
Vol 18, Issue 10, 2025
Online - 2455-3891 

Print - 0974-2441

ITRACONAZOLE-LOADED NANOEMBEDDED MICROPARTICLES FOR INHALATION THERAPY 
IN LUNG INFECTIONS: DESIGN AND OPTIMIZATION

INDIRA MUZIB YALLMALLI* , SREEVIDYA PUVVALA
Department of Pharmaceutics, Institute of Pharmaceutical Technology, Sri Padmavati Mahila Visvavidyalayam, Tirupati, Andhra Pradesh, India. 

*Corresponding author: Yallmalli Indira Muzib: Email: yindira1415@gmail.com

Received: 20 June 2025, Revised and Accepted: 02 August 2025

ABSTRACT

Objective: To develop and optimize itraconazole (ICZ) nanoembedded microparticles (NMPs) for pulmonary delivery to enhance the treatment of 
aggressive pulmonary fungal infections, such as aspergillosis, in immunocompromised patients with chronic respiratory conditions by improving ICZ 
solubility, dissolution, and lung-specific drug delivery.

Methods: ICZ nanocrystals (INCs) were formulated using ultrasonic processing with poloxamer (PLX)-188 or Brij 58 as stabilizers to enhance 
solubility. Quality by design principles were applied to evaluate the effects of formulation and process variables on ICZ solubility and dissolution. 
Optimized INCs were lyophilized into NMPs using α-Lactose Monohydrate  United States Pharmacopeia (USP) as a matrix, sifted to a particle size of 
<5 µm, and subjected to micromeritic and dissolution studies. The pharmacokinetic performance of NMPs was compared to commercially available 
oral ICZ formulations by assessing plasma drug concentrations.

Results: Optimized INCs, sonicated with PLX-188 at 50% amplitude for 15 min, achieved a particle size of 174.4 nm, solubility of 0.31 mg/mL, and a 
dissolution time of 22.97 min to reach 90% of the dose. NMPs exhibited suitable properties for inhalation, disintegrating in the secondary bronchi to 
release INCs that rapidly penetrated alveolar fluids. Compared to oral formulations, NMPs showed a faster tmax, higher Cmax, and increased plasma 
ICZ bioavailability at equivalent doses, with significantly higher drug concentrations in the lungs and sustained effective levels.

Conclusion: ICZ-loaded NMPs for pulmonary delivery offer a promising approach for treating pulmonary fungal infections, providing enhanced 
solubility, rapid dissolution, and superior lung-targeted drug delivery compared to oral formulations, potentially improving therapeutic outcomes in 
vulnerable populations.
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INTRODUCTION

Aspergillus fungus first infects the lungs [1], where it may spread 
to other organs. First-line treatments include antifungals, such as 
Itraconazole (ICZ) [2]. Even after systemic treatment, fatality rates are 
significant, and higher doses are impractical due to systemic toxicity. 
Therapeutically, a drug delivery system that delivers ICZ to the lungs is 
more effective. ICZ is water-insoluble and belongs to the BCS class II [3]. 
It involves in IV injection, oral solution, and delayed-release tablet form 
on the market. Poor and inconsistent bioavailability are drawbacks of 
the oral products [4]. Due to oral bioavailability issues, the inhalational 
route is more promising and necessary for improved therapeutic 
efficiency and patient compliance.

From the literature, it was found that amorphous solid dispersions 
(ASDs) of ICZ prepared by hot-melt extrusion with hydrophilic carrier 
Soluplus increased the solubility [5]. The ASDs were studied for several 
characterizations, including solubility and dissolution. The results 
demonstrated that both the solubility and dissolution were improved 
for the ASDs. Solid dispersions of ICZ using hydrophilic carriers, such 
as polyvinyl alcohol, Soluplus, and hydroxypropyl methyl cellulose by 
hot-melt extrusion were formulated and evaluated, and the results 
of the dissolution study showed that ICZ’s dissolution was greatly 
increased from 1.5% in the case of pure drug to more than 80% for 
the solid dispersions after 2 h of dissolution [6]. Nanoprecipitation by 
solvent displacement was used with Tween 80 as the stabilizer for the 
formulation of a nanosuspension of ICZ to enhance the solubility [7]. The 
authors reported 96.8% dissolution for their best formulation against 
34.5% for pure ICZ after 60 min. These results showed that hydrophilic 

carriers and surfactants can improve ICZ solubility and dissolution. 
However, none of these investigations examined pulmonary delivery of 
the compounded ICZ. Thus, ICZ administration through the lungs has 
great potential to be scientifically studied.

The pulmonary route provides advantages over the gastrointestinal 
tract, including high alveolar surface area, lack of first-pass metabolism, 
lower efflux transporter expression, and lower metabolic CYP450 
enzymes [8-10]. In addition, the pulmonary route is ideal for local action 
against airborne diseases, including fungal aspergillosis and pulmonary 
disorders, such as asthma, bronchitis, and chronic obstructive pulmonary 
disorder [11]. In addition to these highly significant advantages, a 
few potential barriers to drug administration are also present in this 
route [12]. The major barriers among them are mucociliary clearance 
and pulmonary macrophages. The mucus lining in the airways captures 
and expels the dust particles and microorganisms. Hence, the drug 
particles may also be cleared before being absorbed systematically or 
before exerting their action locally. In Particular, the mucus present 
on the ciliary membrane is responsible for this clearance [13,14]. In 
addition, the endocytosis of the drug particles by the macrophages is 
another barrier [15-17]. Particles in the size range of 1–3 µm are more 
prone to phagocytosis in the lungs. This phagocytosis primarily depends 
on the size and surface properties of the administered drug particles, 
such as shape, surface charge, and adsorbed proteins [18-21]. A  drug 
delivery system that can overcome these two barriers may be the best 
delivery system for either local or systemic action of any drug candidate.

The following hypothesis is formulated to improve therapeutic efficiency 
through pulmonary administration for local action on the basis of 
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disease etiology and ICZ solubility [22]. To improve ICZ solubility and 
dissolution, ICZ nanocrystals (INCs) were used. Poor aerodynamics 
make these nanoparticles inappropriate for pulmonary delivery. Thus, 
these INCs were embedded in a carrier to create nanoembedded 
microparticles (NMPs) of the ICZ without influencing dissolution. To 
achieve good aerodynamic qualities, NMPs were designed to be between 
1.5 and 5 µm in size [23-25]. Thus, these NMPs may deposit in the lungs 
and dissolve promptly due to the high solubility of the carrier to avoid 
pulmonary endocytosis. The INCs released after solubilization of the 
carrier could easily diffuse into the alveolar network for dissolution 
and local activity.

A quality-by-design (QbD) strategy was used to prepare and optimize 
the INCs. Four different formulations and process variables were 
investigated to produce INCs with optimal solubility and dissolution. 
Later, the optimized INCs were lyophilized into a highly soluble lactose 
matrix. The lyophilized material was sieved to extract NMPs <5µm 
in size to obtain good aerodynamic properties while preserving the 
dissolution properties of INCs.

METHODS

Chemicals
ICZ was procured from Intas Pharmaceuticals Ltd., Poloxamer (PLX) 
188, Brij 58, and α-Lactose monohydrate (particle size as D50 <5 µm) 
were acquired from Merck Ltd.

Development of INCs
QbD aspects
The development of INCs was envisaged using the nanocrystallization 
technique, with the application of ultrasonication. The Design Expert 
program facilitated the implementation of the QbD approach [26]. 
The quality target product profile was used to improve the solubility 
and dissolution rate of ICZ. Hence, the solubility (R1) and time for 
90% dissolution (T90%) (R2) were taken as the response variables. 
On the basis of the literature and preliminary research, four distinct 
process and formulation factors were chosen to investigate their 
impact on the responses. The factors considered in the study were: 
A  – sonication power (at amplitudes of 40%, 50%, and 60%), B – 
sonication time (at durations of 15, 20, and 25  min), C – stabilizer 
concentration (at concentrations of 0.25%, 0.5%, and 0.75%  w/v), 
and D – stabilizer type (PLX 188 and Brij 58). The experimental 
design used to examine the effects of the factors on the responses was 
a central composite design (CCD). Table 1 displays the combinations 
of variables and their corresponding levels as per the CCD for the 
development of INCs.

Preparation of INCs
INCs were prepared by ultrasonication [27,28]. The INCs formulated 
with PLX-188 were designated as PINCs, whereas those formulated 
with Brij 58 were designated as BINCs. The stabilizer was dissolved 
in 20 mL of distilled water at the specified concentration. A quantity 
of 100  mg of ICZ was evenly distributed in the stabilizer solution 
mentioned previously. The dispersion was subjected to sonication 
using a Probe sonicator (Vibra Cell VCX 130, Sonics) at the appropriate 
amplitude for a defined duration. The stabilizer, its concentration, 
sonication amplitude, and time were selected according to the 
combinations specified in Table  1. Following sonication, the 
nanosuspension of the INCs was subjected to centrifugation at a 
relative centrifugal force of 5,800 g at 25°C for a duration of 100 min 
using an RM-12C centrifuge manufactured by Remi. The solid pellet 
of the INCs was subsequently obtained by separating it from the 
supernatant. The pellet was reconstituted in double-distilled water 
and dehydrated using lyophilization (followed by freezing, primary 
drying was at −40°C temperature and 1.3 millibar pressure, and 
secondary drying at 50°C) until the remaining moisture content is 
below 0.5%. The desiccated INCs were preserved in the identical vial 
for subsequent investigations.

Characterization studies of the INCs
Solubility
Pure ICZ and the INCs were studied by the equilibrium shake-flask 
method to determine the solubility [29,30]. In a stoppered test tube, 
5  mL of water and extra ICZ/INCs were introduced. While on orbital 
shaker for 24  h, the test tube was tested for the need of ICZ/INCs 
addition. After 24  h of supersaturation, the mixture was filtered and 
spectrophotometrically examined. The solubility of only ICZ was also 
tested in 0.1N HCl, 0.1N NaOH, phosphate buffer with pH 3.4, 5.8, and 
7.8 buffers.

Dissolution
INC’s dissolution trials were done in 900 mL of 0.1 N HCl, the  United 
States Food and Drug Administration (USFDA)-recommended medium 
[7] that was maintained at 37°C. A weight of 100 mg drug equivalent 
INCs from every formulation was taken for this test. The study lasted 
an hour with the Paddle device at 75  rpm. Dissolution samples were 
obtained periodically at 5, 10, 20, 30, 45, and 60  min and measured 
spectrophotometrically after suitable dilution. The data were 
kinetically processed with zero-order and first-order models, followed 
by calculating the dissolving rate constant (k) and T90%

Design validation and optimization
A sequential model sum of squares (SMSS) analysis was conducted 
for each response to determine the appropriate regression model 
between the factors and each response [26,31]. The proposed model 
subsequently underwent analysis of variance (ANOVA) testing to verify 
its validity and significance [32]. Ultimately, optimization was executed 
using the desirability functions approach. The desirability criteria were 
established to maximize solubility and minimize T90%. In addition, 
limitations were imposed on Factors A and B to minimize both the 
sonication power and time, taking into account the economic aspects of 
the procedure. Though the reduced sonication power and time are less 
important in the laboratory scale production, these are critical factors 
during scale-up for large-scale manufacturing.

Particle size and zeta potential
The optimized formulation of the INCs was subjected to dynamic light 
scattering analysis [33] with the Horiba SZ-100 instrument to measure 
the particle size and zeta potential of the optimized INCs. This study 
was conducted to verify the nanoscale dimensions of the INCs.

Preparation of NMPs
The INCs were embedded in lactose as the carrier. A solution of α-lactose 
monohydrate was prepared by dissolving 1 g in 5 mL of water in a glass 
vial, resulting in a saturated lactose solution. A quantity of 0.5 g of the 
optimized INCs was introduced into the lactose solution contained in the 
vial and stirred vigorously to create a uniform mixture. The dispersion 
was lyophilized (at −55°C temperature and 100 mTorr pressure) with 
LYB-5504 from Operon to generate a porous matrix of lactose with the 
INCs remaining embedded [34]. The porous matrix was removed to 
cause the structure to collapse. The sample was subsequently sieved 
through a Filson 5 µm stainless steel mesh to obtain a finely powdered 
substance known as NMPs.

Characterization of the NMPs
The NMPs that were obtained were analyzed by scanning electron 
microscopy (SEM) (TESCAN VEGA3) [35-37], and micromeritic 
properties, such as the mass median aerodynamic diameter (MMAD) 
[38], were analyzed by following established protocols. In addition, the 
NMPs underwent dissolution experiments as described in Section 2.3.2 
to examine any alterations in the dissolution rate of the INCs caused by 
the lyophilization procedure.

Differential scanning calorimetry (DSC)
The INCs and the NMPs were subjected to a DSC (NEXTA, HITACHI) 
study to investigate any changes in the physical state of the drug after 
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converting the nanocrystals were converted into NMPs. At a heating rate 
of 10°C/min, thermal analysis in a nitrogen atmosphere was performed 
at a temperature range of 50–300°C.

The NMPs were also characterized for the following micromeritic 
properties:

Bulk density
Two grams of precisely measured NMPs were inserted into a 10  mL 
measuring cylinder. The NMPs volume was measured without 
disrupting the cylinder, and the bulk density was determined using the 
following formula.

=
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Tapped density
The above measuring cylinder containing 2 g of the NMPs was dropped 
on a hard wooden surface from a 1-inch height at 2-s intervals for 
100 times. From the final volume, the tapped density was calculated by 
the following equation
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Carr’s index (%)
This is an indication of the compressibility of a powder. It is calculated 
by the formula.

( ) −
= ×

Tapped density Bulk densityCarr's Index %  100
Tapped density

Hausner’s ratio
This is an indicator of the flowability of a powder. It is calculated by the 
formula:

= ×
Tapped densityHausener’s ratio  100

Bulk density

Angle of repose (θ)
The funnel was positioned such that the stem of the funnel was elevated 
2.5 cm above the flat surface. The NMP powder was discharged from the 
funnel, causing the pile to reach the top of the funnel. The diameter of 
the pile was estimated by delineating a boundary along the perimeter 
of the pile and calculating the mean of three diameters. The angle of 
repose is calculated by using this formula:

θ=tan−1 h/r

where, θ is the angle of repose, h is the height of the pile, and r is the 
radius of the pile.

MMAD
MMAD was calculated using the below formula

=MMAD  Size x true density

True density of the NMPs was determined by the standard procedure of 
the mercury displacement method using a pycnometer.

In vivo pharmacokinetic studies
The protocol for the in vivo study was examined and approved at 
Hindu College of Pharmacy, Guntur, and given the number IAEC-
HCOP/2023/08. Male Sprague-Dawley rats of 7–9  months old with 
a weight ranging from 200 to 250  g were taken as the experimental 

animals. For 2 weeks, the animals were kept at 25±0.5°C and 50±5% 
relative humidity with 12-h light/dark cycles. The animals had 
unrestricted access to food and water during this period. Twelve hours 
before the investigation, the animals were kept in a fasting state.

A total of 36 animals were taken and divided into 3 groups equally and 
named as G1: Control (administered with potable water at 5  mL/kg 
body weight), G2: Reference product (Marketed oral solution, Itratuf 
Oral Solution 10  mg/mL by Alkem Lab Ltd.), and G3: Test treatment 
(NMPs formulation). The dose for both the Reference and the test 
product was at 40  mg/kg body weight [39]. The animals in G2 were 
administered with the dose equivalent amount of the reference product 
through the oral route using an oral gavage. On the other hand, the 
animals in the G3 were administered with the test formulation of NMPs 
(75 mg of the NMPs contain 10 mg of INCs for a 250 g of rat) using an 
in-house developed hand-operated inhalation device as described by 
Kaur et al. [40]. A hole was drilled in the apex of a centrifuge tube for 
inserting a flexible air input tube. The tube wall had another hole for the 
delivery port, which could fit a rat’s muzzle. A pipette bulb was fixed on 
the flexible tubing and its activation allowed turbulent air to fluidize the 
powder for inhalation by the rats. At specified time intervals 0.5, 1.0, 1.5, 
2.0, 3.0, 6.0, 12.0, 18.0, and 24.0 h, blood samples were collected from 
retro-orbital into heparinized tubes and centrifuged to collect plasma. 
Blood samples were collected only from three animals from each group 
at every time point. Furthermore, one animal from each group was 
euthanized at every time point and the lung tissue was isolated and 
checked for its weight. The tissue was added into phosphate buffer saline 
solution and homogenized to a fine dispersion. Both the plasma samples 
and the homogenized tissue samples were subjected to a liquid-liquid 
extraction method using methanol as reported by Compas et al. [41]. 
Then the extracted samples were subjected to chromatographic analysis 
to quantify the ICZ levels. The obtained data were analyzed through 
a non-compartmental model using the PK Solver [42] to calculate the 
pharmacokinetic parameters of ICZ from both the products in both blood 
and lungs tissue. For each pharmacokinetics property, the significance in 
the difference in the results between both the products was tested by a 
t-test. For this purpose, two sample t-test assuming unequal variances 
was adopted at α level of 0.05.

Stability studies
Accelerated stability testing was executed on the optimized NMPs of 
both the drugs according to the ICH conditions as per the guidelines 
of Q1A(R2). The NMPs were packed in glass vials and were stored 
at 40±2°C temperature and 75±5% RH humidity for 6  months. At 
intermediate time intervals of 3 and 6  months, samples were taken 
and analyzed visually for any observable change as well as for the drug 
content and drug release studies.

RESULTS AND DISCUSSION

The solubility of pure ICZ in water was found to be below 
0.003 mg/mL. As the lower limit of the linearity was 3 µg/mL by the 
developed spectroscopy method in our study, any solubility below this 
could not be accurately determined. Its solubility in 0.1N HCl and in 
phosphate buffer pH  3.4 were found to be 0.048 and 0.016  mg/mL, 
respectively. Whereas its solubility in phosphate buffers pH 5.8, pH 7.8, 
and in 0.1N HCl were found to be below 0.003 mg/mL. Its maximum 
solubility in 0.1N HCl could be due to its alkaline nature. The results of 
the solubility analysis of the INCs are presented in Table 1.

The INCs were nanocrystallized through ultrasonication. Sonication 
can reduce the particle size to the nanoscale. Extreme particle size 
reduction can produce static charge and nanoparticle aggregation. This 
agglomeration reduces the effective solid surface area, thereby reducing 
the increase in solubility. Hence, a stabilizer was added to the sonication 
medium to prevent agglomeration. The stabilizers used were PLX 188 
and Brij 58 [43,44]. Both are hydrophilic non-ionic surfactants that can 
adsorb on ICZ particles during size reduction. Thus, these materials 
reduce the interfacial tension, free energy, and agglomeration [45], 
which ultimately improves the solubility and dissolution. The solubility 
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and dissolution rate of the prepared INCs were investigated to confirm 
these assumptions. Table 1 shows the solubility and T90% data.

Experimental design validation
The findings of the SMSS analysis (shown in Table  2) indicated that 
the factors had an impact on both responses that was linear. The 
linear models for the solubility and the T90% were determined to be 
significant at p<0.05, according to the findings of the ANOVA test [46] 
which are displayed in Table 3. Furthermore, each of the four factors 
significantly affected the solubility and the T90% at p<0.05. In addition 
to the ANOVA test, the predicted versus actual plots for both responses 
are shown in Fig. 1. These plots both responses demonstrated that all 
of the data points were evenly distributed around the line 45°. This 
discovery suggested that no transformation of the data is required 
before proceeding with DoE analysis and optimization.

DoE analysis of the responses
Fig. 2a-d illustrates the impacts of various factors on the solubility of 
INCs. An increase in sonication power, as measured by the amplitude 
(Factor A) and duration of sonication (Factor B), lead to an increase 
in solubility. The application of high-amplitude sonication increases 
the energy input into the dispersion, leading to a more significant 
reduction in the size of the INCs. Increasing the duration of sonication 
also results in more energy being applied to the dispersion, potentially 
leading to a reduction in particle size [47,48]. Reducing the particle 
size of the INCs may lead to an increase in their solubility. The solubility 
was enhanced by an increasing in the concentration of the stabilizer 
(Factor C). Increased concentrations of the surfactants, PLX-188 and 
Brij 54, result in increased adsorption of these molecules onto the 
surface of the INCs. This leads to the formation of steric barriers, which 
in turn reduce aggregation and results in reduced particle size and 
increased surface area. In addition, the adsorption of larger quantities 
of these hydrophilic surfactants can increase the hydrophilicity of the 

surface of solid particles. Gigliobianco et al. [49], and Gulsun et al. [50] 
reported similar impacts of surfactants on the surface characteristics 
and solubility of the poorly soluble drugs. Therefore, INCs that have 
a larger surface area and a greater quantity of adsorbed surfactants 
lead to an increased solubility of ICZ. The acquired results strongly 
correlate with the findings reported by dos Dos Santos et al. [51]. The 
solubility of ICZ was greatly affected by the type of stabilizer (Factor D). 
Compared with Brij 58, PLX-188 showed a greater ability to enhance 
the solubility of ICZ. This can be explained by the higher hydrophilic-
lipophilic balance (HLB) value of PLX-188, which is 29, than the HLB 
value of Brij 58, which is 16. PLX-188, with a higher HLB, is a more 
hydrophilic. Consequently, it significantly enhances the solubility of 
ICZ to a greater degree than Brij 58 does. A similar effect of the HLB of 
the surfactant on the solubility of Ketorolac was observed, as reported 
by Smail et al. [52].

Table 1: Central composite design ‑ suggested combinations of the factors with levels indicating various formulations of INCs

Formulation 
code

Levels of the factors R1: Solubility (mg/mL) 
mean±SD (n=3)

R2: T90% (min.) 
Mean±SD (n=3)A: Sonication 

power
B: Sonication 
time

C: Stabilizer 
conc.

D: Stabilizer 
type

PINC1 50 20 0.08 PLX‑188 0.03±0.01 37.5±3.2
PINC2 40 15 0.25 PLX‑188 0.02±0.01 40.9±2.4
PINC3 60 15 0.25 PLX‑188 0.10±0.04 32.8±1.6
PINC4 40 25 0.25 PLX‑188 0.07±0.02 40.1±1.9
PINC5 60 25 0.25 PLX‑188 0.16±0.05 27.9±2.5
PINC6 50 11.59 0.5 PLX‑188 0.21±0.03 31.6±3.2
PINC7 33.18 20 0.5 PLX‑188 0.19±0.06 32.7±1.4
PINC8 50 20 0.5 PLX‑188 0.23±0.07 29.2±1.7
PINC9 66.82 20 0.5 PLX‑188 0.33±0.04 20.4±2.1
PINC10 50 28.41 0.5 PLX‑188 0.36±0.08 23.5±1.6
PINC11 40 15 0.75 PLX‑188 0.29±0.05 27.3±1.9
PINC12 60 15 0.75 PLX‑188 0.31±0.02 21.9±3.4
PINC13 40 25 0.75 PLX‑188 0.28±0.03 22.8±2.8
PINC14 60 25 0.75 PLX‑188 0.35±0.01 20.3±2.5
PINC15 50 20 0.92 PLX‑188 0.31±0.07 24.9±1.3
BINC1 50 20 0.08 Brij 58 0.02±0.01 45.2±1.8
BINC2 40 15 0.25 Brij 58 0.01±0.01 47.3±1.1
BINC3 60 15 0.25 Brij 58 0.04±0.01 44.7±2.9
BINC4 40 25 0.25 Brij 58 0.05±0.01 45.9±3.4
BINC5 60 25 0.25 Brij 58 0.12±0.03 38.5±2.7
BINC6 50 11.59 0.5 Brij 58 0.15±0.04 35.4±1.8
BINC7 33.18 20 0.5 Brij 58 0.13±0.02 36.2±4.2
BINC8 50 20 0.5 Brij 58 0.20±0.07 33.1±1.6
BINC9 66.82 20 0.5 Brij 58 0.24±0.05 31.8±2.4
BINC10 50 28.41 0.5 Brij 58 0.21±0.02 30.9±1.7
BINC11 40 15 0.75 Brij 58 0.17±0.01 33.6±3.1
BINC12 60 15 0.75 Brij 58 0.26±0.05 25.4±2.5
BINC13 40 25 0.75 Brij 58 0.23±0.04 29.7±2.2
BINC14 60 25 0.75 Brij 58 0.31±0.03 24.2±1.3
BINC15 50 20 0.92 Brij 58 0.29±0.06 24.9±1.9
PINC: Polaxomer‑188 itraconazole nanocrystals, BINC: Brij‑58 itraconazole nanocrystals, PLX: Poloxamer, SD: Standard deviation

Table 2: Sequential model sum of squares analysis results for 
the response solubility and T90%

Source Model 
p value

Adjusted 
R2

Predicted 
R2

Inference

For solubility
Design model 0.0001 0.8863 −1.0415
Linear <0.0001 0.8816 0.8526 Suggested
2FI 0.9762 0.8530 0.7769
Quadratic 0.0344 0.8967 0.8062 Suggested
Cubic 0.8310 0.8553 −1.3805

For T90%
Design model 0.0001 0.8836 −0.0542
Linear <0.0001 0.8919 0.8644 Suggested
2FI 0.3684 0.8958 0.8175
Quadratic 0.3120 0.9004 0.8076
Cubic 0.2185 0.9368 −0.0120 Aliased
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Fig. 3a-d depict the impacts of all the factors on the T90% of the INCs. 
Increasing the levels of the factors, A and B results in a decrease in 
T90%, indicating an increase in the dissolution rate. The solubility 
of ICZ was positively influenced by these two factors. Furthermore, 
subjecting the dispersion to sonication at a greater power for more 
time can also lead to a reduction in particle size [51]. The enhanced 
solubility and reduced particle size of the ICZ may lead to accelerated 
dissolution from the INCs, resulting in a drop in the T90%. By 
increasing the level of the Factor C, the T90% decreased. The solubility 
of ICZ was significantly increased with increasing concentrations 
of the surfactants PLX-188 and Brij 54. Moreover, surfactants tend 
to reduce the interfacial tension and enhance wetting [53]. These 
combined properties could lead to a quick disintegration with a lower 
T90%. The T90% of the ICZ was greatly influenced by the Factor D. 
Compared Brij 58, PLX-188 exhibited a greater rise in dissolution 
rate and greater decrease in T90% when the two stabilizers were 
compared. PLXs have the capacity to reduce the occurrence of solid 
steric stabilization precipitation. This property in addition to besides 
the higher hydrophilicity of PLX-188 might cause rapid dissolution of 
the PINCs compared with BINCs. These results were in agreement with 
those reported by Dos Santos et al. [51].

Optimization
The optimization results were extracted from the software and presented 
as an overlay plot, as depicted in Fig.  4. The minimum threshold for 
achieving optimal solubility was established at 0.25 mg/mL, indicating 
that the solubility must exceed 0.25 mg/mL. The maximum threshold 
for reducing the T90% was established at 30  min, meaning that the 
T90% must be <30 min. In addition, the Factors A and B were set to a 
minimum so as to make the process more economical. On the basis of 

these criteria, the overlay plot that was obtained showed a region with 
a yellow color, which is referred to as the design space.

The software designated a specific combination of parameters within the 
design space and projected their values for both responses, as shown in 
Table 4. New INCs were prepared at the recommended levels of the factors, 
that is, INCs were prepared with 0.75% w/w of PLX-188 at amplitude of 
50% for 15 min. These properties were subsequently examined for their 
solubility and dissolution rate. The solubility of these INCs was determined 
to be 0.31  mg/mL, and the T90% was measured to be 22.97  min. The 
responses of the optimized formulation were determined to fall within 
the 95% confidence intervals of the projected values (Table 4). Hence, this 
formulation of the INCs was taken as the optimized formulation for further 
characterization and development. Though the reduced sonication power 
and time are less important in the laboratory scale production, these are 
more critical factors during scale-up for large-scale manufacturing. Hence, 
this optimized formulation at lower sonication conditions can be better 
considerable for scale-up studies.

Particle size and zeta potential
The optimized INCs were additionally analyzed for particle 
size and zeta potential. The empirical findings are depicted in 
Fig. 5a and b. The analysis revealed that the particle size was 174.38 nm, 
with a polydispersity index of 0.284. In addition, the zeta potential was 
determined to be −9.43 mV. The observed values of particle size and 
zeta potential indicate that the INCs can readily spread into the alveolar 
region without being significantly impacted by phagocytosis [54,55]. 
However, these particles at the nanoscale have suboptimal aerodynamic 
characteristics and are unsuitable for direct administration through 
breathing [56]. Hence, their size needs to be increased, without altering 

Table 3: Analysis of variance test results of quadratic models for the responses solubility and T90%

Source Sum of squares Degrees of freedom Mean square F‑value p‑value Inference
For solubility

Model 0.3131 4 0.0783 55.00 <0.0001 Significant
A‑sonication power 0.0331 1 0.0331 23.24 <0.0001 Significant
B‑sonication time 0.0191 1 0.0191 13.45 0.0012 Significant
C‑stabilizer concentration 0.2390 1 0.2390 167.93 <0.0001 Significant
D‑stabilizer type 0.0219 1 0.0219 15.37 0.0006 Significant

Residual 0.0356 25 0.0014
Correlation total 0.3487 29

For T90%
Model 1635.13 4 408.78 60.79 <0.0001 Significant

A‑sonication power 234.23 1 234.23 34.83 <0.0001 Significant
B‑sonication time 76.43 1 76.43 11.37 0.0024 Significant
C‑stabilizer concentration 1036.17 1 1036.17 154.09 <0.0001 Significant
D‑stabilizer type 288.30 1 288.30 42.87 <0.0001 Significant

Residual 168.11 25 6.72
Correlation total 1803.25 29

A p<0.05 indicates the model terms are significant

Fig. 1: Predicted versus actual plots for the responses (a) solubility and (b) T90%

ba
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Fig. 2: Displaying influences of the factors (a) A and B, and (b) A and C on R1 in the case of poloxamer-188; influences of the 
factors (c) A and B, and (d) A and C on R1 in the case of Brij 54

dc

ba

Fig. 3: Displaying influences of the factors (a) A and B, and (b) A and C on R2 in the case of poloxamer-188; influences of 
the factors (c) A and B, and (d) A and C on R2 in the case of Brij 54

dc

ba
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the solubility and dissolution rate, to achieve enhanced aerodynamic 
qualities that are suitable for inhalation.

Development and characterization of NMPs
Compared with pure ICZ, INCs show substantial increases in both 
solubility and dissolution, resulting in the rapid dissolution of ICZ 
to produce local action at the administration site. However, these 
traits alone are inadequate for the administration of INCs through 
inhalation. To achieve inhalational administration with desirable 
aerodynamic features, an increase in the size of these INCs to a 
maximum size of 5 µm is necessary. Therefore, in this study, the INCs 
were incorporated into a safer inhalational grade lactose [57] matrix 
to create the NMPs. These NMPs underwent multiple characterization 
investigations to verify their enhanced aerodynamic properties while 
maintaining their dissolution characteristics. The NMPs were analyzed 
for their micromeritic features, surface morphology through SEM, 
and DSC investigations. In addition, the NMPs underwent dissolution 
experiments to examine any alterations in the dissolution rate resulting 
from the lyophilization process. The micromeritic characteristics are 
displayed in Table 5. As per the European pharmacopoeia, the powders 
with the Hausner’s ratio of more than 1.25 and Carr’s index of more 
than 25 are poor-flowing powders. However, the observed Carr’s index 
and Hausner’s ratio values of the NMPs were well below these ranges 
and thus indicate good flowability. The average particle size obtained 
was 4.71 µm. The aerodynamic diameter was obtained as 5.73 µm. The 
dimensions of the NMPs make them well-suited for administration 
through inhalation as the optimal range is 1–5 µm [23-35]. When these 
particles of a specific size range are breathed in, they can easily dissolve 
in the secondary bronchi, resulting in the formation of INCs. These 
INCs have the ability to quickly move into the fluids in the alveoli for 
immediate local effects. The NMPs possess favorable capabilities for 
inhalation as dry powder, as evidenced by their aerodynamic diameter 
and other flow characteristics.

The NMPs obtained following lyophilization and sieving were analyzed 
through SEM to examine their surface appearance. The resulting image, 
shown in Fig. 6, demonstrated that the NMPs were nearly square-shaped 
and had a consistent texture. This can be attributed to the lyophilization 
and sieving procedures. Despite not being perfectly spherical, the NMPs 
demonstrated favorable micromeritic characteristics (as indicated in 
Table  5) that are essential for a powder intended for dry inhalation. 
The DSC spectra of the INCs, depicted in Fig.  7, displayed a distinct 
and intense endothermic peak at a temperature of 170.06°C. The peak 
position corresponds to the melting point temperature of crystalline 

ICZ. Following the incorporation of these nanocrystals into lactose 
within the NMPs, a subsequent DSC study was performed. This spectrum 
exhibited a distinct endothermic peak at a temperature of 169.28°C. 
This observation demonstrated that ICZ remained in its crystalline 
structure and that the procedure of embedding through lyophilization, 
aimed at increasing its size, did not alter the crystalline nature of the 
medication. This observation verifies that the solubility and dissolving 
properties of the INCs will remain unchanged, while providing 
aerodynamic benefits owing to their larger size when transformed 
into NMPs. Fig. 8 displays the dissolution profiles of the pure ICZ, the 
optimized INCs, and the NMPs. Compared with that of the pure drug the 
dissolution rate of the ICZ significantly increased when the INCs were 
prepared. The T90% of the pure ICZ was found to be 192.3  min and 
the T90% of the ICZ from the optimized INCs was determined to be 
24.6 min, which was a 7.8-fold increase. The aforementioned INCs were 
subsequently incorporated within the lactose matrix, to obtain micron-
sized NMPs. The dissolution profile of the ICZ from these NMPs closely 
resembled that of the ICZ from the INCs, with a T90% value of 25.8 min. 
The observation for the results of the dissolution test indicated that the 
dissolution of ICZ remained nearly unchanged and did not show major 
alterations upon the conversion of the INCs into NMPs. These obtained 
results were strongly correlated with those reported by Li et al. [58].

In vivo pharmacokinetics studies
After administration of the assigned formulations, blood samples were 
taken at specified time intervals. One animal at every time point was 
euthanized and the lungs tissue was collected. The weight of the lungs 
collected was checked, followed by homogenization. These blood and 
the homogenated lungs samples were subjected HPLC to quantify the 
ICZ concentration.

First the comparison between the plasma drug levels from both the 
formulations was made. The comparative plasma drug levels plot is 
illustrated in Fig. 9. This data were subjected to non-compartmental 
analysis using PK Solver to obtain various pharmacokinetic 
parameters, namely, maximum plasma concentration (Cmax), time for 

Table 5: Results of the micromeritic properties of the NMPs

S. 
No.

Property Method Observed 
results*

1 Mean particle size (µm) Optical microscopy 4.71±0.56
2 True density (g/cc) Liquid displacement 1.48±0.32
3 Aerodynamic diameter 

(µm)
Size×(True density) 1/2 5.73±0.51

4 Bulk density (g/cc) Bulk density apparatus 0.61±0.04
5 Tapped density (g/cc) Bulk density apparatus 0.67±0.06
6 Angle of repose (o) Fixed funnel method 15.39±1.17
7 Carr’s index (%) Bulk density apparatus 8.82±2.20
8 Hausner’s ratio Bulk density apparatus 1.10±0.03
*Presented as Mean±standard deviation for n=3

Fig. 4: Illustration of the design space resulting from optimization

Table 4: Optimized INCs combined with the predicted and the observed values of the responses

Factors combination Responses Predicted values 95% CI low 95% CI high Observed values
A: Sonication power. (50% amplitude)
B: Sonication time (15 min.)
C: Stabilizer concentration (0.75% w/w)
D: Type of stabilizer (poloxamer‑188)

R1: Solubility (mg/mL) C0.28 0.25 0.31 0.31
R2: T90% (min.) 24.40 22.44 26.43 22.97

95% CI: Confidence interval, INC: Itraconazole nanocrystal
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Cmax (Tmax), area under the curve (AUC0–t and AUC0–∞), elimination half-
life (t1/2), volume of distribution per bioavailable fraction (Vd/F) and 
clearance per bioavailable fraction (Cl/F). The obtained results are 
shown in Table 6. Table t-value for two-tail t-test for the data is 2.77. 
The calculated t-values and their corresponding p values are shown 
in Table 6.

The results of the t-test inferred those significant differences at p<0.05, 
between both the products were observed with all the bioavailability 
indicating parameters, namely, Tmax, Cmax, AUC0–t, AUC0–∞ and Vd/F. However, 
there were not significant differences were observed with t1/2 and Cl/F. 
A difference in formulation can alter dissolution and/or permeability and 
hence the bioavailability can be changed and hence the bioavailability 
indicating parameters were found significantly different for both the 
formulations. In addition, a difference in route of administration can 
alter the extent of distribution and hence the obtained Vd/F values were 
significantly different from both the route of administration for both 
the formulations. Whereas, elimination from plasma is same for a same 
drug irrespective of differences in formulations and hence no significant 
difference was observed with both the formulations. The Tmax was found 
to be rapid and the Cmax was found to be higher from the NMPs when 
compared to oral marketed product. These results illustrated that the 

Fig. 5: Depiction of (a) particle size distribution and (b) zeta potential curves of the optimized itraconazole nanocrystals

ba

Fig. 7: Differential scanning calorimetry thermograms of 
itraconazole, itraconazole nanocrystals, and nanoembedded 

microparticles

Fig. 6: Illustration of the surface morphology of the 
nanoembedded microparticles

Fig. 9: Comparison between drug levels in plasma from the 
marketed itraconazole formulation given through oral route 

and the optimized nanoembedded microparticles given through 
inhalational route

Fig. 8: Comparison of dissolution profiles of pure itraconazole, 
itraconazole nanocrystals and nanoembedded microparticles
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bioavailability of ICZ from plasma data was significantly enhanced upon 
given through inhalational route in the form of NMP when compared to 
the marketed oral solution at same dose. An increase in bioavailability 
by 39.9% (as expressed using AUC0–∞) was observed with the optimized 
NPMs. This could be attributed to the enhanced solubility of ICZ in the 
NMPs. In a previous study reported by Shin et al. [59] the bioavailability 
of ICZ from oral and IV routes were investigated. The authors Shin et 
al. had an obvious observation that ICZ had lesser bioavailability from 
oral route in comparison to IV route. These authors reported that the 
cause for this lesser bioavailability could be the first-pass metabolism 
of ICZ. In the present investigation also, ICZ even in the form of oral 
solution exhibited lesser bioavailability from oral route when compared 
to inhalational route. Hence, this could be justified to be due to the first-
pass metabolism from oral route. In addition, the Vd/F was significantly 
decreased in case of NMPs which signified that more confinement of the 
drug in lungs when given through inhalational route. This observation 
signified that greater availability of drug in the lungs from the NMPs 
given through inhalational route.

The lungs drug levels from both the test and reference products, as 
expressed in µg/g (µg of drug per one g of lung tissue), are illustrated 
in Fig. 10. The pharmacokinetic parameters calculated form the lungs 
drug levels by non-compartmental analysis are presented in Table  7. 
The table t-value for a two-tail t-test for the data is 2.77. The calculated 
t-values and the corresponding p-values are presented in Table 7.

The findings of the t-test inferred those significant differences at 
p<0.05, between both the products were observed with AUC0–t, AUC0–

∞ and Cl/F. The Initial drug level from the inhalational NMPs was 
observed to be many times higher when compared to those from the 
oral marketed product. This could be attributed to the direct delivery of 
ICZ by the NMPs into lungs. The concentration of ICZ from the NMPs at 
0.5 h was found to be 3726.14 µg/g. Weight of the lung tissue collected 
was found to be 1.5 g. This means a total of 5589.21 µg or 5.59 mg of 
ICZ was deposited in the lungs. The administered dose was at 10 mg 
per an animal of weight 250 mg. Hence, the success rate of pulmonary 
delivery of ICZ from the NMPs was found to be 55.9%. The lungs AUC0–∞ 
of ICZ from the inhalational route was found to be 3144.97  h. µg/

Table 6: Pharmacokinetic parameters of itraconazole from the test and reference products from the plasma drug concentration data

Pharmacokinetic parameter Obtained values as mean±standard deviation for n=3 t‑test statistics#

Marketed product (Oral) Optimized nanoembedded 
microparticles (Inhalational)

Calculated t‑value p‑value*

Tmax (h) 3.00 1.50 12.39 0.0011
Cmax (µg/mL) 2.37±0.19 4.81±0.29 12.19 0.0012
AUC0‑t (h. µg/mL) 35.26±1.83 55.44±2.72 10.66 0.0004
AUC0‑∞ (h. µg/mL) 51.76±2.04 72.43±3.16 9.52 0.0025
t1/2 (h) 13.95±1.42 11.10±1.57 2.33 0.0801
Vd/F (L/kg) 15.56±1.92 8.85±0.74 5.65 0.0109
Cl/F (L/h) 0.77±0.15 0.55±0.12 1.98 0.1183
*p<0.05 indicates significant differences

Table 7: Pharmacokinetic parameters of itraconazole from the test and reference products from the lungs drug concentration data

Pharmacokinetic parameter Obtained values as mean±standard deviation for n=3 t‑test statistics

Marketed product (oral) Optimized nanoembedded 
microparticles (inhalational)

Calculated t‑value p‑value*

AUC0–t (h. µg/mL) 43.70±3.26 3081.24±131.52 39.99 0.0006
AUC0‑∞ (h. µg/mL) 63.01±4.69 3144.97±139.08 38.36 0.0007
t1/2 (h) 14.86±1.42 12.55±1.34 2.05 0.1098
Vd/F (L/kg) 13.61±1.24 0.23±0.05 18.67 0.0028
Cl/F (L/h) 0.63±0.08 0.01±0.002 13.42 0.0055
*p<0.05 indicates significant differences

Table 8: Results of characteristic properties of the nanoembedded 
microparticles of itraconazole during and at the end of accelerated stability studies

S. No. Characteristic property Observed value* at

0 months 3 months 6 months
1 Physical appearance Free‑flowing white powder No observable changes No observable changes
2 Drug content (%) 98.57±2.03 97.49±1.54 98.01±1.93
3 Angle of repose 15.39±1.17 13.56±2.32 16.22±1.58
4 Particle size (µm) 4.71±0.56 4.92±0.31 4.86±0.25
5 Time for 90% dissolution (T90%) (min.) 25.80±1.92 23.42±0.73 26.53±1.46
*The values are expressed as average±standard deviation for n=3

Fig. 10: Comparison between drug levels in lungs from the 
marketed ICZ formulation given through oral route and the 

optimized NMPs given through inhalational route
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mL, which was 49.9  time more when compared to that from the oral 
marketed product which was 63.01 h.µg/mL. Buil et al. [60] reported 
minimum inhibitory concentrations of ICZ along with posaconazole and 
voriconazole in wild-type and acid-resistant Aspergillus fungi species. 
For ICZ, the Minimum Inhibitory Concentration (MIC) was reported to 
be >1 µg/mL. Hence, by considering this 1 µg/mL as the MIC, effective 
drug levels in the lungs were maintained for longer time form the 
inhalational NMPs when compared to the oral marketed product which 
was supported by the observed clearance values. Further, significantly 
lesser Vd/F and lesser Cl/F for NMPs from the lungs data demonstrated 
localization of higher drug concentration in the lungs for extended 
time period. These findings altogether demonstrated that the NMPs 
were highly effective in delivering significantly higher amounts of drug 
into lungs and also could maintain effective drug levels in the lungs for 
longer time when compared to the conventional oral route. Hence, the 
formulated NMPs were found to be capable of delivering the loaded 
drug into lungs. Further, pharmacodynamic studies may be necessary to 
confirm this enhanced bioavailability in terms of improved therapeutic 
efficacy of the NMPs.

Stability studies
The final optimized NMPs were subjected to accelerated stability 
studies to determine their effectiveness upon ageing. The samples 
from the formulation were taken at 0 months, 3 months, and 6 months. 
These samples were investigated for physical appearance, drug content, 
micromeritic properties, and dissolution. The obtained results are 
shown in Table 8.

The findings from the accelerated stability studies (presented in Table 8) 
demonstrated that there were no significant changes observed with 
physical appearance, color, and texture. In addition, the micromeritic 
properties, such as particle size and angle repose, were found not 
altered. Most importantly, the results of dissolution reported as the 
T90% were also found to be similar before, during, and after subjecting 
to the accelerated storage conditions. These findings demonstrated that 
the optimized NMPs exhibited acceptable stability.

CONCLUSION

The process of nanocrystallization, through ultrasonication, was 
utilized to make INCs that exhibited increased solubility and 
dissolution rate of the ICZ. The solubility and dissolution of ICZ 
were investigated through CCD to analyze the impact of four distinct 
formulation and process factors. The investigation conducted through 
the QbD approach indicated that all the factors had a substantial 
effect on both the solubility and dissolution rate of the ICZ from the 
INCs. The optimization studies aimed at maximizing these features 
resulted in a formulation of INCs made using 50% amplitude for 
15 min of sonication time, with 0.75% w/v of PLX-188 as the stabilizer. 
This formulation was determined to be the optimal formulation. 
Compared with the plain ICZ these optimized INCs demonstrated a 
7.8-fold increase in dissolution rate. These INCs are subsequently 
incorporated into a lactose matrix through the process of lyophilization, 
resulting in the formation of NMPs. The findings from the analysis of 
the micromeritic properties and dissolution studies of the NMPs 
indicated enhanced aerodynamic and micromeritic properties, while 
maintaining the crystalline structure and dissolution characteristics of 
the INCs. The pharmacokinetic parameters derived from the lung drug 
levels through non-compartmental analysis indicate that the initial 
drug levels from the inhalational NMPs were significantly elevated 
in comparison to those from the oral marketed product. The AUC0–∞ 
of ICZ in the lungs through the inhalational route was determined to 
be 3144.97  h. µg/mL, representing a 49.9-fold increase compared 
to the oral marketed product, which measured 63.01  h. µg/mL. The 
collective findings indicate that the NMPs exhibited remarkable efficacy 
in administering substantially greater quantities of drug to the lungs, 
while also sustaining effective drug concentrations in the pulmonary 
region for an extended duration, in contrast to the traditional oral 
administration method. Therefore, these NMPs are appropriate for 
being administration through inhalation into the lungs, successfully 

accomplishing the objectives of the study.
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