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ABSTRACT: Pulmonary fungal infections remain a major therapeutic challenge,
and localized drug delivery through inhalation offers the potential to improve
treatment efficacy while reducing systemic adverse effects. The present study
aimed to characterize an optimized nebulizable micafungin-loaded PLGA
nanoformulation for pulmonary drug delivery. The optimized formulation,
developed using a 2° full factorial design, was evaluated for its physicochemical
properties, morphological characteristics, residual solvent content, nebulization
performance, and aerodynamic behavior. Particle size, polydispersity index, zeta
potential, and entrapment efficiency were determined, while transmission
clectron microscopy (TEM), polarized light microscopy (PLM), and gas
chromatography—mass  spectrometry  (GC-MS) were employed for
morphological and residual solvent analysis. Nebulization performance and
acrosol characteristics were further assessed using a vibrating mesh nebulizer
and cascade impactor, respectively. The optimized nanoformulation exhibited
desirable  physicochemical and aerosolization characteristics, efficient
nebulization performance, and no detectable residual organic solvent, indicating
its suitability for pulmonary administration. These findings demonstrate the
potential of the developed micafungin-loaded PLGA nanoformulation as a
promising inhalable antifungal drug delivery system for the management of
pulmonary fungal infections.

INTRODUCTION

Pulmonary fungal infections represent a growing global health burden, particularly among immunocompromised patients,
individuals receiving chemotherapy, transplant recipients, and critically ill patients requiring mechanical ventilation.
Opportunistic pathogens such as Candida species are frequently implicated in pulmonary infections and colonization,
contributing significantly to morbidity and mortality in susceptible populations!. Despite advances in antifungal therapy,
effective management remains challenging due to inadequate drug concentrations at the site of infection and variability in

clinical response.

Micafungin sodium, a member of the echinocandin class, exerts its antifungal activity by inhibiting 3-(1,3)-D-glucan synthesis,
a key structural component of the fungal cell wall. It demonstrates potent fungicidal activity against Candida species and is
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widely used for invasive candidiasis. However, its clinical application is limited to intravenous administration due to poor oral
bioavailability and physicochemical constraints®. Although systemic administration provides therapeutic plasma levels, it may
not ensure optimal drug distribution within pulmonary tissues and is associated with systemic exposure and potential adverse
effects.

Pulmonary drug delivery has emerged as a promising alternative approach for targeting respiratory infections, offering
advantages such as localized drug deposition, rapid onset of action, and reduced systemic toxicity. Inhaled antifungal therapy
is increasingly being explored; however, its clinical utility remains under investigation due to challenges associated with
formulation stability, acrosolization efficiency, and variability in lung deposition*. Previous studies have demonstrated the
feasibility of delivering micafungin via nebulization, achieving favorable aerodynamic properties such as high fine particle

fraction and suitable mass median aerodynamic diameter for deep lung deposition>.

The development of effective pulmonary formulations requires careful optimization of physicochemical properties, including
particle size distribution, surface charge, morphology, viscosity, and drug encapsulation efficiency. Polymeric systems such as
poly(lactic-co-glycolic acid) (PLGA) have been extensively investigated due to their biodegradability, biocompatibility, and
ability to provide controlled drug release®. Additionally, surfactants like Poloxamer 188 play a crucial role in stabilizing
emulsion systems and influencing aerosol performance’. Importantly, pulmonary conditions such as the presence of lung

surfactant can significantly affect antifungal drug activity, highlighting the need for formulation-specific evaluation®.

Therefore, the present study aims to develop a nebulizable oil-in-water emulsion of micafungin sodium using PLGA and to
perform comprehensive physicochemical characterization of the formulation. Furthermore, the study seeks to generate
critical input parameters that can support future PBPK?® modeling and facilitate the translation of this formulation into an
effective pulmonary drug delivery system for antifungal therapy.

2.MATERIALS AND METHODS
2.1 Materials

Micafungin sodium was obtained as a gift sample Bicon Ltd. Poly(lactic-co-glycolic acid) (PLGA) was purchased from
Nomisma healthcare. Dichloromethane (DCM) of analytical grade was used as the organic solvent. Poloxamer 188 procured
from a certified supplier. All other reagents and chemicals used were of analytical grade, and distilled water was used

throughout the study.
2.2 Preliminary Screening of Variables

Preliminary trials were conducted and Placket-Burman design for screening was used to identify critical and non-critical
formulation variables. Based on these studies, the following parameters were found to have insignificant effects on the

dependent variables and were therefore kept constant:

) Amount of micafungin: 50 mg

. Volume of dichloromethane: 5 mI.
. Temperature: 20°C

° Homogenization time: 5 minutes

. Stirring speed: 300 RPM

This step ensured that further optimization focused only on the most influential variables.
2.3 Experimental Design

The optimized micafungin-loaded PLGA nanoformulation used in the present study was selected from formulations
developed using a 2* full factorial design. The experimental design evaluated the influence of three independent variables,
namely PLGA concentration (100 and 200 mg), Poloxamer 188 concentration (100 and 200 mg), and sonication amplitude
(40% and 70%), on the physicochemical characteristics of the nanoformulation. Eight experimental formulations (FD-1 to
FD-8) representing all possible combinations of the selected variables were prepared and evaluated. Particle size,
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polydispersity index (PDI), zeta potential, and entrapment efficiency were used as the critical quality attributes for
formulation optimization. Based on the optimization results, batch FD-4 was selected for further physicochemical

characterization, nebulization studies, aerosol performance evaluation, and morphological analysis.
2.4 Preparation of Micafungin O/W Emulsion

Micafungin-loaded emulsions were prepared using the solvent evaporation technique. Briefly, micafungin sodium and PLGA
were dissolved in dichloromethane to form the organic phase. The aqueous phase was prepared by dissolving Poloxamer 188
in distilled water. The organic phase was then slowly added to the aqueous phase under continuous stirring to form a coarse

emulsion.

The emulsion was subjected to homogenization at the specified amplitude (as per factorial design) to obtain a fine emulsion.
Subsequently, the system was stirred continuously to allow evaporation of dichloromethane, resulting in the formation of a

stable polymeric dispersion.

All batches were prepared according to the design matrix.
2.5 Physicochemical Characterization

2.5.1 Particle Size and Polydispersity Index (PDI)

The average particle size and polydispersity index (PDI) of the optimized micafungin-loaded nanoformulation were
determined by dynamic light scattering (DLS) using a Nanoplus Particle Size Analyzer (Micromeritics Instrument
Corporation, USA). Prior to analysis, the formulation was appropriately diluted with distilled water to minimize multiple

scattering effects. All measurements were performed at room temperature.
2.5.2 Zeta Potential

The zeta potential of the optimized nanoformulation was determined using the same instrument to assess the surface charge
and colloidal stability of the nanoparticles. The samples were diluted with distilled water before analysis, and measurements

were performed under standard operating conditions.
2.5.3 Entrapment Efficiency

The entrapment efficiency (EE) of the optimized nanoformulation was determined by the indirect method. The formulation
was centrifuged to separate the unentrapped drug from the nanoparticle dispersion. An aliquot (I mL) of the clear
supernatant was collected and diluted to 10 mL with distilled water. The absorbance of the diluted sample was measured at
271 nm using a UV—Visible spectrophotometer. The concentration of free micafungin was determined from the previously

established calibration curve. The entrapment efficiency was calculated using the following equation:

Total drug concentration—free drug concentration
EE% = 100

Total drug concentration

2.5.4 Statistical Analysis and Optimization

The experimental data obtained from the factorial design were analyzed to evaluate the effect of independent variables on the
responses. The optimized formulation was selected based on minimum particle size, low PDI, adequate zeta potential, and

maximum entrapment efficiency.
2.5.5 Morphological Analysis
2.5.5.1 Polarised light microscopy

The morphology of formulation was examined using polarized light microscopy (PLM). A small drop of the formulation was
placed on another glass slide, covered with a coverslip, and both were observed under a polarized light microscope. The

presence or absence of birefringence was noted.
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2.5.5.2 Transmission electron microscopy

The morphology and particle size of the optimized micafungin-loaded nanoformulation were examined using a Transmission
Electron Microscope (TEM) (Thermo Fisher Scientific, Talos 1.120C G2, Czech Republic). The samples were examined at an
accelerating voltage of 120 kV. TEM images were acquired at appropriate magnifications within the instrument's operating
range (34X-650,000%)

2.5.6 Differential scanning calorimetry

Pure Micafungin sodium drug was analyzed using differential scanning calorimeter, DSC 60 plus Shimadzu
(Shimadzu,Kyoto,Japan). Scanning temperature ranged from 0 to 200 °C at a heating range of 10°/min under a constant
nitrogen putge flow of 50 ml/ min.

2.5.7 pH Measurement

The pH of the formulation was measured using a calibrated digital pH meter at room temperature to ensure suitability for

pulmonary administration.
2.5.8 Density and Viscosity Measurement

Density of the formulation was determined using a density bottle at 25 = 1 °C. The bottle was weighed empty, filled with
distilled water, and subsequently with the formulation. Density was calculated based on the weight difference relative to water

Viscosity of the formulation was determined using a Brookfield viscometer at controlled temperature 25+2°C. S61 spindle
and rotation speed of 100 RPM were selected based on the viscosity range of the sample.

2.6 Residual solvent analysis by GCMS

Residual dichloromethane in the nanoformulation was analyzed by headspace gas chromatography—mass spectrometry (HS-
GC-MS) using a GCMS-QP 2020 system. The sample was sealed in a headspace vial, equilibrated at elevated temperature, and
the vapor phase was injected into the GC-MS. Separation was achieved on a capillary column using helium as the carrier gas,
and detection was performed by electron ionization mass spectrometry. Dichloromethane was identified by retention time

and mass spectral comparison with an authentic standard.
2.7 Nebulization performance
2.7.1 Nebulization time

The nebulization time of the developed nanoformulation was evaluated using a mesh nebulizer (Mini Vaporizer). Briefly, 2
mL of the formulation was transferred into the medication reservoir of the nebulizer. The nebulizer was operated under
ambient laboratory conditions. The time required for complete nebulization, from the onset of aerosol generation until no
visible aerosol was produced, was recorded using a stopwatch. The experiment was performed in triplicate, and the

nebulization time was expressed as mean T standard deviation (SD).
2.7.2 Nebulization output

After nebulization, the residual volume remaining in the medication reservoir was measured, and the nebulization output was

calculated using formula:

Initial volume-residual volume

Output rate =

Nebulisation time

All measurements were performed in triplicate and expressed as mean + SD.
2.7.3 Determination of Aerodynamic Particle Size Distribution

The aerodynamic particle size distribution (APSD) of the developed Micafungin Nanoformulation was evaluated using an
Andersen Cascade Impactor (ACI) operated at a flow rate of 28.3 L/min'>15. Following aerosolization, the drug deposited on
each stage of the impactor was quantitatively recovered. The recovered drug mass at each stage was used to determine the

aerodynamic particle size distribution, fine particle fraction and Mass median acrodynamic diameter.
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2.8 In vitro release

In vitro release of micafungin sodium from the nanoformulation was assessed by dialysis bag diffusion. The formulation-
loaded dialysis bag was placed in phosphate-buffered saline (pH 7.4) at 37 £ 0.5 °C with stirring at 200 rpm. At fixed
intervals, aliquots were collected and replaced with fresh buffer to ensure sink conditions. Drug content in each sample was
quantified spectrophotometrically at 271 nm, and cumulative release (%) was plotted against time to characterize release
kinetics. Experiments were conducted in triplicate.

2.9 Stability Studies

Intermediate, long-term and accelerated stability studies were carried out in accordance with ICH guidelines. The optimized
formulation was stored in amber-colored glass bottles to protect from light exposure.

Samples were maintained under the following conditions:
*30£2°C /65 % 5% RH (intermediate conditions)

* 251 2°C / 60% RH (long-term conditions)

* 40 £ 2°C / 75% RH (accelerated conditions)

All samples were stored in a dark environment, and temperature and humidity were monitored using calibrated digital

instruments.

The formulations were evaluated at predetermined intervals for changes in particle size, polydispersity index, phase

separation, and visual appearance.

3. RESULTS AND DISCUSSION

3.1 Physicochemical Characterization

3.1.1 Selection of the Optimized Nanoformulation

The physicochemical characteristics of the experimental formulations generated using the 2° factorial design were evaluated
to identify the optimized nanoformulation for subsequent characterization studies. The formulations exhibited particle sizes
ranging from 153 to 182 nm, with PDI values between 0.118 and 0.196, indicating a narrow particle size distribution. The
zeta potential ranged from —8.66 to —14.70 mV, suggesting moderate electrostatic stability, while entrapment efficiency
varied from 78.68% to 86.39%, demonstrating efficient encapsulation of micafungin within the PLGA matrix.

Among the investigated formulations, FD-4 was selected as the optimized batch because it exhibited a desirable combination
of physicochemical characteristics, including a particle size of 155 nm, PDI of 0.159, zeta potential of —14.70 mV, and
entrapment efficiency of 85.38%. These characteristics are considered suitable for pulmonary drug delivery, as nanosized
particles with a narrow size distribution facilitate reproducible aerosolization and efficient lung deposition. Therefore, the
optimized formulation (FD-4) was selected for subsequent PLM, TEM GC-MS, nebulization performance, and cascade

impactor studies.
3.1.2 Morphological Analysis
3.1.2.1 Polarized light microscopy

The nanoemulsion formulation exhibited a uniform, featureless field with no observable crystalline morphology (Figure 1),
indicating successful molecular dispersion of the drug within the formulation matrix.

3.1.2.2 Transmission electron microscopy

TEM analysis demonstrated the formation of discrete nanoparticles exhibiting quasi-spherical morphology (Figure 2). The
particles were well dispersed with minimal aggregation. The observed particle size was approximately 200-250 nm. The
presence of electron-dense regions within and around some nanoparticles may indicate successful incorporation of
micafungin within the polymeric matrix. Overall, the TEM micrographs confirmed the successful formation of nanosized
polymeric particles suitable for pulmonary drug delivery applications.
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3.1.3 Differential scanning calorimetry

Differential scanning calorimetry of the pure drug did not show a sharp melting endotherm (Figure 3); instead, a gradual
decline in heat flow was observed, suggesting thermal degradation prior to melting. This indicates that micafungin sodium is
heat-labile, which is consistent with its structural complexity and peptide-like nature. The absence of defined crystalline
features in the formulation, together with the thermal behavior of the pure drug, supports the effective transformation of
micafungin into a dispersed or amorphous state, which is expected to enhance its dissolution and pulmonary bioavailability.

3.1.4 pH Measurement

The optimized nanoemulsion exhibited a pH of 6.90 £ SD (n = 3), which is close to the physiological pH of the respiratory
tract and is therefore expected to minimize airway irritation upon pulmonary administration. The pH of the formulation
being close to physiological lung pH suggests good compatibility and minimal risk of irritation upon pulmonary delivery!’.

3.1.5 Density and viscosity

The density was determined to be 0.995 g/mlL. The density, being comparable to that of water, supports efficient
acrosolization. Viscosity measurements using a Brookfield viscometer (spindle S61, 100 rpm, 25 * 2°C) showed a value of 12
cP, indicating a low-viscosity system suitable for nebulization. Viscosity is a critical parameter influencing nebulization
performance; the observed value (12 cP) lies within the acceptable range for nebulizable formulations (<15 cP), ensuring ease

of atomization and formation of fine droplets'!.

Collectively, these physicochemical properties confirm the suitability of the optimized nanoemulsion for pulmonary drug
delivery.

3.2 Residual solvent analysis

Residual solvent analysis by GC—MS was carried out to determine the presence of residual dichloromethane (DCM) in the
optimized micafungin-loaded nanoformulation. No detectable DCM peak was observed in the chromatogram, indicating
efficient removal of the solvent during the formulation process. The absence of residual dichloromethane suggests that the
solvent evaporation technique was effective in eliminating the organic solvent from the final product. As dichloromethane is
classified as a Class 2 residual solvent under the ICH Q3C (R8) guideline'?, its complete removal is important to reduce the
risk of solvent-related toxicity, particularly for pulmonary drug delivery. These results confirm that the optimized
nanoformulation meets the recommended safety requirements for residual solvents and is suitable for further development as

an inhalable formulation.
3.3 Nebulization performance
3.3.1 Nebulization time

The nebulization performance of the optimized micafungin-loaded nanoformulation was evaluated using a mesh nebulizer.
The formulation exhibited complete nebulization with a mean nebulization time of 4 min 30 s. These findings suggest that

the developed formulation is appropriate for inhalation therapy and can generate aerosol efficiently.

The mean nebulization time of 4 min 30 s obtained in the present study is in agreement with the findings of Slator ez a/,
indicating that the optimized formulation is suitable for rapid and efficient pulmonary administration 3.

3.3.2 Nebulization output

The nebulization output rate of the optimized micafungin-loaded nanoformulation was 0.44 mL/min, calculated from an
initial formulation volume of 2 mL and a mean nebulization time of 4 min 30 s. The obtained output rate is comparable with
those reported for commercially available vibrating mesh nebulizers. Hatley et al. reported a mean output rate of
approximately 0.55 mL/min for the InnoSpite Go mesh nebulizer, demonstrating consistent aerosol generation and
treatment times!#. Similarly, Beck-Broichsitter et al. observed that the output rate of vibrating mesh nebulizers varies with
formulation properties such as viscosity and conductivity, with reported values ranging from 0.2 to 1.0 mL/min'5. Therefore,
the output rate of the developed nanoformulation falls well within the range reported for efficient mesh nebulizers.
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3.3.3 Determination of Aerodynamic Particle Size Distribution

The aerodynamic performance of the developed formulation was evaluated using the Andersen Cascade Impactor!¢%!7. The

recovered drug mass was distributed across all impactor stages, indicating efficient acrosol dispersion (Table 1)

The formulation exhibited an estimated MMAD of approximately 4.3 um, which falls within the recommended aerodynamic
size range (1-5 pm) for pulmonary drug delivery. Aerosol particles within this size range are capable of bypassing deposition
in the orophatryngeal region and efficiently reaching the lower tespiratory tract'®.

The calculated Fine Particle Fraction (FPF) was 53.8%, indicating that more than half of the recovered dose consisted of
respirable particles with an aerodynamic diameter below 4.7 um. A high FPF is indicative of efficient aerosolization and
enhanced pulmonary deposition's.

Based on the MMAD value, the developed formulation is expected to deposit predominantly in the bronchi and bronchioles,
while a proportion of the particles may also reach the alveolar region, thereby improving drug delivery to the lower
respiratory tract. The obtained aerodynamic characteristics suggest that the formulation possesses suitable inhalation

properties for pulmonary administration.
3.4 In Vitro Drug Release

The optimized formulation exhibited a sustained release profile over 24 hours, with approximately 95% cumulative drug
release (Figure 4).

The release pattern showed initial burst release due to surface-associated drug which was later followed by sustained release
governed by diffusion through PLGA matrix. The kinetic modeling revealed the release best fits Higuchi model (R* = 0.9896)
indicating diffusion is controlled release

This sustained release profile supports prolonged drug residence in the lungs, which is beneficial for antifungal therapy.
3.5 Stability Studies
Table 3 provides results obtained for Stability Studies of Micafungin sodium nanoformulation.

The optimized formulation remained physically stable under all ICH storage conditions. Throughout the study, the
formulation exhibited no signs of phase separation, creaming, or cracking, indicating good physical integrity of the
nanoemulsion system. The formulation consistently maintained a uniform white appearance, characteristic of oil-in-water
nanoemulsions, with no visible aggregation or instability. Additionally, no changes in color or odor were observed during the

storage period.

The absence of instability phenomena under all storage conditions may be attributed to effective steric stabilization provided
by the surfactant system and the optimized droplet size distribution. Furthermore, the maintained physical characteristics

indicate resistance to destabilization mechanisms such as coalescence and Ostwald ripening.

The quantitative stability assessment of the optimized micafungin formulation demonstrated only minimal variations in
physicochemical parameters. A slight increase in particle size was observed, particularly under accelerated conditions;
however, the values remained within the nanoscale range, indicating the absence of significant droplet aggregation or
coalescence. Similatly, the polydispersity index showed a marginal increase but remained below 0.2, confirming the
preservation of a relatively uniform size distribution.

The zeta potential exhibited a minor reduction in magnitude over time, which may be attributed to slight changes in
interfacial characteristics; nevertheless, the values remained sufficiently negative to maintain electrostatic and steric
stabilization of the system. Entrapment efficiency showed a gradual but limited decrease under elevated temperature and
humidity conditions, possibly due to minimal drug diffusion from the dispersed phase; however, the retention of high drug

content indicates effective encapsulation stability.

Importantly, these changes were more pronounced under accelerated conditions compared to long-term and intermediate
storage, which is consistent with the expected impact of temperature and humidity on emulsion systems. Despite these minor
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vatiations, no significant instability phenomena such as phase separation, creaming, or cracking were observed, and the

formulation maintained its physical integrity.

Table 1. Drug deposition profile of the optimized micafungin sodium nanoemulsion determined using the Andersen Cascade
Impactor (n = 3).

Stage Cut-off Diameter | Drug Deposition (mg, Mean * | Drug Deposition (%, Mean *
(um) SD) SD)

Stage 0 9.0 0.47 + 0.06 7.23+0.24

Stage 1 5.8 0.70 £ 0.10 10.77 £ 0.27

Stage 2 4.7 1.80 £0.10 27.69 £ 0.71

Stage 3 33 1.00 £0.10 15.39 + 1.08

Stage 4 2.1 1.47 £ 0.15 22.57 £ 1.09

Stage 5 1.1 1.07 £ 0.12 16.35 + 1.43

Total recovered | — 6.50 + 0.20 100.00

dose

Table 2. Aerodynamic performance parameters of the optimized micafungin sodium nanoemulsion (n = 3).

Parameter Mean * SD

Total recovered dose (mg) 6.50 £ 0.20

Fine particle dose (Stages 3-5, mg) | 3.53 £ 0.15

Fine Particle Fraction (FPF, %) 54.31 £ 0.95

Estimated MMAD (um) 43102

Table 3: Stability studies of the optimized micafungin sodium nanoemulsion under ICH storage conditions.

Parameter Initial Long-term (25 * 2 °C / | Intermediate (30 = 2°C / | Accelerated (40 £ 2 °C /
60 + 5% RH, 12 months) | 65 * 5% RH, 6 months) 75 * 5% RH, 6 months)

Appearance White, White, homogeneous White, homogeneous White, homogeneous
homogeneous

Phase Absent Absent Absent Absent

separation

Creaming / | Absent Absent Absent Absent

Cracking

Color No change No change No change No change

Odor Characteristic No change No change No change

Parameter Initial 12 months (LT) 6 months (INT) 6 months (ACC)

Particle  size | 155 £ 0.961 158 + 892 155 £ 0.962 156 * 0.881

(nm)
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PDI 0.159 0.162 0.160 0.165
Zeta potential | —14.7 —14.2 —14.8 -14.1
(mV)

EE (%) 85.3 84.5 83.8 82.6

Figure 1. Polarized light microscopy (PLM) images of the optimized micafungin sodium nanoemulsion showing the absence
of visible crystalline drug particles, indicating successful molecular dispersion of the drug within the formulation.
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Figure 2: Representative transmission electron microscopy (TEM) micrographs of the optimized micafungin sodium

nanoemulsion.
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Figure 3: Differential scanning calorimetry (DSC) thermograms of pure micafungin sodium
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Figure 4: In vitro drug release profile of the optimized micafungin sodium nanoemulsion
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