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ARTICLE INFO ABSTRACT

Keywords: Inhaled particles must possess certain morphological characteristics to ensure effective drug
Salb}“am”l _S‘ﬂfat‘e delivery to the targeted site in the lungs. A modified version of ultrasonic spray pyrolysis was
Particle engineering employed to prepare salbutamol sulfate in the form of dry powder. A solution of salbutamol

Ultrasonic nebulization
Ultrasonic spray pyrolysis
Dry powder inhaler

sulfate was atomized using ultrasonic nebulization, and the droplets were transformed into solid
drug particles through exposure to high temperature airflow. The engineered salbutamol sulfate
samples underwent physical characterization, including particle size, morphology, thermal
behavior, and crystallinity analysis. The aerodynamic particle size distribution (APSD) and in
vitro deposition of the dry powder inhalation formulation were assessed using the Next Gener-
ation Impactor (NGI). The salbutamol sulfate dry powder prepared by the ultrasonic atomizer
exhibited an aerodynamic diameter ranging from 1 to 5 pm, as supported by the SEM images. X-
ray diffraction (XRD) and differential scanning calorimetry (DSC) results showed a significant
drop in the crystallinity of the engineered particles. Aerosolization performance studies demon-
strated a fine particle fraction (FPF) value (below 5 pm) of 25% for the engineered salbutamol
sulfate produced using the ultrasonic atomizer technique, which is acceptable for inhalation
purposes. Based on the observed results, this newly introduced method appears to be suitable for
producing dry powder formulations of different drugs, with a minimized need for the use of
surfactants or stabilizers in the formulation.

1. Introduction

Pulmonary drug delivery is a highly favored route for advanced drug delivery (Zhong et al., 2018), primarily aiming at localized
drug delivery to the lungs for targeted treatment of lung diseases (ElKasabgy et al., 2020; Son & McConville, 2008). To achieve
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effective drug delivery through dry powder inhalers (DPIs), modification of the powder formulation is essential (Chow et al., 2007).
Additionally, the selection of a suitable inhaler device (Adams et al., 2012) and patient education (Henning et al., 2010) play crucial
roles in ensuring efficient drug delivery to the lungs.

Particle engineering is a critical step in the formulation of inhalable dry powders (Chan, 2008; Chew & Chan, 2002; Claus et al.,
2014; Crowder et al., 2002; Weers & Miller, 2015; Yaqoubi et al., 2021). Parameters such as particle geometric diameter, density, and
shape factor determine the aerodynamic diameter of particles, which should be less than 5 pm to facilitate effective respiratory de-
livery of the drug formulation (Chen et al., 2016). Having a reliable particle engineering technique that can produce particles with
modified aerodynamic properties is advantageous and imperative for inhaled formulations.

Ultrasonic spray pyrolysis is a technique that involves introducing a solution of interest into a chamber in contact with an ultra-
sound bath, which atomizes the solution into micron or nano-sized droplets. A gas flow carries the atomized droplets into a heated
chamber where the solvent evaporates, and the dried particles are collected using an electrostatic precipitator (Ardekani et al., 2019)
(Fig. 1). This method enables the production of particles with controlled and uniform morphologies (Giirmen et al., 2006; Tsai et al.,
2004). Ultrasonic spray pyrolysis offers several advantages, including simplicity, cost-effectiveness, compatibility with various solvent
systems, and the ability to manufacture particles with the desired size, shape, density, and porosity without the need for surfactants or
stabilizers (Perednis, 2003). Compared to conventional particle engineering methods like spray drying and milling, this system pro-
vides better control over particle size and morphology uniformity (Abraham et al., 2023; Majeric et al., 2019). While ultrasonic spray
pyrolysis is commonly employed in material engineering (Ardekani et al., 2019) its application in formulating pharmaceutical for-
mulations has not been extensively explored.

In the current study, salbutamol sulfate was used as a model drug. Several studies have utilized various particle engineering
techniques to prepare adjustable-sized and morphologically diverse salbutamol sulfate particles. Spray drying has been extensively
investigated as a promising method for producing DPI formulations (Corrigan et al., 2006; Li et al., 2017; Littringer et al., 2013). Other
studies have also explored the impact of carrier morphology on the aerosol performance of salbutamol sulfate (Kaialy et al., 2011,
2012a, 2012b; Monckedieck et al., 2017).

The aim of the current study was to explore and employ a modified version of the ultrasonic spray pyrolysis technique to produce an
inhalable powder of salbutamol sulfate. In this regard, an aqueous solution of salbutamol sulfate was subjected to ultrasonic nebu-
lization and subsequently dried using a hot air flow. The morphological and solid-state characteristics of the resulting formulation were
investigated using SEM, DSC, and XRD methods. The aerosolization behavior of the engineered salbutamol sulfate dry powder inhaler

1, 2. Air pressure inlet

3. The inlet for injection of drug solution

4. The inlet for injection water to cool ultrasound heat
5. Solvent evaporation tunnel

6. Heating electrodes

7. Electrically charged sheets for powder collecting (Electrical Precipitator)
8. Air pressure pump

9. High voltage generator

10. Bath compartment

11. cellulose membrane

12. Ultra sound producing elements

13. Ultrasound waves

14. Salbutamol sulfate solution

15. Drug micromist

16. Micronized salbutamol sulfate powder

Fig. 1. A schematic illustration of ultrasonic spray pyrolysis.
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(DPI) formulation, in which it was mixed with inhalation-grade lactose, was compared with that of a commercial DPI formulation of
the drug.

2. Materials and methods
2.1. Materials

Salbutamol sulfate was obtained from RAHA Pharmaceutical (Isfahan, Iran). Ethanol was purchased from JATA (Arak, Iran).
Methanol and acetonitrile were provided by Duksan (Ansan, Korea). Lactohale® (LH 200) and 1-heptane sulfonic acid sodium were
supplied by DFE PHARMA (Goch, Germany) and Acros Organic (Geel, Belgium), respectively.

2.2. Preparation of salbutamol sulfate powder using ultrasonic atomizer procedure

Salbutamol sulfate (5 g) was dispersed in 50 mL of distilled water (DW) using a magnetic stirrer operating at 200 rpm at room
temperature. The solution was stirred until a clear solution was obtained. The clear solution was then injected in several steps into a 20
mL solution reservoir (Fig. 1) in contact with an ultrasonic bath (Irman Tec Sepahan, Iran). The solution was atomized into micronized
droplets through ultrasonic nebulization using an ultrasound frequency of approximately 1.7 MHz. The micronized droplets under-
went evaporation of the solvent as they passed through a hot air tunnel (Fig. 1, part 5) maintained at a temperature of 170 °C £+ 4 °C.
After the solvent evaporated, the micronized drug particles were collected on an electrical precipitator with an electrostatic voltage of
20 KV and immediately transferred to a desiccator. The samples were kept inside the desiccator at room temperature for about 2-3
days until further assessments. The experiments were performed in triplicate and the yield of the process was calculated as the per-
centage ratio between the weight mass of the final engineered product to the mass of the raw drug in the feed solution. The yield was
found to be 50 + 3% (n = 3).

2.3. Scanning Electron Microscopy (SEM)

The morphological topographies of the engineered salbutamol were inspected using a scanning electron microscope (LEO1430 VP,
LEO, UK & Germany). An electron beam of 15 kV was utilized for imaging. Prior to imaging, all samples were sputter coated with gold
using a desktop sputter coater (DST1 model, Nanostructured Coating Co., Tehran, Iran).

2.4. DSC studies

The thermal pattern of the salbutamol powder was analyzed using a differential scanning calorimeter (DSC-60, Shimadzu, Kyoto,
Japan). A precise amount of 2 mg of the engineered drug powder was weighed and placed in a sealed DSC pan. An aluminum oxide-
filled DSC pan served as the reference. The heating process was conducted in the temperature range of 20-300 °C at a scanning rate of
10 °C/min. The enthalpy changes of the specimens were analyzed using the provided TA-60WS software (version 1.51).

2.5. X-ray diffraction (XRD)

The crystallographic features of the engineered salbutamol powder were analyzed using a Siemens diffractometer (XRD, D500,
Siemens, Karlsruhe, Germany). The diffractogram was obtained by scanning over the rage of 4°-50° (26) with a scanning rate of 2°/
min.

2.6. Preparation of salbutamol sulfate-carrier blends

The obtained salbutamol sulfate powder was mixed with a lactose carrier (Lactohale®, LH 200, DFE Pharma GmbH & Co. Germany)
at a ratio of 1-67.5% w/w using a turbo-mixer (Amin Asia Fannavar Pars, Iran). The trituration method was employed to ensure a
uniform mixture of the powders. Each trituration step lasted for 3 min at a speed of 30 rpm. A final blending step of 30 min at 50 rpm
was performed to ensure the uniformity of the powder blend.

To assess the homogeneity of salbutamol sulfate in the drug-carrier blends, 10 random samples weighing 10 mg each were taken
from different parts of the powder bed and dissolved in 10 ml of distilled water (DW). The samples were then analyzed to measure the
drug content.

2.7. Invitro aerosolization assessment

The in vitro aerosolization pattern of the engineered particles was assessed using a next-generation impactor (NGI) equipped with a
pre-separator and USP induction port (Nottingham, Copley, UK), following the previously described method (Yaqoubi et al., 2020).
Size 3 hard gelatin capsules (Iran gelatin, Iran) filled with 20 mg of the drug-carrier mixture were placed in an Aerolizer® device.

To reduce particle bouncing, the collecting cups were coated with a solution of Tween 80 in ethanol (1% w/v) before the ex-
periments. A flow rate of 60 L/min, was provided by a pump (HCP5, Copley, UK) and controlled using TPK2000 (Copley, Nottingham,
UK). The flow rate was measured using a flow meter (Copley, Nottingham, DFM2000, Copley, UK). The flow rate generated a pressure
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drop of 4 KPa across the inhaler device. The run time for each actuation was set to 4 s.

The throat and pre-separator of the NGI were rinsed with 15 ml and 35 ml of distilled water (DW), respectively. The Aerolizer®,
mouthpiece adaptor, seven collection cups, and micro-orifice collector (MOC) were rinsed with 10 ml of DW. The solutions obtained
from rinsing were analyzed using HPLC to determine the drug concentration in each stage.

Fine particle dose (FPD), is generally defined as the cumulative mass of the drug particles with an aerodynamic diameter below 5
pm. Fine particle fraction (FPF) is the fraction (%) of the particles with an aerodynamic diameter below 5 pm that possesses the
potential to be sufficiently small to enter the lungs, thereby enabling it to exert a clinical effect. Mass median aerodynamic diameter
(MMAD) denotes the size at which 50% of the aerosol particles, by mass, are larger, and the remaining 50% are smaller. This parameter
is significant in characterizing the particle size distribution of aerosols, as it provides a central point of reference for understanding the
size range of the particles. The geometric standard deviation (GSD) represents the spread of particle sizes on either side of the MMAD,
which shows the dispersion degree of the particles in the DPI formulation. All the mentioned parameters were calculated using Copley
Inhaler Testing Data Analysis Software (CITDAS, version 3.10, Copley, UK).

2.8. High performance liquid chromatography

For the quantification of salbutamol sulfate in the samples during the homogeneity and deposition studies, an HPLC system from
Knauer (Germany) was utilized. The system comprised a model 1000 HPLC pump, a K2600 UV detector, and a 20 pL Knauer loop
injector.

To perform the analysis, a Knauer C18 column with dimensions of 25 cm x 46 i.d and a particle size of 5 pm was used as the
stationary phase. The mobile phase consisted of a mixture of methanol and a 0.25% (w/v) aqueous solution of 1-heptane sulfonic acid
sodium in a ratio of 45:55 (v/v). The flow rate of the mobile phase was set at 1 mL/min.

Detection of the drug was conducted at a wavelength of 200 nm, and the retention time of salbutamol sulfate was approximately
3.5 min. The method exhibited a linear calibration range for salbutamol sulfate with an R square value of 0.9999 + 0.0001. The LOD
and LOQ values were 0.015 and 0.047 pg/mL, respectively. The precision values were between 3.014 and 7.124%, the accuracy was
between 0.343 and 9.065%. Each sample was analyzed three times at room temperature.

3. Results and discussion
3.1. Particle size and morphology

Fig. 2 shows the morphological attributes of the engineered salbutamol sulfate particles. The analysis of the particle size of the
engineered salbutamol sulfate was conducted through the examination of SEM (Scanning Electron Microscopy) images. This involved

measuring the Feret diameter of the obtained particles, which resulted in the determination of key size percentiles. Specifically, the
D90, D10, and D50 values were found to be 2.76 pm, 1.61 pym, and 2.11 pm, respectively. Notably, the small span value of 0.55
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Fig. 2. SEM images of (A and B) salbutamol sulfate dry powder inhalers prepared by ultrasonic atomizer, (C) Lactohale®, (D) engineered salbu-
tamol sufate mixed with Lactohale®. The arrows indicate salbutamol particles attached to the Lactohale®.
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highlights the narrow particle size distribution achieved in this study. This observation underscores the remarkable uniformity in both
size and shape among the engineered particles, which is a significant factor in their potential applications.

This characteristic is a key advantage offered by the ultrasonic spray pyrolysis method, as it ensures consistent particle properties
throughout the formulation (Giirmen et al., 2006; Tsai et al., 2004; Wang et al., 2008).

The uniformity of the produced powder holds significant value in various drug delivery applications, particularly in pulmonary
drug delivery (Chow et al., 2007). Furthermore, the particles obtained through this technique exhibit a desirable level of sphericity and
regularity, which are highly sought-after qualities in particle engineering methods aimed at generating spherical or regularly shaped
particles (Giirmen et al., 2006; Kosevic et al., 2019; Lee & Park, 1993; Milosevi¢ et al., 1994; Song et al., 2004). The shape of the
particles plays a critical role in determining the aerosolization efficiency of dry powder inhaler (DPI) formulations (Adams et al., 2012;
Yaqoubi et al., 2021). While some studies highlight the advantages of elongated particles in terms of airborne characteristics
(Hamishehkar et al., 2010; Kaialy et al., 2010), others underscore the superior flowability and reduced particle-particle interactions of
spherical particles (Carrigy et al., 2019; Momin et al., 2019). The findings from this study align with these perspectives, as the
engineered salbutamol sulfate particles demonstrate acceptable aerosolization performance. Notably, Fig. 2 reveals that the mean
particle size falls within the range of 2-3 pm, which is considered an optimal size range for efficient pulmonary drug delivery (De Boer
et al., 2015).

These findings demonstrate the potential of the ultrasonic spray pyrolysis method for formulating inhalable dry powder formu-
lations of drugs. Further studies and development are warranted to explore the full potential of this particle engineering technique in
the field of drug delivery.

3.2. Solid state characterizations

In Fig. 3, the differential scanning calorimetry (DSC) traces of both the initial material (Green difractogram) and the ultrasonic
spray pyrolyzed salbutamol sulfate (Red difractogram) are presented, revealing distinct thermal behavior and further elucidating the
transformation of the drug during the particle engineering process. The DSC trace of the starting material clearly exhibits characteristic
features associated with its crystalline nature, prominently shown by an endothermic peak observed at approximately 200 °C. The
onset of this peak is detected at 188 °C, with its maximum intensity occurring around 197 °C, aligning with the known melting point of
salbutamol sulfate as reported by Fattah et al. (Fattah et al., 1998).

A remarkable disparity is observed between the thermograms of the two formulations, specifically in terms of peak onset, endset,
and the overall area under the curve. These differences can be attributed to the transformative effect of the particle engineering process
on the crystallinity of salbutamol sulfate. Previous studies by Kong and Hay (Kong & Hay, 2002, 2003) have highlighted the phe-
nomenon of amorphization during the particle engineering procedure, shedding light on the observed variations in the DSC traces. The
most significant change is the shift of the endothermic peak to a lower temperature, indicating a modification in the thermal properties
of salbutamol sulfate due to the amorphization process. Additionally, there is a remarkable reduction in enthalpy, with the treated drug
displaying a significantly lower value of 2.65 J/g compared to the unprocessed material, which had an enthalpy of 182.71 J/g.

These findings provide compelling evidence for the alteration in the crystallinity of salbutamol sulfate-induced by ultrasonic spray
pyrolysis, further confirming the capability of this technique in producing amorphous materials, as also supported by studies con-
ducted by Ye et al. and Liu et al. (Liu et al., 2020; Ye et al., 2017).

Fig. 4 represents the X-ray diffraction (XRD) patterns of salbutamol sulfate before and after the ultrasonic atomization process,
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Fig. 3. DSC thermograms of salbutamol sulfate. (Green) Untreated salbutamol sulfate. (Red) Engineered salbutamol sulfate. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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offering valuable insights into the structural changes induced by this particle engineering technique. In Fig. 4a, the XRD pattern of the
raw salbutamol sulfate clearly exhibits sharp and well-defined peaks at 11° and 23° (26), providing unequivocal evidence of its
crystalline nature. Conversely, Fig. 4b showcases the XRD pattern of the engineered powder, revealing a distinctive absence of sharp
peaks, indicative of the transformed amorphous state of the drug. This transformation can be ascribed to the high-temperature airflow
generated during the ultrasonic spray pyrolysis process, as reported in prior studies (Liu et al., 2020; Ye et al., 2017). The deliberate
amorphization of the drug particles through this method enhances the prospects of producing inhalable drug powders with improved
properties.

An intriguing aspect of amorphous materials is their lower density in comparison to their crystalline counterparts, as extensively
studied by other researchers (Einfalt et al., 2013; Kho & Hadinoto, 2013; Lu et al., 2019). The lower density of the amorphous form
offers distinct advantages in formulating inhalable drug products, as it facilitates easier dispersibility and aerosolization. This ad-
vantageous characteristic holds significant promise for enhancing the drug’s delivery to the targeted respiratory region. However, it is
crucial to acknowledge the inherent challenge of lower stability associated with amorphous materials, which can impact the long-term
performance and shelf-life of the final drug product. Formulators need to carefully address this stability concern during the drug
development process.

To assess the long-term stability of the amorphous salbutamol sulfate formulation, the XRD results of the engineered powder were
reevaluated after a 6-month stability testing period, as depicted in Fig. 4c. Encouragingly, the diffractogram of the micronized drug
after this extended storage period still exhibits an amorphous pattern, demonstrating the sustained stability of the amorphous state
under ambient conditions.

This stability observation is of significant importance for the practical application of the ultrasonic spray pyrolysis method in
preparing inhalable drug formulations. The ability to maintain the amorphous state over an extended period opens up new possibilities
for the development of stable and effective pulmonary drug delivery systems.

In conclusion, Fig. 4 highlights the successful transformation of crystalline salbutamol sulfate particles into the amorphous state
using ultrasonic spray pyrolysis. This structural modification significantly impacts the density and stability of the engineered particles,
offering distinct advantages for pulmonary drug delivery. The observed stability of the amorphous state after 6 months of storage
underscores the potential of this particle engineering technique as a promising approach to create inhalable drug powders with
enhanced properties and performance.

3.3. Homogeneity of drug content

The blended formulation demonstrated an impressive level of uniformity in drug content, as evidenced by the coefficient of
variation (CV%) calculated for ten randomly selected samples, all of which yielded values of less than 10%. This outcome signifies the
reliability and reproducibility of the blending and sampling procedures employed in this study.

3.4. In vitro deposition profile

Fig. 5 and Table 1 present the in vitro aerosolization performance of the engineered formulation of salbutamol sulfate (aerosolized
using Aerolizer®) compared to the commercial form (Ventolin Accuhaler®). The figure illustrates the percentage of drug deposited in
each collecting cup of the Next Generation Impactor (NGI). Although the amount of drug remaining in the Ventolin Accuhaler® device
was not assessed, it was determined to be very low (less than 2%) for the engineered formulation.

Regarding deposition, a higher percentage of the drug was deposited in the USP induction port (the throat) for the engineered
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Fig. 4. XRD diffractograms of (a) salbutamol sulfate, (b) engineered salbutamol sulfate and (c) engineered salbutamol sulfate after 6 months of
storage at ambient conditions.
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formulation (19%) in comparison to the commercial formulation (11%). However, the drug deposited in the preseparator was lower
for the engineered formulation (24%) compared to Ventolin® (50%). The total percentage of non-respirable drug particles in the throat
and preseparator, representing larger particles, was significantly lower for the engineered formulation (43%) compared to the com-
mercial form (61%). These findings suggest that the engineered formulation has a lower proportion of non-respirable particles.

Furthermore, a significant number of particles landed on stages 2-5, which correspond to the respirable size range of 1-5 pm, for
both formulations. This indicates that both formulations are suitable for inhalation approaches. These results align with the in vitro
aerosolization performance assessment, where the mass median aerodynamic diameter (MMAD) of the particles was <5 pm for both
formulations. The fine particle fraction (FPF) values were 25% for the engineered formulation and 33% for Ventolin®. Although the
difference in FPF values is statistically significant, it can be inferred that the aerosolization efficiency of the engineered formulation is
comparable to that of Ventolin®.

It is estimated that for a DPI formulation, a mere 10-15% of the drug reaches the deep lung, while 20% deposits in the throat area,
and a significant portion of 65% attaches firmly to the carrier without releasing the drug particles (Lechanteur & Evrard, 2020). In light
of this, it is noteworthy that the engineered formulation in this study demonstrates a fine particle fraction (FPF) value of 25%, sur-
passing the typical FPF of around 15% observed in commercially available dry powder inhaler (DPI) products (Table 1). This higher
FPF value indicates improved efficiency in delivering drug particles to the desired site of action and suggests that the engineered
formulation exhibits acceptable aerosolization performance.

Although the application of hot air for particle engineering is the accepted methodology in the pharmaceutical industry, their use is
not amenable to heat-sensitive drugs. Therefore, introducing hot air-based particle engineering approaches such as ultrasonic spray
pyrolysis, in which the time for heat exposure is controlled, will be of great interest. Ultrasonic spray pyrolysis offers notable ad-
vantages over conventional spray drying processes in which the nebulized drug solution is exposed to a high temperature just inside a
short hot air tunnel with a length of about 30 cm. Due to the limited exposure to the hot temperature, it is likely for a drug to feel a
lower temperature than that provided by the system, indicating its potential use for heat-sensitive drugs. Despite these advantages, it is
important to note that the claimed benefits of ultrasonic spray pyrolysis for heat-sensitive drugs require further validation through
stability assessments. These assessments are essential to confirm the hypothesis that this methodology indeed offers a safer and more
effective solution for the particle engineering of such pharmaceuticals. Furthermore, compared to spray drying which utilizes a
downdraft flow path, the flow path for ultrasonic spray pyrolysis is updraft. This difference provides an ability for ultrasonic spray
pyrolysis to avoid the entering of large and wet particles into the collection chamber. Additionally, this particle engineering method
proves suitable for highly potent drugs with low batch production capacity, which may not be well-suited for milling techniques like jet
milling. Moreover, the closed system utilized in this method provides added benefits for the particle engineering of high OEL
(occupational exposure limit) drugs such as corticosteroids, ensuring a controlled and safe environment.

It is important to acknowledge that this study represents an initial investigation into the technology, and further optimization is
necessary to achieve even more desirable FPF values. Nonetheless, the preliminary results and advantages demonstrated by the
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Fig. 5. In vitro deposition pattern of salbutamol sulfate in next generation impactor (NGI). Engineered Salbutamol Sulfate was blended with
Lactohale® and aerosolized by an Aerolizer®. Commercial DPI form of salbutamol sulfate (Ventolin®) was aerosolized by an Accuhaler®.
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Table 1

Inhalation characteristics of salbutamol sulfate dry powder inhaler prepared in this study with ultrasonic
atomizer compared to commercial form. Engineered Salbutamol Sulfate was blended with Lactohale® and
aerosolized by an Aerolizer®. Commercial DPI form of salbutamol sulfate (Ventolin®) was aerosolized by an

Accuhaler®.
Engineered Formulation Ventolin Accuhaler®
FPD" (g) 58 + 4 72+ 6
FPF’ (%) 25+2 33+3
MMAD® (um) 5+ 0.05 2.36 + 0.08
GsD 1.93 £0.01 2.30 £0.13

2 Fine Particle Dose (FPD).

Y Fine Particle Fraction (FPF).

¢ Mass Median Aerodynamic Diameter (MMAD).
4 Geometric Standard Deviation (GSD).

particle engineering method offer promising prospects for the development of inhalable drug formulations with enhanced aero-
solization performance and stability.

4. Conclusion

Ultrasonic spray pyrolysis is being used for non-pharmaceutical purposes. The current study demonstrates the potential of ultra-
sonic spray pyrolysis as an innovative approach for producing inhalable drug powders with improved characteristics. Further research
and development in this area will contribute to advancing the field of pulmonary drug delivery and enhancing the therapeutic out-
comes for patients. Here, this technique successfully generated controlled-size and homogeneous micron-sized dry powder inhaler
(DPI) formulations of salbutamol sulfate particles. The resulting particles exhibit desirable aerosolization performance, characterized
by size distribution within the respirable range and modified shape and surface morphologies. However, it is essential to continue
refining and validating ultrasonic spray pyrolysis such as solution concentration, ultrasonic aerosolization parameters, outlet condi-
tions, and air temperature to optimize its performance and establish its reliability in the field of pulmonary drug delivery.

Comparative studies with other methods such as spray drying would provide valuable insights into the advantages and limitations
of ultrasonic spray pyrolysis.
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