible influence on the
diffractograms. Throughout the milling and spray-drying processes, a notable reduction in crystallinity was apparent.
This reduction was quantified by measuring the decrease in the total area under the curve of the characteristic peaks

relative to those of the physical mixtures.”!

Fourier Transform Infrared (FT-IR)

The FT-IR spectrum of the raw ITZ is shown in Figure 2D. The predominant peaks of raw ITZ were identified at 3382,
3130, 3072, 2964, 2825, 1695, 1509, 1452, 734, and 673 cm . The absorption bands ranging from 2800 em ! to
3200 cm™' correspond to the stretching vibrations of C-H bonds, encompassing both alkane and aromatic types.
Specifically, the band at 3382 cm ™' was attributed to the stretching vibration of the CH group in the furan ring, and
the band at 734 cm ™' was associated with C-Cl stretching within the ITZ molecule. Additionally, the bands at 3130 and
3072 em ™" are due to the stretching vibrations of the amino group. The pronounced band at 1695 cm ™' is indicative of
C=0 stretching, whereas the bands at 1509 and 1452 cm ' correspond to the stretching vibrations of C=C and
C-N bonds, respectively.’?

In-Vitro Aerodynamic Performance Study

The aerodynamic parameters of the test tubes are listed in Table 2. The MMAD of the manufactured formulations ranged
from 2.5 to 3.2 pm. The FPF values of the samples varied from 64.6% to 89.9%. The stagewise distribution of next-
generation impactors is shown in Figure S2. The JM sample exhibited approximately 30% deposition in the induction
port simulating the upper airways and showed lower FPF values (58.7%) and higher MMAD values (3.5 pm) compared
to the NIM formulation. Among the NIM formulations, the lowest PVA concentration resulted in the highest FPF value
(89.9%), as can be discussed similarly to the SEM images. The application of PVA influenced the surface characteristics
of the particles, with higher PVA concentrations reducing the aerosolization of the product owing to particle agglomera-
tion or folding.”**”* Formulations with lower PVA concentrations achieved deeper deposition in the NGI, utilizing smaller
MMAD (2.5 pm) and higher FPF (89.9%). In contrast, all NIM formulations exhibited high level of emitted dose
percentages (ED%) (84.8-91.1%) and demonstrated superior FPF (64.6-89.9%). All the formulations exhibited uniform
aerodynamic parameters. Compared with the JM formulations, the NIM formulations demonstrated even greater
uniformity in their aerodynamic parameters. Minimal variations in ED and FPF are crucial to ensure the efficacy and
safety of the designed medication. An important point of this study is that the results are consistent with the findings of
the morphological study.®*”>’® NIM-1 and NIM-2, which have pores and small undulations, exhibited very high
inhalation efficiencies, with a FPF of over 85%. As the PVA ratio increased and the undulations became relatively
large, FPF decreased slightly. However, all NIM formulations still demonstrated high inhalation efficiency, with an FPF
of over 60%.

Table 2 Aerodynamic Performance Characteristics of JM and NIMs
Including ED, FPF, MMAD and GSD (Mean * SD, n=3)

Formulation ED (%) | FPF (%) | MMAD (um) | GSD
M 87.1% 14 |587+23 |35£0.1 1.8+0.1
NIM-1 (ITZPVA=1:0) | 91.1 +0.1 | 89.9£0.1 | 25+0.1 1.8+0.1
NIM-2 (ITZ:PVA=1:0.1) | 874 +02 | 855+ 0.1 | 26 + 0.1 170l
NIM-3 (ITZ:PVA=1:0.3) | 87.6 + 03 | 766 02 | 28 + 0. 1.8+0.1
NIM-4 (ITZ:PVA=1:05) | 862 +03 | 73.7£02 | 29 + 0.1 1.7 0.1
NIM-5 (ITZ:PVA=1:0.7) | 87.8 +0.1 | 70.1 £ 0.4 | 32+ 0.l 1.8+0.1
NIM-6 (ITZPVA=I:1) | 848 +02 | 64603 | 3.1 0.1 1.8+0.1
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In-Vitro Behavior of NIMs in Artificial Mucus (AM) Layer

Upon arrival of NIM in the lungs, its behavior within the mucus layer and its potential absorption into the body were
simulated. This study aimed to confirm that the NIM formulation delivered nanoparticles to the lungs and verify their
behavior an in-vitro. Figure 3 confirms the presence of particles on the Franz diffusion cell membrane initially and after
30 min, indicating the loading of NIM onto the membrane. Both NIM-1, without the post-addition of PVA, and NIM-2,
with the post-addition of PVA at a ratio of 0.1 compared to ITZ, exhibited abundant microparticles on the membrane
surface even after 30 min. In contrast, no microparticles were observed for NIM-4 or NIM-6. However, NIM-4 showed
some signs of membrane surface alteration compared with NIM-6, although microparticles were not evident. As the PVA
ratio increased, the hydrophilicity of the particles increased. Consequently, in NIM-1 and NIM-2, many particles
remained intact on the membrane, whereas in NIM-6, the particles were almost completely disintegrated and penetrated,
fully revealing the membrane structure. In NIM-4, the particles partially dissolved to the extent that their forms were not
visible; however, they did not completely disintegrate. Instead, they appeared to cover the pores of the membrane in
a suspended state.”’

Figure 4 illustrates the characteristics of the permeated nanoparticles. The particles that penetrated the mem-
brane exhibited a morphology like that of the initially prepared ITZ-NS, indicating that the drug remained
undissolved and redistributed (Figure 4A). Although the initial nano particle shape and size were indiscernible in
formulations with low PVA concentrations (NIM-1, 2), formulations with high PVA concentrations (NIM-4, 6)
showed measurable size distributions like those of the initial nanoparticles (Figure 4A and C). Additionally,
quantitative analysis of drug concentrations in the receptor phase revealed that formulations with higher PVA
concentrations exhibited sequential disintegration of microparticles acting as carriers and drug permeation rates
(Figure 4B). The increased ratio of PVA led to an increased disintegration rate of the NIMs with increased
redispersion rates of the nanoparticles. The amount of the drug diffusing from the simulated pulmonary AM into
the epithelium was measured (Figure 4D). When the PVA concentration of the NIM formulations changes, the
extent to which nanoparticles of NIM diffuse into the AM differs.”® The amount of ITZ on the apical side was
measured in the following order: RAW ITZ, JM, NIM 1, 2, 4, 6 formulations, with concentrations of 47.4+6.5, 43.9
+8.0, 48.4£28.3, 51.7+£16.1, 13.542.0, and 16.1 £ 4.2 g/ mL, respectively. Substantial amounts of the drug were
detected in formulations with poor disintegration (RAW ITZ, JM, and NIM 1 and 2), indicating that the drug in
particulate form was not absorbed by the artificial mucosal barrier. Conversely, following RAW ITZ, JM, NIM 1, 2,
4, 6 formulations the amount of ITZ within the AM was measured at 8.3+5.2, 15.3+10.3, 2.8+0.7, 7.5+6.4, 43.7
+6.7, 49.14£8.9 pg/mL, respectively. This suggests that the nanoparticles rapidly dissolved in the mucus layer due to
the solubility of PVA.”® This aspect is a crucial factor in the design of NIM. To maximize the advantages of
microparticles during storage and inhalation, promote nanoparticle absorption upon reaching the lungs, and evade
phagocytosis, it is essential for the nanoparticles to rapidly dissolve in the mucus layer, which serves as the first
barrier encountered in the lungs.

Macrophage Uptake

After confirming the behavior of the nanoparticles within the mucosal layer, the resistance of the NIM formula-
tions to phagocytosis by macrophages was evaluated in-vitro (Figure 5A). Additionally, quantification of ITZ in
RAW 264.7, incubated in uninfected medium, is presented in Figure 5B. The amount of ITZ uptake by RAW 264.7
cells treated with ITZ-NS, NIM-3, NIM-4, NIM-5, and NIM-6 was negligible. In contrast, the intracellular ITZ
concentrations of JM, NIM-1, and NIM-2 were 24.4 + 1.0, 10.7 = 0.8, and 6.2 + 0.7 pg/mL, respectively.
Furthermore, medium concentrations of ITZ reflected a trend opposite to that of the uptake by Raw264.7 cells.
It is generally known that phagocytosis can be promoted by particle characteristics such as size and shape. The
conditions that most enhance the uptake by representative alveolar macrophages include particles of 100-200 nm
and 1-6 um in size, spherical shape, hard and non-porous structure, and insoluble and hydrophobic properties.® %
Therefore, the high phagocytic activity of the JM particles may originate from their size, shape, and solubility. As
the PVA content increased in the NIM formulations, nanoparticles were swiftly transported through the mucus
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Figure 3 (A) Schematic diagram of the Franz diffusion cell apparatus and SEM image of the raw RC membrane (0.45 pum) at 5,000x magnification. SEM images of NIM loaded
on the RC membrane of the AM layer over time, at 3,000x magnification.; (B) Membranes immediately after loading: (Bi) to (Biv) correspond to NIM-I, 2, 4, and 6,
respectively. (C) Membranes 30 minutes after loading: (Ci) to (Civ) correspond to NIM-I1, 2, 4, and 6, respectively. The schematic diagram of the Franz diffusion cell
apparatus in (A) was created with BioRender.com.
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Figure 4 Evaluation of NIMs characteristics in the in-vitro artificial mucus (AM) layer: (A) TEM image of ITZ nanoparticles re-dispersed in the basal area; (Ai) to (Aiv)
correspond to NIM-I to NIM-4, respectively. (B) Time-dependent dissolution rate of NIMs calculated from the analysis of ITZ content re-dispersed in the basal area, (C)
Particle size distribution (PSD) of particles re-dispersed in the basal area using Dynamic Light Scattering (DLS), (D) Distribution of NIM content in the Trans-well (mean
+ SD, n=3). Statistical analysis in (B) was performed using a Two-way ANOVA with Tukey’s multiple test with Raw ITZ.
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Figure 5 (A) Cellular uptake of ITZ by RAW 264.7 cells, (B) Mean concentration of ITZ in the medium outside RAW 264.7 cells + SD (n=3). Statistical analysis in (A) was
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before macrophage phagocytosis occurred. Some studies have highlighted the significance of ITZ in the mucus and
BALF, underscoring the importance of these mechanisms in enhancing ITZ efficacy.'""'%%:%% Therefore, evasion of
phagocytic action and rapid drug delivery into the mucosa are expected to maximize the effectiveness of ITZ.

In-Vivo Pharmacokinetic Studies

A. fumigatus, which causes aspergillosis, thrives in the pulmonary tract. Therefore, direct drug delivery to the lesion sites
is crucial for effective treatment. Previous studies have underscored the importance of evaluating the transition and
behavior of the ITZ in mucus or BALF, emphasizing the need for adequate drug distribution not only in blood and lung
tissue, but also in BALFE.***® Pharmacokinetic studies were conducted following a single oral dose of raw ITZ (10 mg/
kg) and the intratracheal administration of ITZ in different formulations (JM, NIM-1, NIM-4, and NIM-6) at the same
dose. The bioavailability of orally administered ITZ and JM were relatively similar, as shown in Figure 6A. However, the
NIM-4 and NIM-6 formulations exhibited slightly increased Cmax and AUC values compared to oral administration,
with minimal differences between the two formulations (Table 3 and Figure 6B). These enhancements in plasma drug
concentrations may be attributed to the rapid mucosal transit and evasion of macrophages observed prior in-vitro
assessments. Pharmacokinetic analyses of lung tissue and BALF were also performed (Figure 6C-F). While oral
administration showed almost no ITZ in the lung tissues and BALF, intratracheal administration of JM enabled the
identification of ITZ in both the lung tissue and BALF, validating the rationale for the intrapulmonary administration of
ITZ. NIM-1 exhibited a drug transition like JM, but NIM-4 and NIM-6 showed a more than two-fold increase in the
distribution of ITZ in the BALF (Figure 6F). The BALF serves as an indicator of the lung cavity, pulmonary mucus layer,
and sputum. High drug distribution and retention in the pulmonary mucus layer are crucial for the effectiveness of ITZ
against Aspergillosis.*”®® The results of this in-vivo study were consistent with those of previous in-vitro studies. The
NIM-4 and NIM-6 formulations, which effectively dispersed nanoparticles in the mucus layer, showed relatively high
AUC values owing to the enhanced absorption and evasion of phagocytosis by the nanoparticles. In addition, by
maintaining the characteristics of the nanoparticles in the mucus layer, these formulations resulted in significantly higher
concentrations of ITZ in the pulmonary cavity and mucus layers than the NIM-1 formulation. This can have a significant
impact on the efficacy against fungi residing in the lungs.

In-Vivo Pharmacodynamics Studies

Effectiveness and Hepatotoxicity

An acute pulmonary infection model caused by A. fumigatus was developed to evaluate the in-vivo antifungal efficacy of
NIM-6 in vivo. We investigated the efficacy of NIM-6 in a rat model of acute invasive pulmonary A. fumigatus.****° The
rats were divided into five experimental groups (n=4): no A. fumigatus infection group (NC), untreated control group
(PC), group treated with raw ITZ at 10 mg/kg orally (PO Raw ITZ), group treated with ITZ via intratracheal
administration of the JM formulation (ITI JM), and group treated with ITZ via intratracheal administration of the
NIM-6 formulation (ITI_NIM-6). As shown in Figure 7, acute invasive pulmonary infection increased A. fumigatus in the
PC group compared to the NC group, but ITI NIM-6 significantly decreased acute invasive pulmonary A. fumigatus
infection compared to the PC group. Notably, 75% of the rats in the ITI NIM-6 treatment group survived for 14 d post-
infection, whereas all rats in the PC group died within 6 d, and those in the oral treatment group died within
12 d (Figure 7A). Figure 7B illustrates the changes in body weight among the groups. The PC group exhibited
a statistically significant weight loss compared to other groups, showing approximately 77% of its initial body weight
on day 7. In contrast, the orally treated group retained 94% of its initial body weight on day 11, the JM intratracheal
administration group reached 100% on day 12, and the NIM-6 intratracheal administration group achieved 102% on day
13. These results indicate that the orally treated group showed a slight trend of weight loss compared to the intra-
tracheally treated groups. Figure 7C shows the results of ELISA for serum GM concentrations. GM is a structural
component of the cell wall of Aspergillus species and can be used as a symptomatic indicator.”"-*> While serum GM
concentrations were significantly increased in the PC-and orally administered groups, they were significantly decreased
in the groups treated intratracheally with IT JM and ITI NIM-6. Figure 7D shows the plasma levels of ALT and ALP,
which are typical hepatotoxicity biomarkers. Azole antifungals are potent inhibitors of the liver cytochrome P450
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Figure 6 (A) Plasma concentration of ITZ after oral administration, (B) Plasma concentration of ITZ after ITI administration with NIMs, (C) Lung tissue concentration of ITZ after
oral administration, (D) Lung tissue concentration of ITZ after ITI administration with NIMs, (E) BALF concentration of ITZ after oral administration, (F) BALF concentration of
ITZ after IT| administration with NIMs (mean * SD, n=5). Statistical analysis in (F) was performed using a One-way ANOVA with Tukey’s multiple test with NIM-1.

enzymes, potentially leading to increased levels of ALT and ALP, which are indicative of hepatotoxicity.”> Thus, while
the untreated PC group exhibited normal ALT and ALP levels, the orally treated group showed a four-fold increase in
ALT and ALP levels compared to the PC group. In contrast, the ITI JM and ITI NIM-6 groups exhibited ALT and ALP
levels like those of the PC group.”* This study confirmed the therapeutic efficacy and safety of intratracheally
administered ITI JM and ITI NIM-6 compared with those of PC or orally administered groups. Intratracheal adminis-
tration maintained normal hepatotoxicity levels while demonstrating a more potent antifungal effect through galacto-

mannan analysis, thereby showing differences in survival rates and weight maintenance.”
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Table 3 Pharmacokinetic Profile of ITZ in Plasma After Oral and Inhale Administration With JM, NIM-I, NIM-4, and NIM-6 (Mean *

SD, n=6)

Parameters Raw ITZ JM (10 mg/kg) NIM-1 (ITZ:PVA NIM-4 (ITZ:PVA NIM-6 (ITZ:PVA
(10 mg/kg) =1:0,10 mg/kg) =1:0.5,10 mg/kg) =1:1,10 mg/kg)
Per oral Intratracheal Intratracheal Intratracheal Intratracheal
(PO.) Installation (ITI) Installation (ITI) Installation (ITI) Installation (ITI)

Tmax (min) 360 240 240 240 240

Crmax (ngmL™") | 955 + 164 108.6 + 69.3 1173 £51.0 207.5 + 448 2370 +31.7

AUCq.24n 396.8 + 49.2 4284 + 60.7 461.5 + 68.1 6239 +79.2 681.4 £ 65.1

(ng min-mL™")

T2 (min) 936.7 602.6 677.1 630.2 546.6

Pulmonary Fungal Burden

To determine whether NIM-6 effectively inhibited the penetration of A. fumigatus into the BALF and lung tissue, CFU
analysis was conducted.”®®” When fungal suppression was assessed by CFU determination, the untreated control group
(PC) showed the highest CFU values. However, the CFU values were significantly decreased in the treated group and
observed visually (Figure 8A and B). Notably, in Aiv and Biv, the fungal growth area was significantly reduced
compared to the other groups. As confirmed in the pharmacokinetic studies, the ITI NIM-6 group exhibited
a consistently higher ITZ concentration in BALF compared to the other groups. Figure 8C illustrates the quantitative
CFU in the BALF, and Figure 8D presents the quantitative CFU in the lung tissue. The PC group showed significantly
higher values in both the BALF and lung tissues. More specifically, the CFU counts in BALF for the PC, PO Raw ITZ,
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Figure 7 Pharmacodynamic parameters following NIM administration in SD rats infected with A. fumigatus; (A) survival rate, (B) body weight changes, (C) galactomannan
index in BALF, and (D) plasma levels of ALT and ALP. Statistical analyses in (C), (D) were performed using a One-way ANOVA with Dunnett’s test with PC. Statistical analysis
in (C) was performed using a One-way ANOVA with Dunnett’s test with PO_Raw ITZ.
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Figure 8 (A) Images of fungal cultures obtained from the BALF of SD rats infected with A. fumigatus; (Ai) is PC (Untreated), (Aii) is PO_Raw ITZ, (Aiii) is ITI_JM, and (Aiv) is
ITI_NIM-6. (B) Images of fungal cultures obtained from lung tissues of SD rats infected with A. fumigatus; (Bi) is PC (Untreated), (Bii) is PO_Raw ITZ, (Biii) is ITI_JM, and
(Biv) is ITI_NIM-6. (C) Quantitative analysis of A. fumigatus CFU in BALF. (D) in lung tissues (mean = SD, n=4). A. fumigatus from all images were incubated at the same
dilution. Statistical analyses in (C), (D) were performed using a One-way ANOVA with Dunnett’s test with PC.

ITI JM, and ITI NIM-6 groups were 9817, 3638, 1642, and 465 CFU/g(mL), respectively (Figure 8C), and in lung
tissue, they were 953, 552, 193, and 69 CFU/g(mL), respectively (Figure 8D). This study presents an endpoint evaluation
of the studies. The NIM-6 formulation, which effectively dispersed nanoparticles in the mucus layer while maintaining
their characteristics upon reaching the lungs, facilitated rapid absorption while evading phagocytosis, thus allowing them
to remain in the pulmonary cavity and lung tissue. This is believed to effectively reduce the number of fungi present in
the lungs and positively affect the survival rates.

Histopathology of Lung
These results demonstrated that NIM-6 enhanced survival rates, reduced symptomatic indicators, and decreased lesion
sites in 4. fumigatus infection model. However, these studies did not elucidate the pathological mechanisms of action of
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NIM-6 in A. fumigatus infection model. To investigate this further, lung tissues and serum were collected from the
A. fumigatus infection model. H&E staining was used to visualize the bronchial and alveolar structures of lung tissues, as
depicted in Figure 9A and B. The NC group showed intact structures with no evidence of edema or hemorrhage in the
lungs. Although direct observation of 4. fumigatus hyphae was not possible by H&E staining of the PC-and orally treated
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Figure 9 (A) Primary bronchus stained with hematoxylin and eosin (H&E) observed under a microscope, magnification 400%; (Ai) Negative control (NC), (Aii) Positive
control (PC), (Aiii) PO_Raw ITZ, (Aiv) ITI_JM, (Av) ITI_NIM-6. (B) Alveoli stained with hematoxylin and eosin (H&E) observed under a microscope, magnification 400%; (Bi)
Negative control (NC), (Bii) Positive control (PC), (Biii) PO_Raw ITZ, (Biv) ITI_JM, (Bv) ITI_NIM-6. (C) Measurement of bronchial epithelial cell thickness (mean * SD,
n=10).
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groups, lesions within the bronchi and alveoli were observed. Severe damage and loss of bronchial epithelial cells were
noted in both the PC and ITZ MP_PO groups, along with hemorrhage (indicated by black arrows in Figure 9A and B).”®
Figure 9C shows the measurement and quantification of the thickness of the epithelial cell layer within the bronchi.”” The
epithelial cell layer was eradicated or undetectable in the PC and PO_Raw ITZ groups. Both the ITI JM and ITI NIM-6
groups exhibited similar structures and thicknesses of primary bronchial epithelial cells as those observed in the NC
group. These histopathological findings were consistent with the survival data, symptomatic indicators, and CFU data,
indicating less invasive disease and vascular invasion in the aerosolized groups, resulting in improved survival rates.'®
However, we emphasize once again that the histopathological findings, along with symptomatic indicators and CFU data
in this study, were derived from experiments conducted in SD rats. Therefore, further investigations are required to

determine whether absorption and pathological mechanisms in humans exhibit similar behavior.

Conclusion

In conclusion, the inhalable ITZ-NIM formulation was optimized using a spray drying method with adjusted polymer and
surfactant concentrations. This formulation achieved uniform fine particle dispersion without altering ITZ crystallinity or
molecular structure, as confirmed by stable 20 peaks and FT-IR spectra. A reduced enthalpy peak suggested partial
amorphization around the drug particles. The appropriate blend of an insoluble drug and hydrophilic polymer improved
particle solubility and local therapeutic efficiency, resulting in superior aerosol performance. The NIM-4 and NIM-6
formulations, which have a higher hydrophilic polymer content, exhibited higher drug concentrations in the mucus layer
and demonstrated resistance to mucociliary clearance and alveolar macrophage phagocytosis. Analysis of BALF,
representing the mucosal or alveolar compartments, revealed higher drug residues in formulations with higher hydro-
philic polymer content. For pulmonary infections such as aspergillosis, effective drug delivery to target sites while
avoiding pulmonary epithelial and alveolar actions has proven to be highly effective and safe.

Furthermore, drug movement and retention within the bronchial lumen or epithelium are more critical for treating
lung infections caused by A. fumigatus than systemic absorption or drug translocation into the pulmonary tissues.
Specifically, the NIM-6 formulation significantly increases drug penetration into the bronchial lumen or epithelium of
rats, thereby improving infection indicators, pathological factors, and survival rates, while substantially reducing
antifungal toxicity.'®" These results suggest that NIM-6 is a promising novel antifungal formulation with reduced side
effects and improved ITZ efficacy.
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