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1. Introduction 

The burden of chronic lung diseases has increased dramatically over the past 

decades. In terms of prevalence, the five most prominent lung diseases are asthma, 

tuberculosis, chronic obstructive pulmonary disease (COPD), lung cancer and pneumonia 

caused by various infections. Local treatment of the conditions compared to oral or 

parenteral drug delivery could be more efficient with better patient compliance. 

Among the pulmonary drug delivery systems, the application of dry powder inhalers 

(DPIs) continues to grow in therapy due to their outstanding stability, ease of use and low 

production costs. Advantages compared to propellant aerosols are that the inhaled air 

stream delivers the drug to the airways, which can significantly reduce greenhouse gas 

emissions. Compared to conventional carrier-based DPIs, carrier-free DPIs are more 

effective, because the active pharmaceutical ingredient (API) creates a complex system 

with additives. Due to their special morphology, structure, and better aerodynamic 

properties, even low respiratory function is enough for proper lung deposition.  

The majority of APIs used today are poorly water-soluble. Nanosized drugs can 

provide higher bioavailability due to their smaller particle size and larger specific surface. 

The various size reduction methods include bottom-up and top-down approaches. Water-

solubility can be improved by applying particle engineering techniques that also enable 

new, alternative administration routes. 

Although pulmonary therapy would benefit from the use of nanoparticles, there is 

no commercially available formulation yet. The main challenge is that the required 

aerodynamic particle size should be between 1-5 µm. For this, the “nano-in-micro” 

structure could be a solution, having the advantages of nanosized drugs while providing 

adequate aerodynamic properties. The combination of wet milling, as a top-down particle 

size reduction method, and spray drying, as a bottom-up technology, could be suitable for 

their preparation. These systems deposit deeper into the respiratory tract compared to the 

conventional formulations, while overcoming its elimination mechanisms. 

It is difficult in pharmaceutical technology to find organic solvent-free, scalable, 

cost-effective and time-saving techniques that are suitable for the preparation of the “nano-

in-micro” DPIs. This thesis reports the development of DPIs containing the non-steroidal 

anti-inflammatory agent (NSAID) meloxicam (MX) using a combined preparation 

technique with the aim of effective pulmonary delivery.  
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2. Aim of the work 

This Ph.D. work aimed to develop innovative MX containing carrier-free “nano-in-

micro” DPIs for pulmonary delivery. Efficiency in the lungs is based on the appropriate 

particle properties, aerodynamic diameter and proper drug release. The research work was 

planned considering the development requirements [1,2] according to the following steps: 

I. To review the literature on basic properties, suitable excipients, preparation 

techniques, and mechanism of action of “nano-in-micro” DPI systems and identify 

the available NSAID containing DPI formulations. 

II. To develop the formulation strategy and composition without organic solvent to 

achieve MX nanosuspension via wet milling, with particle size below 200 nm. 

III. To optimize the preparation method and composition of MX-containing “nano-in-

micro” particles, with proper particle size, narrow size distribution and spherical 

morphology, using mini and nano spray drying devices. The DPIs were designed to 

have a particle size in the 2–5 μm range and particles smaller than 2 μm respectively. 

A comparison study was conducted to establish the advantages and disadvantages 

of the two spray drying methods, while the performance of the selected additives 

was observed during the investigations. 

IV. To determine the in vitro and in silico aerodynamic properties of DPIs at different 

flow rates using the Andersen cascade impactor (ACI) and the stochastic lung model 

to prove the proper lung deposition. 

V. To describe the pulmonary applicability of the formulation, in vitro drug release 

study and in vitro permeability study were performed under pulmonary conditions. 

In addition, in vitro cytotoxicity and anti-inflammatory tests were implemented. 

VI. Lastly, our aim was to test the physical stability of the DPI in a long-term study 

according to the International Council for Harmonization (ICH) Q1A guideline. 

In overall, the goal was to provide novel MX containing “nano-in-micro” DPIs for the 

treatment of respiratory diseases by implementing the therapeutic advantages of 

nanoparticles and an alternative delivery route. In addition to the application of modern 

particle engineering techniques, the development of a comprehensive investigation 

protocol for DPIs was also aimed. The formulation strategy could be easily adapted to 

existing APIs, therefore opening up modified therapeutic protocols and advanced 

treatments, which could lead to long-term cost reduction in chronic treatments.  
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3. Literature background 

3.1. Burden of the chronic respiratory diseases 

Chronic lung diseases are a significant issue worldwide and the primary source of 

both morbidity and mortality. The five most severe lung diseases in terms of prevalence are 

lung cancer, COPD, pneumonia caused by different infections, asthma, and tuberculosis. 

Due to the fact that the majority of the affected people live in low- and middle-income 

countries, the true prevalence and burden of these conditions in adults is unknown. Of all 

cancers, lung cancer accounts for nearly 20% of deaths. Lower respiratory infections are 

among the top 3 causes of death in adults and children. Infection in youth may also predicts 

chronic lung disease later in life. More than 200 million people are affected by COPD, 65 

million of whom are already in advanced stages. Moreover, the disease is extremely 

underdiagnosed. Nearly 3 million people die from COPD every year, and this number is 

continually increasing. Two major risk factors of COPD are air pollution and smoking. In 

addition to influenza, the current spread of a new type of coronavirus shows how serious a 

problem these diseases are in health, social and economic terms. Currently, symptomatic 

managements are available to improve quality of life, which represents a significant 

financial burden. In view of these facts, the development of effective therapeutic protocols, 

innovative and safe medications is considered a current challenge [3–5]. 

3.2. Advantages of the local treatment of the airway conditions 

Pulmonary administration is one of the most utilized treatments for local respiratory 

disorders. It is considered a non-invasive approach with enhanced patient compliance. 

Lungs are characterized by their large surface area (100 m2), abundant blood supply, high 

permeability of the thin epithelial layer (0.2–0.7 μm), low enzymatic activity, and the ability 

to avoid first-pass metabolism [6–8]. The beneficial characteristics of the lung enable the 

administration of larger drug concentrations to the airways for enhanced efficacy and to 

limit adverse effects. This makes pulmonary delivery an attractive route for targeting and 

achieving rapid onset of action [9–11].  

3.3.  Dry powder inhalers, as an effective drug delivery system 

Nebulizers, MDIs (metered dose inhalers), soft mist inhalers and DPIs are the most 

frequently used pulmonary medication delivery devices. In terms of environmental aspects, 

MDIs have a larger carbon footprint than DPIs [12]. Hydrofluorocarbon propellants are 

used in MDIs, which are greenhouse gases that persist in the atmosphere for years. As in 
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DPIs the drug delivery is driven by the inhalation flow; therefore, they are absent of these 

propellants. This combined with the fact that they only have a carbon footprint of 20 g CO2 

per dose compared to 500 g CO2 for MDIs results in them having a lower greenhouse gas 

emission potential [13]. DPIs are also cost-effective and portable tools that make it simple 

for the patient to administer the medication. DPIs do not require the need of 

hand-breath-coordination as MDIs, which makes them attractive for long-term therapy in 

chronic lung diseases. On the other hand, education is essential for the correct use of the 

products. Furthermore, due to their solid form, DPIs have superior long-term stability and 

do not require cold chain storage [10,14,15].  

DPIs can be categorized, as carrier-based and carrier-free systems. The APIs in 

carrier-based DPI systems are attached to the surface of a large carrier (50–100 µm), which 

is typically lactose, mannitol or glucose [16]. During inhalation the API reaches the lungs, 

while the large carrier deposits in the upper airways. Typically, a significant amount of API 

remains in the carrier, resulting in inadequate lung deposition. Optimizing the 

aerosolization of the products is essential for proper dispersion and deposition in the 

airways. To improve the therapeutic effect, new carrier-free DPIs have been developed. 

Two main groups are distinguished: dense and non-dense particles (Figure 1.).  

 
Figure 1. Different types of carrier-free DPIs [17]. 
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The carrier-free formulations aimed to reduce the intrinsic cohesion of the particles, 

thus increasing the dispersion and helping to deliver from the inhaler. In this case, a 

complex powder is formulated by combining API with appropriate excipients, leading to 

optimal aerodynamic properties [18–20]. Additives for carrier-free DPI formulations are 

hydrophobic materials protecting against moisture, lipids for coating, amino acids for 

improved aerosol efficiency and biodegradable polymers (Table 1.) [11,21]. The excipients 

used in oral products are mostly not suitable, due to the different conditions in the airways 

compared to the intestines. Additionally, exogenous materials in the lungs can cause 

disadvantageous accumulation [22,23]. Therefore, the approved excipients are limited and 

new materials have to undergo costly toxicity evaluations, adding extra uncertainty to the 

development [11,24]. 

Table 1. Examples of the most frequently used excipients of carrier-free DPI formulations. 

Type Example Functions 

Amino 

acids 
D or L-leucine, glycine, alanine 

Enhance dispersibility and aerosolization 

properties, moisture protection [25–28] 

Polymers 

Poly(lactic-co-glycolic acid), poly 

vinyl alcohol, polyethylene 

glycol, polyvinylpyrrolidone 

Matrix former, film former, stabilizer, 

prolonged drug release [29–32] 

Lipids 

Cholesterol phosphatidylcholine, 

dipalmitoylphosphatidylcholine, 

Distearoylglycerophosphocholine,  

Natural lung surfactant, matrix former, 

coating, absorption enhancer [33–35] 

Cellulose 

derivatives 

Carboxy methyl cellulose, 

hydroxypropyl methyl cellulose, 

hydroxypropyl cellulose 

Matrix former [36,37] 

Other 

additives 

Alginates Matrix former, mucoadhesive [38,39] 

Ammonium carbonate Enhance porosity, reduce density [40–42] 

Chitosan 
Mucoadhesive polymer, bioavailability 

enhancer, fine carrier [43–45] 

Cyclodextrin 
Solubility and permeability enhancer, 

improve dispersibility [46,47] 

Magnesium stearate Moisture protection, lubricant [48,49] 

3.4. Deposition of the medications in the respiratory system 

In addition to the components, the particle size of DPIs plays a key role in the 

deposition pattern. To understand the deposition, the structure of the airways must be 

known. The respiratory area and the conducting airways are the two main parts, which 

could be further divided into generations. The conducting airways region is found in the 
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upper part and splits into the respiratory region after 17 bifurcations from the trachea. It is 

made up of the mouth, nose, trachea, bronchi, bronchioles, and terminal bronchioles. The 

alveolar ducts, alveolar sacs, and respiratory bronchioles make up the respiratory area. 

Moving from the trachea to the distal airways, the diameter of the airways decreases and 

their number simultaneously increases (Figure 2.) [50,51].  

The deposition of inhaled particles depends on the distinct structural parts of the 

airways [52]. There are three principal mechanisms of deposition. Inertial impaction affects 

particles that are larger than 5 µm. These particles are unable to follow the changes of gas 

flow. Therefore, they impact on walls of the upper airways. Gravitational sedimentation is 

based on the settling of particles under the action of gravity and occurs in the smaller 

airways. This deposition mechanism can be observed for particles sized 1–5 µm in 

diameter. Random motions of the particles caused by their collisions with gas molecules 

result in deposition by Brownian diffusion. It becomes the dominant deposition mechanism 

for particles less than 1 µm in diameter. These particles are the most effective in the alveolar 

region (Figure 2.) however they have the highest chance for exhalation. [53,54].  

Consequently, controlling the aerodynamic diameter at 1–5 µm is required for the 

transportation of particles to the desired area in the lungs [55]. Particles in the 0.5-1.5 µm 

size range are ideal for deposition in the smaller airways, due to their low deposition in 

upper regions [56–58]. The application of micronized particles (2-5 µm) and extra-fine 

particles (< 2 µm) could be beneficial for the treatment of different lung segments [59–62].  

 
Figure 2. Mechanism of the particles, structure and defensive mechanism of the respiratory system. 
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3.5. Advantages of the nanoparticles in the pulmonary drug delivery 

Nanotechnology is currently revolutionizing drug delivery, including the field of 

pulmonary administration. The definition of nanomaterials according to the European 

Union (EU) requires the particle size to be under 100 nm [63]. Pharmaceutical nanoparticles 

are defined as individual particles with a size below 1 μm. This met the definition of 

products prepared by nanotechnology according to the U. S. Food and Drug Administration 

(FDA) [64]. Typically the mean particle diameter is between 200 and 500 nm [65,66]. The 

reduced size and larger specific surface area enhance the dissolution rate of poorly water-

soluble drugs, where this is the rate-limiting step for absorption. Therefore, nanoparticles 

increase intracellular drug delivery, resulting in higher bioavailability [66,67]. 

The fate of the inhaled drug nanoparticles could be characterized according to the 

Inhalation-Based Biopharmaceutics Classification System (iBCS). It differs from the 

conventional Biopharmaceutics Classification System (BCS, giBCS), as giBCS focuses on 

systemic drug absorption and activity outside of the gastrointestinal tract, while the iBCS 

system focuses on local, pulmonary drug delivery. The residence time in the lung for drugs 

depends on non-absorptive and absorptive clearance mechanisms as well as the 

physicochemical properties of the drug and the formulation (Figure 2.). The border between 

high and low permeability in the iBCS grid is established by considering absorption through 

passive transcellular permeability (Table 2.) [68–70]. 

Table 2. Characteristics of oral and inhaled drugs based on BCS. 

Class 
Solu-

bility 

Permea-

bility 
giBCS iBCS 

I. high high 
complete dissolution, 

complete absorption 

complete dissolution, 

rapid absorptive clearance 

e.g. terbutaline-sulfate 

II. low high 
incomplete dissolution, 

complete absorption 

incomplete dissolution, 

dissolution dependent absorptive and 

non-absorptive clearance and retention 

e.g. mometasone-fluorate 

III. high low 
complete dissolution, 

incomplete absorption 

complete dissolution, 

permeability dependent absorptive 

clearance and retention 

e.g. ipratropium-bromide 

IV. low low 
incomplete dissolution, 

incomplete absorption 

incomplete dissolution, 

dissolution and/or permeability 

dependent absorptive, non-absorptive 

clearance and retention 
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Proper formulation is essential for efficient transport of the nanosized API to the 

respiratory system. The development of “nano-in-micro” or nano-embedded microparticles 

for pulmonary application can harmonize the advantages of nanoparticles with the 

aerodynamics of microparticles and could achieve an improved bioavailability and 

aerosolization behavior [71,72]. If the powders come into contact with the lung lining fluid 

in the appropriate parts of the airways, the particles can disintegrate to their nano-subunits 

and spread on the epithelial surface, resulting in an increased absorption and more 

homogenous distribution [73]. Due to the large surface area of the lungs dissolution and 

penetration are exceptionally fast. Because of their size nanoparticles can easily enter 

through the mucus, eliminating the mechanism of mucociliary clearance. The systems could 

prolong the retention time of inhaled nanoparticles, providing a sufficient duration of time 

for drug release, leading to improved bioavailability. The liberated nanosized drug can 

effectively reach the epithelium, because they are not eliminated by the size-dependent 

uptake of the alveolar macrophages (Figure 2.) [52,57,73]. Nanoparticles have advantages 

to get through the biological barriers and can improve drug uptake into cells through various 

endocytosis-based pathways as well [71,74,75]. In general, the required dosage can be 

reduced due to enhanced drug transport [76].  

However, the prolonged residence of the particles in the lung may lead to cellular 

injury, biological responses and undesired effects. The impacts (e.g. increased reactivity, 

oxidative stress, cellular injury and interruption of cellular processes) of nanoparticles are 

significantly influenced by their properties. Therefore, to characterize nanoparticles for 

toxicological investigations, a number of nanomaterial characteristics must be considered 

including size distribution, surface area, morphology, solubility, chemical composition and 

particle agglomeration [77–79]. 

3.6. Particle engineering techniques for “nano-in-micro” DPIs 

Despite the growing number of research works devoted to the development of 

inhalable “nano-in-micro” particles (Table 3.), only a few formulations have entered 

clinical trials so far (e.g. formulations containing nanosized atropine sulfate [80], 

remdesivir [81] and silver [82]). There are no “nano-in-micro” DPI products that have been 

approved to date as individually applicable medications, only a nebulizer formulation 

(Arikayce®, an amikacin containing liposome) [76,83,84]. 
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Table 3. Examples for studies on the development of nanoparticle based dry powders for local delivery. 

API Indication Type of  the nanoparticle 

Cefixime Pulmonary infections Polymeric nanoparticle [85] 

Ciprofloxacin 
Pulmonary infections Polymeric micelle [86] 

Bronchiectasis Nanoparticle complex [87]  

Docetaxel Lung cancer Polymeric nanoparticle [88] 

Ethambutol Tuberculosis Solid lipid nanoparticle [89] 

Gefitinib Lung cancer Solid lipid nanoparticle [90] 

Ibuprofen Cystic fibrosis Polymeric nanoparticle [91] 

Isoniazid Tuberculosis Polymeric nanoparticle [92] 

Itraconazole Aspergillosis Polymeric nanoparticle [93] 

Ivacraftor Cystic fibrosis Polymeric nanoparticle [94] 

Ketoprofen Cystic fibrosis Polymeric nanoparticle [95] 

Ketotifen Asthma Core–shell complex [96]  

Levofloxacin 
Tuberculosis Polymer-lipid hybrid nanoparticle [97] 

Biofilm infection Polymeric nanoparticle [98] 

Methotrexate Lung cancer Polymeric nanoparticle [99] 

miRNA COPD Polymeric nanoparticle [100] 

N-acetylcisteyne Tuberculosis Polymeric nanoparticle [101] 

Paclitaxel Lung cancer Polymeric micelle [102] 

Pneumococcal surface 

protein A 
Pneumonia Polymeric nanoparticle [103] 

Rapamycin Lung inflammation Lipid/polymer hybrid nanoparticle [104] 

Rifampicin Tuberculosis Polymeric nanoparticle [105] 

Salbutamol Asthma Liposome [106] 

Sodium cromoglicate Allergy Pure drug nanoparticle [107] 

Thymoquine COVID-19 Polymer-amino acid nanoparticle [108] 

TNF-α siRNA Lung inflammation Polymer-lipid hybrid nanoparticle [109]  

A major challenge is the reproducible and scalable production of nanoparticle based 

DPIs. A prosperous technique for them is the preparation of a nanosuspension by wet 

milling followed by solidification, using spray drying [37,110]. Usually, this combination 

is environmentally friendly because it does not require any kind of organic solvent.  

Milling is a common, scalable, cost and time-effective method used in the 

pharmaceutical industry to reduce particle size to improve the solubility and subsequently 

the bioavailability of poorly water-soluble APIs [111–113]. During wet milling the drug is 

suspended in a liquid medium, such as surfactants and/or polymers, to stabilize the drug 
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particles [114]. The high surface energy of nanoparticles in suspension form, would 

promote their aggregation by Ostwald ripening and recrystallization [115]. Therefore, the 

solidification of the suspension is beneficial, because it combines the advantages of liquid 

nanosuspension (e.g. enhanced dissolution and solubility) with the benefits of solid 

formulation formulations (e.g. stability and easy handling) by producing microsized 

nanoparticle agglomerates suitable for pulmonary delivery [116].  

Spray drying is a particle-engineering technique that is used to produce respirable 

powders for drug delivery to the lung [117], which is utilized in laboratory and industrial 

environments. Its main advantage is the ability to precisely control the particle size, which 

would be crucial for effective aerosol performance. Compared to other popular drying 

methods, such as lyophilization, it is less expensive, requires less time and energy [118]. 

The spray dried (SPD) powders have enhanced resistance to various environmental factors 

(such as light, oxidation, and temperature) [119]. The frequently used laboratory spray 

dryers, the Nano Spray Dryer and the Mini Spray Dryer are easily scalable to industrial 

level [118]. 

3.7. Stability aspects of the novel DPIs 

One of the most important factors for ensuring the safety and efficacy of 

pharmaceutical products is stability [120]. The physicochemical integrity of API and/or 

excipients, along with any quantitative change that exceeds acceptable limits, could affect 

the drug delivery profile and potentially cause adverse effects or counteract the therapeutic 

benefit. Stability testing generally aims to demonstrate that a product remains within the 

specifications for the expected shelf life when stored under suggested circumstances [2].  

Drug nanoparticle stability issues such as crystal formation, sedimentation and 

agglomeration may occur during production, transportation, storage and application [121]. 

For efficient therapy it is necessary to maintain the quality-influencing properties of the 

products. Proper attention should be paid to drug nanocrystal stability difficulties during 

the development of pharmaceutical products [122]. In general, liquid formulations are less 

stable than solid dosage forms. However, when nanosized APIs are applied, including 

"nano-in-micro" DPIs, the risk of aggregation should be taken into consideration. 

The preparation methods have a significant impact on the stability of the DPIs. 

During milling, recrystallization may occur as a result of mechanical activation and the 

formation of local amorphous sites at the surface of the particle. The solutions to this issue 
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are to coat the surface of the particles and/or maintain a controlled storage environment in 

terms of temperature and relative humidity. For amorphous materials, recrystallization 

could be a challenge during spray drying. Controlling the process parameters and the 

composition of the formulation maintain the physical stability and optimal aerosol 

performance of DPIs [10]. Application of hydrophobic excipients (e.g. metal stearates, 

amino acids) and amorphous additives with high glass transition temperature (Tg) (e.g. 

isoleucine, trehalose) could be beneficial; however, their safety profile for pulmonary 

delivery may be a limitation. In addition to the excipients, the packaging of the DPI (e.g. 

the type of the device, blisters, capsules) may also affect the stability. It is essential to select 

the right materials to prevent moisture uptake, which may modify the surface characteristics 

and crystallinity of the powder [123]. 

3.8. Meloxicam in the pulmonary therapy 

The application of NSAIDs in the pulmonary therapy is not common, due to their 

bronchoconstrictive side effect. However, their application could be useful in different lung 

diseases [124]. There are a few NSAID containing DPI in the literature (e.g. ibuprofen and 

ketoprofen in cystic fibrosis (CF) [37,91,95,125,126], celecoxib in non-small cell lung 

cancer (NSCLC) and coronavirus disease of 2019 (COVID-19) caused inflammation [127], 

acetylsalicylic acid in tuberculosis and other lung inflammation [128]). Furthermore, DPIs 

could be used to induce the systemic anti-inflammatory effect of diclofenac [129] or 

indomethacin, while reducing side effects compared to oral application [130]. 

MX is a poorly water-soluble selective cyclooxygenase-2 (COX-2) inhibitor, 

NSAID [131]. Currently, the main indications of MX are arthritis and osteoarthritis in 

human therapy. MX is commercially available only in oral, intravenous and intralesional 

delivery routes [132]. The development of novel delivery systems and/or changes in 

administration routes is an alternative way to reposition drugs that is widely used by the 

pharmaceutical industry due to the notable cost and time reduction. A great amount of 

experience with MX and different additives was collected in the research group. Previous 

studies were concerned with the particle size reduction of MX via wet milling [133,134]. 

Carrier-based [135,136] and carrier-free DPIs [137,138] have been developed by spray 

drying using different APIs including MX.  

Pharmacological studies demonstrated its antioxidant, antifibrotic and analgesic 

activity, therefore MX containing “nano-in-micro” DPIs could be advantageous to improve 
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the condition of patients with CF, COPD, NSCLC and lung inflammation (Figure 3.) [139–

144]. In CF the right upper lobe is most likely to develop inflammation and bronchiectasis, 

in comparison to this, in the lower lobes, mucus plugging and air trapping more frequent 

[145,146]. In the treatment of CF, nanosized MX particles reach the apical part of the lung 

and can go through the more viscous mucus. Although COPD affects not only small 

airways but also large airways, but the condition is more prominent in the proximal airways 

and it is even more pronounced in its peripheral airway tree [147–149]. In case of COPD, 

the tighter respiratory tracts, the increased amount of mucus and the inflammatory 

macrophages impact the nanoformulation less, compared to conventional formulations. In 

NSCLC the expression of the COX-2 is high during carcinogenesis; therefore, MX can be 

used in combination with cytostatic agents. The disease can be localized in every lobes of 

the lung; however, the nanosized API can target specifically the tumor cells [150,151]. The 

deep respiratory deposition of drugs is also important in the treatment of COVID-19. When 

the aerosol particles of coronavirus contact the airways, the virus can travel down to the 

deeper segments, resulting in a higher deposited fraction in the acinar airways than in the 

bronchi [152]. The virus replicates in type II pneumocytes. They induce the release of 

proinflammatory cytokines, leading to the common symptoms: acute respiratory distress 

syndrome, pneumonia, fever, multiple organ system failure and coughing [153]. Since the 

virus replicates in alveolar epithelial cells, inhalation as deeply as possible is believed to 

enhance the therapeutic effect of the inhaled drug [154]. Inhibition of COX-2 by MX may 

play a role in lung inflammation [144]. Therefore, MX could be important in the adjuvant 

therapy of COVID-19, as a repositioned drug [155].  

 

Figure 3. Possible therapeutic applications of MX.  
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4. Materials 

4.1. Active pharmaceutical ingredient 

MX (International Union of Pure and Applied Chemistry, IUPAC name: 4-hydroxy-

2-methyl-N-(5-methyl-1,3-thiazol-2-yl)-1,1-dioxo-1λ6,2-benzothiazine-3-carboxamide, 

(Figure 4.) was used as the API (Egis Pharmaceuticals PLC., Budapest, Hungary), which 

is a poorly water-soluble NSAID (in water, 7.15 mg/l at 25 °C). 

 

Figure 4. Structure of the MX [131]. 

4.2. Excipients 

The additives were chosen according to the most important requirements of DPI 

formulations to obtain good aerodynamic properties [8]. Poly-vinyl-alcohol 4–98 (PVA, 

Mw ~27.000 g/mol, Sigma-Aldrich, St. Louis, MO, USA) was used to stabilize the samples 

[156]. L-Leucine (LEU, Mw: 131.17 g/mol, AppliChem GmbH, Darmstadt, Germany) was 

applied to enhance the dispersity of the particles, thereby improving the aerosolization and 

decreasing the hygroscopicity of the powder (Figure 5.) [28,157]. Although PVA and LEU 

have been combined before to create DPIs [47,137], they have not been utilized or studied 

as additives to create polymeric “nano-in-micro” DPIs; instead, they have only been 

employed to create lipid–polymer hybrid nanoparticles [97,104,109]. 

  

Figure 5. Structure of PVA (A) [158] and LEU (B) [159].   
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5. Preparation methods of the “nano-in-micro” DPI systems 

5.1. Production of the nanosuspension by wet milling 

During the particle size reduction process a wet and ball milling techniques were 

combined [160]. Planetary ball milling is a high-energy method that is suitable for wet 

grinding, when the raw material is broken down via mechanical forces, while a 

concentrated dispersion of drug particles in an aqueous or non-aqueous liquid is applied. It 

is capable of nanonization using pearl milling. The grinding beads cause mechanical 

attrition and impaction. The medium prevents adhesion and subsequent compaction of the 

drug particles on the wall of the vessel and/or the surfaces of the milling beads [134,161]. 

The MX containing nanosuspension was prepared as follows: 2.00 g of MX and 

18.00 g of 2.5% (w/w%) PVA solution were added to a planetary ball mill (Retsch PM 100; 

Retsch GmbH, Haan, Germany). The following conditions were used: 20.00 g of 

zirconium-dioxide (ZrO2) beads (d = 0.3 mm), 500 rpm, 60 min. As a result, predispersion 

containing MX was achieved. It was diluted with purified water to 500 ml. This 

nanosuspension was used during the following spray drying processes. 

The MX concentration was based on earlier research that resulted in low success 

rates due to the contact between MX and the grinding medium when the MX concentration 

was lower than 10%. However, a higher MX content resulted in a higher sample density 

and a lower grinding efficiency [162]. The particle size was influenced by the quantity of 

beads and the milling time. In the case of a ratio of 1:0.5, the milling efficiency was not 

sufficient; however, it increased linearly with increasing milling media and milling 

duration. The concentrated pre-dispersion to beads ratio was optimized to be 1:1, because 

using the minimum efficient grinding medium, was reducing the product loss. Although in 

a previous experiment, the most advantageous particle size distribution (PSD) was 

produced with a milling period of 45 min at 437 rpm at PVA concentrations between 4.0% 

and 5.5% [162], the 2.5% concentration of PVA was selected. Because using this 

concentration, a suitable PSD was achieved by extending the milling time to 60 minutes at 

500 rpm. Therefore, the PVA concentration was reduced as low as possible to create 

nanoparticles, which is crucial to avoid the possible lung toxicity of the polymer.  
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5.2. DPI formulations by spray drying 

5.2.1. Mini spray drying method 

During the mini spray drying process (Figure 6.) the liquid is fed to the two-fluid 

nozzle by a pump and then atomized to generate fine droplets. The nozzle is made of steel 

and it is equipped with an in situ nozzle cleaning needle. After atomization the droplets go 

through the drying chamber, where the air is heated up by an electrical heater and circulated 

through the system by an aspirator, resulting in rapid evaporation of the liquid. Cyclone 

technology collects the dry particles [163]. The procedure is capable of preparing particles 

between 2 and 25 μm at yields typically around 60% [164,165]. 

 

Figure 6. Schematic figure of the mini spray dryer. 

Three compositions were prepared by adding various amounts of LEU to the MX 

nanosuspension (Table 4.). A magnetic stirrer was used for sample homogenization 

(AREC.X heating magnetic stirrer, Velp Scientifica Srl., Usmate Velate, Italy). Inhalable 

microparticles were produced using a spray dryer equipped with a two-fluid nozzle of 0.7 

mm (Büchi Mini Spray Dryer B-191, Büchi, Flawil, Switzerland). The spray drying 

properties were as follows: inlet temperature: 165 °C, outlet temperature: 100 °C, aspirator 

capacity: 85%, airflow rate 500 l/h, and feed pump rate: 10%.  

The properties of the MX allowed the application of high temperature, with which 

the yield could be improved. The applied aspirator capacity also helped to reach a higher 

yield. The outlet temperature indicated the maximum temperature of the product achieved 

during the drying process. This reduction was the result of the relatively rapid rate of the 
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feed pump and the airflow rate. The parameters were based on the preliminary experiments, 

where the particle size, PSD and the morphology of the dried particles were observed. The 

application of PVA would minimize the nanoparticle fusions during drying as well as 

milling. Its decreasing effect on surface tension could result in smaller particles. PVA 

produces particles with low moisture content, despite its high hydrophilicity [97]. The yield 

was calculated as the ratio of the mass of the particles collected after spray drying to the 

mass of the solid content of the initial suspension. Low spray drying yields are indicative 

of cohesive powders. LEU reduced the cohesion between the particles; therefore, the 

application of LEU improved the yield of the spray drying (Table 4.) [166]. 

5.2.2. Nano spray drying method 

The novelty of nano spray drying (Figure 7.) lies in the vibration mesh spray 

technology, which includes a piezoelectric actuator in the spray head [116]. A spray cap is 

attached to the nozzle, which is made of a stainless-steel mesh with perforated micron-sized 

holes. Electricity drives the piezoelectric actuator at an ultrasonic frequency. The vibration 

draws the fluid through the holes to form droplets into the drying chamber. The drying gas 

flow directs the electrostatically charged particles to the electrostatic particle collector. The 

high voltage applied between the electrodes sets up an electrostatic field that accelerates 

the deposition of particles onto the collecting electrode. The method has the advantage of 

collecting micron to sub-micron sized particles (300 nm to 5 μm) effectively at high yields 

(up to 90 %) even in small sample quantities (1-200 ml) [165,167–169]. 

 
Figure 7. Schematic figure of the the nano spray dryer. 
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Three similar compositions were formulated from the MX nanosuspension by 

adding different amounts of LEU (Table 4.). A magnetic stirrer was used for 

homogenization. The inhalable powders were produced with a nano spray dryer (Büchi 

Nano Spray Dryer B-90 HP, Büchi, Flawil, Switzerland). To produce particles under 2 µm 

the device was equipped with a small nebulizer (hole size: 4 µm). The drying parameters 

were derived from the preliminary data: inlet temperature: 80 °C, aspirator capacity: 100%, 

airflow rate: 120 ml/min, pump rate: 20%. 

In this case, a gentler spraying technique was used, which could potentially be 

implemented for more heat-sensitive APIs as well. Furthermore, it would not be optimal if 

the particle size increased due to the higher temperature. The aforementioned parameters 

were utilized in the preparation of the desired particles based on scanning electron 

microscopy and laser diffraction studies. Despite a greater temperature would produce a 

better yield, using 80 °C as inlet temperature the nano spray dryer still outperformed the 

mini spray drying process (Table 4.) [170]. 

5.3. Preparation of the physical mixtures 

A physical mixture (PM) was created from the raw materials to observe the effect 

of the excipients. The composition of the PM was equal to the SPD samples (Table 4.). 

During the experiments, the different qualities of the SPD samples were compared to the 

PM. The API content of the final powders was determined (see Section 7.6.1.). 

Table 4. Composition of the SPD samples and the PMs, yield of the spray drying methods and API content 

results of the formulations. 

Sample name MX (g) PVA (g) LEU (g) Yield (%) API content (%) 

mini[MX1_PVA_LEU0] 2.00 0.45 0.00 45.41 ± 5.10 93.81 ± 2.99 

mini[MX1_PVA_LEU0.5] 2.00 0.45 1.00 57.56 ± 1.36 55.48 ± 0.78 

mini[MX1_PVA_LEU1] 2.00 0.45 2.00 58.43 ± 6.36 51.46 ± 2.99 

nano[MX1_PVA_LEU0] 2.00 0.45 0.00 61.44 ± 3.34 72.50 ± 3.55 

nano[MX1_PVA_LEU0.5] 2.00 0.45 1.00 63.29 ± 2.38 51.26 ± 3.19 

nano[MX1_PVA_LEU1] 2.00 0.45 2.00 62.44 ± 5.86 42.65 ± 1.33 

pm[MX1_PVA_LEU0] 2.00 0.45 0.00 - 81.63 

pm[MX1_PVA_LEU0.5] 2.00 0.45 1.00 - 57.97 

pm[MX1_PVA_LEU1] 2.00 0.45 2.00 - 44.94 
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6. Characterization of the nanosuspension 

6.1. Particle size analysis 

6.1.1. Laser diffraction based particle size measurement 

The particle size, PSD, and specific surface area (SSA) of the nanosuspension were 

determined by laser diffraction (Mastersizer Scirocco 2000, Malvern Instruments Ltd., 

Worcestershire, UK). The wet dispersion unit was used. The refractive index (RI) of the 

MX was adjusted to 1.720. The suspension was measured three times in purified water with 

stirring at 2000 rpm. 

6.1.2. Dynamic light scattering investigations  

The average hydrodynamic diameter (Z-average), polydispersity index (PdI), and 

zeta potential (ζ potential) were analyzed via dynamic light scattering (DLS) using a 

Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). The suspension was 

diluted in purified water and measured at 25 °C in folded capillary cells. The RI of MX was 

set to 1.720. Measurements were made in triplicate. 

6.1.3. Nanoparticle tracking analysis 

The NanoSight NS 3000 device (Malvern Instruments, Worcestershire, UK) for 

nanoparticle tracking analysis (NTA) was used to obtain high-resolution particle size 

information. The instrument was equipped with a 565 nm laser, a high sensitivity sCMOS 

camera and a syringe pump. The MX suspension was diluted 1000 times and loaded into 

the device using syringe pump speed of 50. The experiment videos were analyzed using 

NTA 3.4 Build 3.4.4 after capture in script control mode (3 videos of 30 s per 

measurement). A total of 1500 frames per sample were examined. 

6.2. Determination of the surface tension 

Surface tension (ST) measurements of the PVA solution and the MX 

nanosuspension were performed using the pendant drop technique with an optical contact 

angle (OCA) apparatus (OCA 20, Dataphysics Instrument GmbH, Filderstadt, Germany). 

The density values of the samples were established for the calculations. Drop images were 

collected at 25 °C and the profiles were fitted using the Young-Laplace equation [171]. For 

each experiment, ten subsequent images were collected and the average ST was determined. 
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7. Solid phase characterization  

7.1. Particle size analysis 

7.1.1. Laser diffraction based particle size measurement 

Laser diffraction was applied to determine the particle size, PSD and SSA of the 

SPD samples The dry dispersion unit was used. The dispersion air pressure was set to 3.0 

bar and a vibration feed was applied. The RI was set to 1.720. Each sample was measured 

three times. PSD was characterized by the values of D[0.1] (10% of the volume distribution 

is below this value), D[0.5] (50% of the volume distribution is below this value), and D[0.9] 

(90% of the volume distribution is below this value), (Equation 1.). The SSA was derived 

from the PSD data under the assumption of spherical particles.  

 Span =
D[0.9]−D[0.1]

D[0.5]
 (1) 

7.1.2. Dynamic light scattering analysis 

The Z-average, PdI, and ζ potential were analyzed via DLS. The SPD formulations 

were suspended in purified water and measured at 25 °C in folded capillary cells. The RI 

of MX was set to 1.720. Each measurement was carried out in triplicate. 

7.2. Morphology investigation 

The shape of the particles was analyzed using scanning electron microscopy (SEM, 

Hitachi S4700; Hitachi Ltd., Tokyo, Japan). The investigation conditions were the 

following: 10 kV high voltage, 10 mA amperage, and 1.3–13.1 mPa air pressure. A high 

vacuum evaporator and argon atmosphere were applied to make the sputter-coated samples 

conductive with gold-palladium (Bio-Rad SC 502; VG Microtech, Uckfield, UK). 

7.3. Density and powder flow measurement 

The bulk and tapped densities of the formulations were measured using a tap density 

tester (ETD-1020x, Electrolab, Mumbai, India) [172]. A cylinder was filled with 1.5-2.0 

cm3 of powders to calculate the bulk density (ρb). It was tapped 1000 times. The tapped 

density (ρt) was calculated compared to the volume of the powder before and after the taps. 

The measurements were performed three times. The Hausner ratio (HR) and Carr index 

(CI) values of the samples were evaluated from the bulk density and the tapped density 

(Equation 2., 3.) [173]. 

 HR = 
ρt

ρb
 (2) 

 CI = 
(ρt-ρb)

ρt
*100  (3) 
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7.4. Determination of the crystallinity 

7.4.1. Thermoanalytical measurement 

Differential scanning calorimetry (DSC) measurements were performed with a 

Mettler Toledo DSC 821e thermal analysis system with the STARe thermal analysis 

program V9.1 (Mettler Inc., Schwerzenbach, Switzerland). The samples (3 to 5 mg) were 

heated to temperatures between 25 and 300 °C at a rate of 10 °C/min while maintaining a 

steady flow of argon at a rate of 10 l/h.  

7.4.2. Analysis of the crystalline structure 

The crystalline structure was investigated using X-ray powder diffraction (XRPD). 

The Bruker D8 advance diffractometer and the VANTEC-1 detector (Bruker AXS GmbH, 

Karlsruhe, Germany) were used with Cu KλI radiation The powders were placed on a flat 

quartz glass with an etched square. Scanning was performed at a uniform voltage of 40 kV 

and a current of 40 mA from 3° to 40°, scanning time constant was 0.1°/min, angular step 

was 0.01°. DIFFRACplus EVA program was used for the evaluation. The degree of 

crystallinity (Xc) were determined (Equation 4.). A symbolizes the area under the curve: 

The PM sample was considered 100% crystalline. 

𝑋𝑐 =
𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒

𝐴𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒+𝐴𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠
∗ 100 (4) 

7.5. Solubility test 

The solubility tests of the SPD products were implemented in 3 ml of artificial lung 

fluid (0.68 g/l NaCl, 2.27 g/l NaHCO3, 0.02 g/l CaCl2, 0.1391 g/l NaH2PO4, 0.37 g/l glycine 

and 5.56 ml/l 0.1 M H2SO4) [174]. The pH of the medium was 7.4 ± 0.1. The samples were 

stirred with a magnetic stirrer at 25 °C for 24 h, filtered (pore size = 0.45 μm, Millex-HV 

filter unit, Millipore Corporation, Bedford, MS, USA) and the drug content was analyzed 

using a UV/VIS spectrophotometer, (ATI-Unicam, Cambridge, UK) at a wavelength of 362 

nm. The samples were measured in triplicate. 
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7.6. In vitro and in silico aerodynamic characterization of the DPI systems 

7.6.1. Andersen cascade impactor measurement 

The aerosolization properties of the SPD formulations were evaluated in vitro, using 

an Andersen cascade impactor (Figure 8., ACI, Apparatus D, Copley Scientific Ltd., 

Nottingham, UK) [175]. The inhalation flow rate was set at 28.3 l/min and 60 l/min (High-

capacity pump model HCP5, Critical flow controller model TPK, Copley Scientific Ltd., 

Nottingham, UK). The actual airflow through the impactor was measured by a mass flow 

meter (Flow meter model DFM 2000, Copley Scientific Ltd., Nottingham, UK). The 

inhalation time was 4 s. Using the flow rate of 60 l/min, the breathing pattern with a 4 l 

inhalation volume was simulated. The application of 28.3 l/min led to an inhalation volume 

of 1.89 l, which is in concordance with the inhalation volume of patients with COPD [176]. 

Furthermore, the use of different flow rates can take into account the large variability of 

pulmonary function of the patients, which is an important aspect in the preclinical 

development. The Breezhaler® single-dose device (Novartis International AG, Basel, 

Switzerland) was applied, which is classified as a low-resistance inhalator. It requires a 

weaker inspiratory effort to achieve high flow rates across the device [177,178]. 

Transparent size 3 gelatin capsules (Capsugel, Bornem, Belgium) were filled with the 

powders, containing the pulmonary dose (1.5 mg) of MX. The API contents (Table 2) of 

the different DPIs were determined by solving 1.0 mg of powder in 25 ml of methanol and 

pH 7.4 phosphate buffer (60+40 V/V%) and analyzed by UV/Vis spectrophotometry at a 

wavelength of 362 nm. Measurements were carried out in triplicate. To simulate the 

pulmonary adhesive conditions, the collection plates were coated with a mixture of span 85 

and cyclohexane (1 + 99 w/w%). After the measurement, the device, capsules, induction 

port, plates and the filter (A/E glass fiber filter, Pall Corporation, NY, USA) were washed 

with methanol and pH 7.4 phosphate buffer (60+40 V/V%) to dissolve the deposited 

amount of MX. The API was quantified by UV/Vis spectrophotometry at a wavelength of 

362 nm. Aerodynamic properties were evaluated using InhalytixTM software (Copley 

Scientific Ltd., Nottingham, UK). The fine particle fraction (FPF) and mass median 

aerodynamic diameter (MMAD) values were determined. FPF is defined as the percentage 

of mass of the particles consisting of API with an MMAD of less than 5 μm divided by the 

emitted dose of the formulations. The emitted fraction (EF) was also calculated, which is 

the released fraction from the DPI device. 
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Figure 8. Conformation of ACI and the cut-off diameters at the two different flow rates. 

7.6.2. In silico aerodynamic characterization  

The in silico simulations were performed using the stochastic lung model, which 

tracks the inhaled particles until their deposition or exhalation and computes the fraction of 

the particles deposited in each anatomical part of the airways [179]. The particle trajectories 

were simulated in an asymmetrical branching airway structure, mimicking realistic airways 

by selecting adequate morphometric parameters [180]. The input of the computational 

model can be different parameters characterizing aerosol particles like density, shape, or 

size, as well as the breathing parameters of the patient. In our work, the aerodynamic PSD 

of the samples measured by the ACI served as input for the numerical model of airway 

deposition. The inhalation parameters corresponded to the inhalation of a COPD patient 

through Breezhaler®, whose inhaled volume (IV = 1.7 l) and inhalation time (tin = 3.2 s) 

corresponded to the best flow rate of the impactor measurements. Two different (5 s and 

10 s) breath-holding times were used. The computational deposition model was validated 

in earlier works [181,182]. The test was carried out in cooperation with the Center for 

Energy Research of Hungarian Academy of Sciences. 

7.6.3. Aerodynamic particle size analysis using the Spraytec® device 

The aerodynamic diameter was determined using a Spraytec® laser diffractometer 

equipped with an inhalation cell (Malvern Instruments Ltd., Worcestershire, UK) and ACI. 

The investigation accounts for the EF of the DPI formulation and measures PSD directly 

from the inhalation device.  SPD formulations were aerosolized from 3 gelatin capsule 

inserted into a Breezhaler® device connected to an induction port of the inhalation cell. The 

assembly was attached to an ACI, which created a closed system that allowed measurement 

of the size under controlled circumstances [183]. The inhalation flow rate was set at 

60 l/min. The inhalation time was 4 s. Measurements were made in triplicate. 
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7.6.4. Aerodynamic particle size analysis with particle counter 

During particle counter measurement, the products were loaded into gelatin 

capsules and a Breezhaler® inhaler. The set-up consisted of a breathing simulator, an 

induction port, a vacuum pump with a critical flow controller and an aerodynamic particle 

sizer (APS, TSI 3321, TSI Incorporated, Shoreview, MN, USA, Figure 9.). The breathing 

simulator produced the flow profile that activated the DPI unit through the mixing inlet 

(Copley Scientific Ltd., Nottingham, UK), which provided an interface between the flow 

that activated the DPI and the main stream that transfers particles to the APS. The APS 

sampled particles from the main stream using an isokinetic nozzle. The instrument 

measured the number size distributions and determined the aerodynamic size of the 

particles by time-of-flight measurement in an accelerated flow. The sample flow rate of the 

APS was 1 l/min and the sampling time was set at 5 s without pause. The IV range was 0.1 

to 6800 cm3. The time resolution of the inhalation profile can be set to 20, 50, and 100 ms. 

For the measurements, the inhalation waveform programmed into the breathing simulator 

was constructed based on data from the literature [184,185]. The flow controller was used 

to set a flow rate of 60 l/min, which was regularly checked during the measurements with 

a TSI 4000 thermal mass flow meter (TSI Incorporated, Shoreview, MN, USA); the 

measuring range is 0.5-200 Nl/min.). The test was carried out in cooperation with the 

Wigner Research Center for Physics of Hungarian Academy of Sciences. 

 
Figure 9. Set-up of the particle size counter. 
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7.7. In vitro investigations of the pulmonary dosage form 

7.7.1. In vitro dissolution test using the conventional paddle method 

Currently, there are no regulatory requirements for the in vitro dissolution testing 

of inhaled products [8,186,187]. A modified paddle method (Hanson SR8 Plus, Teledyne 

Hanson Research, Chatsworth, CA, USA) of the European Pharmacopeia [188] was used 

to define the release of MX from the dosage form. The samples contained 1.5 mg of MX, 

which is the tenth of the highest oral dose of MX [131] and the estimated dose of MX for 

pulmonary delivery. The estimated value of the lung lining fluid is between 10 and 70 ml 

[189]. Considering the limitation of the dissolution setup, 50 ml of the previously 

mentioned simulated lung medium was applied [174,190]. The paddle was rotated at 100 

rpm and the measurement was performed up to 60 min at 37 °C [156]. Samples of 5 ml 

were taken after 5, 10, 15, 30, and 60 min. The medium was replenished in all cases. After 

filtration (pore size: 0.45 µm, Millex-HV syringe-driven filter unit, Millipore Corporation, 

Bedford, MA, USA), the dissolved quantity of MX was determined spectrophotometrically 

at a wavelength of 362 nm. The measurement was performed three times. 

7.7.2. In vitro dissolution test using the paddle method combined with ACI 

The release profile of MX was determined from the respirable fraction of the 

formulations, which is recommended for better in vivo correlation [183]. The inhalation 

flow rate was set at 60 l/min. The inhalation time was 4 s. The stages of ACI were used, as 

a Fast Screening Impactor to collect particles between 1 and 5 μm [190]. Between the 

number one stage, and the number four stage a plate was applied covered with a 

polycarbonate (PCTE) membrane filter (Sterlitech, Auburn, WA, USA). On the last stage 

a filter (A/E glass fiber filter, Pall Corporation, NY, USA) was applied to catch the smallest 

particles. A mass of each DPI formulation, equivalent to a dose of 1.5 mg of MX, was filled 

into a gelatin capsule of size 3. A Breezhaler® device was used for actuation. After 

inhalation, the filters were individually fixed on a watch glass-PTFE disk assembly (Copley 

Scientific Ltd., Nottingham, UK) with clips and a PTFE mesh screen [186]. The disk 

assembly was then immersed in a dissolution vessel of a Hanson SR8 Plus dissolution 

apparatus with 400 ml of artificial lung fluid [174,189]. Measurement was carried out for 

up to 60 min at 37 °C and the paddle was rotated at 100 rpm [39]. Samples of 2 ml were 

taken after 5, 10, 15, 30, and 60 min. The medium was replenished in all cases. The 

dissolution tests were performed in triplicate for each DPI formulation. 
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7.7.3. In vitro permeability investigation 

A 3D printed horizontal diffusion cell was used to investigate the in vitro 

permeability of the samples (Figure 10.) [191]. 9 ml of artificial lung medium [174] was 

used as the donor phase. As the volume of the lung lining fluid is 10 to 70 ml [189], which 

is divided for the different generations of lung, 9 ml was ideal choice to model the 

absorption of the drug in different parts of the airways. The acceptor phase was 9 ml of 

phosphate buffer (pH = 7.4), simulating the circumstances of the lung epithelium. Between 

the two phases, a cellulose membrane (RC 55 WhatmanTM GE Healthcare Life Sciences, 

Buckinghamshire, UK) was applied, which was impregnated with isopropyl myristate. The 

pore size of the membrane was 0.5 µm, its thickness was 0.75 µm. The diffusion surface 

was 0.785 cm2. The rotation of the stirring bar was set to 300 rpm. The magnetic stir bars 

were moved by a CS-DSD1 digital magnetic stirrer (CS-Smartlab Devices Ltd., 

Kozármislény, Hungary). The temperature was set at 37 °C during the investigation, which 

is the usual temperature inside the human lung. Samples containing 1.5 mg of MX were 

investigated. The design of the chambers was suitable for real-time analysis with the input 

of an immersion probe. The amount of API diffused to the acceptor phase was determined 

at a wavelength of 362 nm, for 60 minutes with a spectrophotometric sonda (FDP-7UV200-

VAR, Avaspec-ULS2048-USB2, Avantes, Apeldoorn, The Netherlands). Three parallel 

measurements were made. The flux (J) [µg/cm2/h] was calculated from the quantity of MX, 

which permeated through the membrane (m), divided by the surface of the membrane (Am) 

and the duration time (t) (Equation 6.). The permeability coefficient (Kp) [cm/h] was 

determined as flux and MX concentration in the donor phase [µg/cm3] (Equation. 7.) 

 J =
m

Am*t
  (6) 

 Kp =
J

Cd
 (7) 

 
Figure 10. Structure of the in vitro permeability test chambers. 
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7.7.4. In vitro cell line investigations 

7.7.4.1. Cytotoxicity measurement 

The SPD samples were dissolved in dimethyl sulfoxide (DMSO, VWR Chemicals, 

Leuven, Belgium), a concentration of 0.1 mg/ml was applied. This concentration of MX is 

adequate for pulmonary administration, for 1.5 mg of drug dose in approximately 15 ml of 

lung fluid volume. Further diluted concentrations of 0.05 and 0.025 mg/ml were tested. 

Mitochondrial activity as a measure of cell viability was performed using MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay in 96-well cell culture 

microplates using A549 (adenocarcinomic human alveolar basal epithelial cells, ATCC). 

A549 cells were seeded at a density of 4 × 104 cells/well. The cells were treated with either 

MX or nano SPD compositions. Furthermore, 5 µg/ml lipopolysaccharide (LPS; 

ThermoFisher Scientific, Waltham, MA, USA) cytotoxicity was also measured. LPS was 

used to induce inflammation in cells during the anti-inflammatory effect investigations. 

Cells were incubated at 37 °C for 48 h. Subsequently, 20 μl of thiazolyl blue tetrazolium 

bromide (Sigma, St. Louis, MO, USA) was added to each well. After additional incubation 

at 37 °C for 4 h, a sodium dodecyl sulfate solution (Sigma, St. Louis, MO, USA, 10 % in 

0.01 M HCI) was added and incubated overnight. The cytotoxicity was then determined by 

measuring the optical density (OD) at 550 nm (ref. 630 nm) with an EZ READ 400 ELISA 

reader (Biochrom, Cambridge, UK). The assay was replicated four times for each 

concentration [192]. Cell viability was concluded on the following Equation 8. 

 Cell viability =100-
(ODsample-ODmedium control)

(ODcontrol-ODmedium control)
 ×100  (8) 

7.7.4.2. Measurement of the anti-inflammatory effect 

Cells were propagated in minimum essential medium with Earle’s salt (Sigma, St. 

Louis, MO, USA) and were supplemented with 25 µg/ml gentamycin, 10 % of fetal calf 

serum, 0.5 % wt/vol of glucose, 0.3 mg/ml of l-glutamine and 4 nm HEPES. A549 cells 

were seeded in 6-well plates at a density of 1 x 106 cells/well and treated with 0.1 mg/ml 

of MX or DPI formulations and 5 µg/ml of LPS or only 5 µg/ml of LPS or left untreated, 

then the cells were incubated for 48 h at 37 °C.  

After the treatment, ribonucleic acid (RNA) was extracted using the TRI reagent 

(Sigma-Aldrich, St. Louis, MS, USA) according to the protocol of the manufacturer. 

Subsequently, 0.1 µg of mRNA was reverse transcribed using Maxima reverse transcriptase 

according to the instructions using oligo(dT) primers (ThermoFisher Scientific, Waltham, 
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MA, USA). Quantitative polymerase chain reaction (qPCR) was performed using a Bio-

Rad CFX96 real-time system with the 5x HOT FIREPol® EvaGreen® qPCR Supermix 

(Solis BioDyne, Tartu, Estonia) and the following pairs of human-specific primers: 

interleukin-6 (IL-6) and Actb (actin beta). Primers were designed using the Primer Quest 

Tool software and synthesized by Integrated DNA Technologies Inc. (Montreal, Quebec, 

Canada). Threshold cycles (Ct) were determined for IL-6 and Actb, and the relative gene 

expression was calculated via the 2-(ΔΔCt) method [193].  

After 48 h of treatment, the supernatant of the cells was collected and a standard 

sandwich human IL-6 enzyme-linked immunosorbent assay ELISA kits Legend Max™ 

(BioLegend, San Diego, CA, USA) was used to determine the IL-6 concentration. The 

supernatant of the LPS-treated cells was diluted 10 times. The assay was performed 

according to the manufacturer's instructions. The dynamic range of the kit was between 7.8 

and 500 pg/ml. The plates were analyzed using the Biochrom Anthos 2010 microplate 

reader (Biochrom, Cambridge, UK). Samples were assayed in duplicate. 

The in vitro cell line investigations were performed with the help of the Department 

of Medical Microbiology of University of Szeged. 

7.8. Stability test 

The stability of the nano[MX1_PVA_LEU1] sample was investigated. The results 

could also be extended to the other formulations, due to their similar composition. The 

stability test was performed at 25 ± 2 °C with 50 ± 5% relative humidity to mimic the room 

conditions in a desiccator. The samples were taken and measured after 1 day, 6 months and 

12 months [194,195]. 

7.9. Statistical analysis 

All the described data indicate the standard deviation (± SD) of three parallel 

measurements (n = 3). Statistical analysis was performed using Student’s t test and one-

way analysis of variance (ANOVA) using GraphPad Prism 8.0.1. software (GraphPad 

Software, CA, USA). P-values < 0.05 indicated statistically significant differences.  
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8. Result of the characterization of the nanosuspension 

8.1. Particle size analysis 

8.1.1. Results of the laser diffraction based particle size distribution 

The initial diameter of the API was in the micrometric size range (D[0.5] = 

9.91 ± 0.37 μm), which was successfully reduced by wet milling to D[0.5] = 137.70 ± 4.97 

nm. SSA increased from 1.09 ± 0.03 m2/g to 43.65 ± 5.32 m2/g. PVA coated the MX 

particles, which inhibited particle aggregation during size reduction [134]. The enhanced 

SSA predicted a higher rate of dissolution compared to the raw MX [196]. 

8.1.2. Outcomes of dynamic light scattering investigation 

The DLS method is more accurate than the laser diffraction to determine the size of 

nanoparticles [197]. However, the method is sensitive to the presence of large particles. 

Therefore, in polydisperse formulations, the proportion of small particles is underestimated 

due to the fact that larger particles scatter more light than smaller particles [198]. The DLS 

test showed that the Z-average of the suspension was 359.75 ± 12 nm and the PdI was 

0.34 ± 0.06. In addition, it proved that the diameter of MX was reduced under 500 nm. 

Therefore, the drug could avoid the uptake by alveolar macrophages [57]. The ζ potential 

was -23.70 ± 0.85, demonstrating a stable suspension [199]. 

8.1.3. Results of the nanoparticle tracking analysis 

NTA is comparable to DLS and successfully minimizes its drawbacks. The 

technique uses nanoparticle light scattering and Brownian motion to determine the size 

distribution of the sample. NTA simultaneously detects large and small particles, resulting 

in a more precise particle distribution [198,200]. According to NTA, D[0.5] of the MX 

nanosuspension was 124.90 ± 8.60 nm and PSD was monodisperse (Figure 11.).  

 
Figure 11. The particle size result of the suspension according to the NTA. 
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8.2. Surface tension results of the nanosuspension 

The ST of the 2.5% (w/w) PVA solution was 51.78 ± 1.32 mN/M, which means 

that the polymer decreased the ST of the water (71.99 ± 0.36 mN/m at 25 °C) [201]. The 

ST value of the nanosuspension was increased to 66.07 ± 0.54 mN/M compared to the 

polymer solution. Adding LEU could further increase ST [202]. The energy introduced 

during milling led to an increase in ST, which was associated with a higher dissolution 

pressure, which could lead to improved saturation solubility [203]. Generally, low-ST 

fluids produce smaller particle size during spray drying [119,168]. Therefore, the 

application of LEU forms larger droplets compared to the LEU-free products. 

9. Results of the solid phase characterization 

9.1. Particle size analysis 

9.1.1. Results of the laser diffraction based particle size distribution 

After solidification, the size of the particles was applicable for pulmonary delivery, 

since the D[0.5] values were in the 1-5 µm range in all cases (Table 5.). The geometric 

diameter of the mini SPD samples was between 3.2-4.4 μm. After nano spray drying, the 

D[0.5] values of the samples were between 1–1.5 μm. The results met the initial aim, which 

was to produce particles above and below 2 μm using the two different spray drying 

techniques. Nano spray drying was capable of producing smaller particles, especially using 

the small nebulizer, compared to the mini spray dryer. In all cases, the incorporation of 

LEU increased the geometric size of the SPD particles, leading to a decrease in SSA. The 

reason behind this is that the particle-particle interaction forced to alter the diameter of the 

particle [204]. The higher the Span value, the broader is the distribution [205]. PSD was 

monodisperse (Span < 2.0) in the case of mini SPD and LEU containing nano SPD 

products, which is an important factor for accurate doses [137].  

Table 5. The particle size, Span and SSA values of the DPIs. Data are means ± S.D. (n = 3 

measurements). 

Sample name D[0.5] (μm) Span SSA (m2/g) 

mini[MX1_PVA_LEU0] 3.19 ± 0.02 1.56 ± 0.07 2.22 ± 0.03 

mini[MX1_PVA_LEU0.5] 3.80 ± 0.01 1.46 ± 0.00 1.88 ± 0.02 

mini[MX1_PVA_LEU1] 4.40 ± 0.03 1.58 ± 0.08 1.71 ± 0.05 

nano[MX1_PVA_LEU0] 1.17 ± 0.00 5.42 ± 1.49 6.60 ± 0.03 

nano[MX1_PVA_LEU0.5] 1.31 ± 0.04 1.68 ± 0.30 5.19 ± 0.06 

nano[MX1_PVA_LEU1] 1.43 ± 0.09 1.59 ± 0.12 4.39 ± 0.01 
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9.1.2. Outcomes of the dynamic light scattering investigation 

Table 6. showed the outcomes of the DLS investigation. The average diameter of 

the dispersed mini SPD products was between 1200-1900 nm. The diameters of the 

dispersed nano SPD particles were between 500-700 nm. It predicted that as the dry 

particles deposit in the lung fluid, they disintegrate into nanoparticles, which is required in 

the case of “nano-in-micro” systems, resulting in greater dissolution and cellular absorption 

[50]. According to the results, the mini SPD samples will disintegrate slower than the nano 

SPD particles, due to their larger particle size. However, as mentioned previously in Section 

8.2., the larger particles may have disturbed the scattering method, resulting in a larger Z-

average. The inhomogeneous distribution was shown by the relatively high PdI results (PdI 

> 0.3). However, it is not considered a problem if it does not negatively affect the drug 

release [91]. All systems were more degradable and less retentive in the airways due to the 

negative ζ potential values of the products. It is beneficial, since the particles are unlikely 

to trigger further fibrosis, infection, or inflammation [206].  

Table 6. Z average, PdI, and ζ potential of DPIs. Data are means ± SD (n = 3 independent measurements). 

Sample name Z average (nm) PdI ζ potential (mV) 

mini[MX1_PVA_LEU0] 1852.00 ± 126 0.552 ± 0.056 -2.15 ± 0.25 

mini[MX1_PVA_LEU0.5] 1292.00 ± 231 0.653 ± 0.065 -18,63 ± 2.06 

mini[MX1_PVA_LEU1] 1386.00 ± 142 0.706 ± 0.074 -23.83 ± 1.19 

nano[MX1_PVA_LEU0] 676.70 ± 47 0.543 ± 0.055 -21.35 ± 5.27 

nano[MX1_PVA_LEU0.5] 743.25 ± 27 0.502 ± 0.074 -23.30 ± 2.74 

nano[MX1_PVA_LEU1] 526.90 ± 20 0.381 ± 0.031 -24.50 ± 1.47 

9.2. Findings of the morphology investigation 

On the SEM images (Figure 12.) of the DPIs, the size differences between the 

different batches can be easily seen. A nearly spherical shape was observed, which was the 

result of the optimized spray drying methods [207]. The spherical form met the 

requirements of DPIs [208]. PVA prevented the aggregation of the particles because it 

created a hydrophilic layer around the drug particles. However, smooth surfaces are not 

preferred for pulmonary delivery because they tend to increase the interaction between 

particles, while rough surfaces enhance aerosolization efficiency. When LEU was present 

in the systems, preferable wrinkled particles were established [209] and the spherical 

morphology shifted to a shell-shaped appearance [210]. The low diffusion coefficient of 

LEU increased particle enrichment on the droplet surface during spray drying. The rough 
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surface was formed as the rapidly drying core crumpled [138]. LEU developed a crystalline 

layer, which reduced surface energy while improving surface rugosity [117]. Therefore, 

LEU can reduce the adhesion between particles and the attachment to the capsule, resulting 

in higher EF and FPF values. The samples containing the highest amount of LEU 

demonstrated an internal hollow structure, reflecting a low density [138]. LEU enrichment 

can also result in moisture protection, therefore improving their physical storage stability 

[211]. In overall, particles containing LEU predicted a proper powder dispersion during 

inhalation, therefore improving drug delivery to the bronchial and acinar regions as well 

[58,138,212]. 

 
Figure 12. SEM pictures of the SPD samples: A: mini[MX1_PVA_LEU0], B: mini[MX1_PVA_LEU0.5], 

C: mini [MX1_PVA_LEU1], D: nano[MX1_PVA_LEU0], E: nano[MX1_PVA_LEU0.5], F: 

nano[MX1_PVA_LEU1]. 

9.3. Results of the density and powder flow test 

The low density of the DPIs could offer better deposition in the airways. The ρt of 

the products was lower than or around 0.3 g/cm3. The density of the commercially available 

DPIs is approximately 1 g/cm3, therefore, the samples can be considered as low-density 

formulations. Favorably, the lower the ρt is, the higher the FPF is [213]. The application of 

a larger amount of LEU was reduced the ρb, therefore improved powder dispersibility [54]. 

The HR and CI results (Table 7.) were similar to other carrier-free formulations [214]. The 

HR and CI values indicated powder flow, which is also responsible for aerosolization.  
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Table 7. Density, HI and CI results of the DPIs. Data are means ± SD (n = 3 independent measurements). 

Sample name ρb(g/cm3) ρt (g/cm3) HR CI 

mini[MX1_PVA_LEU0] 0.18 ± 0.02 0.26 ± 0.00 1.49 ± 0.05 32.39 ± 7.23 

mini[MX1_PVA_LEU0.5] 0.16 ± 0.01 0.27 ± 0.00 1.76 ± 0.08 43.09 ± 2.70 

mini[MX1_PVA_LEU1] 0.15 ± 0.01 0.20 ± 0.01 1.40 ± 0.21 27.65 ± 10.8 

nano[MX1_PVA_LEU0] 0.22 ± 0.01 0.31 ± 0.01 1.33 ± 0.09 27.27 ± 4.55 

nano[MX1_PVA_LEU0.5] 0.22 ± 0.01 0.32 ± 0.02 1.43 ± 0.10 30.00 ± 5.00 

nano[MX1_PVA_LEU1] 0.21 ± 0.00 0.32± 0.01 1.50 ± 0.08 33.33 ± 3.33 

9.4. Analysis of the crystallinity 

9.4.1. Results of the thermoanalytical measurement 

DSC was employed to investigate the MX melting process in the case of the raw 

form, PM and dried products (Figure 13.). The raw MX showed a sharp endothermic peak 

at 264.03 °C, reflecting its melting point and crystallinity. After the preparation methods, 

the curves showed broader endothermic peaks of MX, indicating a decrease in their 

crystallinity. The residual MX crystals in the products were melted at a lower temperature 

than the raw MX due to the smaller particle size and amorphization. This was promoted by 

PVA, which has a Tg value at 85 °C [134].  

 
Figure 13. DSC curves of the initial MX, PM and SPD samples. 

9.4.2. Findings of the crystalline structure investigation 

XRPD was used to characterize the crystalline state of MX before and after the 

preparation process. The XRPD pattern of the raw material demonstrated the crystalline 

structure of MX, which has characteristic peaks with the highest intensities at 6.6°, 11.4°, 

13.1°, 13.5°, 15.1°, 18.7°, 19.3°, 25.9° and 26.4° 2-theta peaks [215]. In the case of the 
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products, the intensities of the characteristic peaks decreased, due to milling and spray 

drying (Figure 14.). After treatment, 73.23 % of the MX remained crystalline of the 

mini[MX1_PVA_LEU0], 51.81 % of the mini[MX1_PVA_LEU0.5] and 54.14 % of the 

mini[MX1_PVA_LEU01]. The other part of the API became amorphous during the 

preparation process. In nano[MX1_PVA_LEU0], nano[MX1_PVA_LEU0.5] and 

nano[MX1_PVA_LEU1] 68.19 %, 66.11% and 54.04 % of MX became amorphous, 

respectively [133].  

 
Figure 14. XRPD curves of the initial MX, PM and SPD samples. 

9.5. Effects of the formulation on the solubility of MX 

The initial solubility of the raw MX was 0.905 ± 0.005 mg/ml in artificial lung 

medium. As a result of the increased surface area of MX, the solubility of the mini and 

nano SPD samples improved in each case: 1.499 ± 0.012 mg/ml of 

mini[MX1_PVA_LEU0], 1.105 ± 0.001 mg/ml of mini[MX1_PVA_LEU0.5], 1.428 ± 

0.000 mg/ml of mini[MX1_PVA_LEU1]. 2.025 ± 0.062 mg/ml of 

nano[MX1_PVA_LEU0], 1.501 ± 0.002 mg/ml of nano[MX1_PVA_LEU0.5] and 1.581 ± 

0.029 mg/ml of nano[MX1_PVA_LEU1]. The reduction in drug particle size in the nano-

range led to an increase in solubility, which predicted better dissolution properties [216].  
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9.6. Evaluation of the in vitro and in silico aerodynamic tests  

9.6.1. Outcomes of the Andersen cascade impactor measurement 

The in vitro aerodynamic investigation was carried out at different flow rates. The 

distribution of MX containing powders at 28.3 l/min is shown in Figure 15. Figure 16. 

showed the distribution of the deposited MX at 60 l/min. It can be concluded that the 

application of LEU decreased the remaining amount of powder in the capsules and the 

device and it also reduced the particle deposition in the induction port. The different API 

distributions are clearly observable at various flow rates.  

 
Figure 15. Distribution of DPIs at a flow rate of 28.3 l/min. Data are means ± SD (n = 3 measurements). 

 

Figure 16. Distribution of the DPIs at a flow rate of 60 l/min. Data are means ± SD (n = 3 measurements). 
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The in vitro aerodynamic results evaluated by the InhalytixTM software are 

presented in Table 8. The MMAD values of the mini SPD samples were between 3.0-3.7 

µm, which were appropriate to target the smaller conducting airways. The nano SPD 

samples containing LEU showed MMAD between 1.2 and 1.3 µm, which was preferable 

to reach the deeper parts of the airways [217]. There were MMADs smaller than 1 µm, 

which predicted the disintegration of the “nano-in-micro” formulations during inhalation. 

Interestingly, mini[MX1_PVA_LEU0.5] and mini[MX1_PVA_LEU1] showed this 

phenomenon at higher flow rates, compared to nano SPD samples. In the case of the LEU 

containing mini SPD samples, improved FPF values (up to 65%) were observed at both 

flow rates, indicating adequate drug delivery to patients with different lung conditions. The 

FPF values exceeded the commercially available DPI formulations in the Breezhaler® 

device [218]. The nano SPD samples had FPF results between 87 and 95%, which was 

outstanding even in comparison to the formulations that are currently under development 

in the literature [83]. The EF values of the LEU containing samples were also larger, 

especially in the case of nano SPD samples, due to the improved aerosolization of the 

powder, owing to the reduced cohesion between the particles. Therefore, LEU guaranteed 

the improved liberation from the capsules compared to LEU free products. The results of 

ACI are promising in terms of therapeutic application, due to the currently available 

experimental data of inhalable nanoparticles suggesting a good correlation between in vitro 

cascade impactor measurements and clinical lung deposition [219,220]. 

Table 8. MMAD, FPF and EF of the DPIs at a flow rate of 28.3 and 60 l/min). Data are means ± SD (n = 3 

independent measurements). 

Sample name 
MMAD (μm) FPF (%) EF (%) 

28.3 l/min 60 l/min 28.3 l/min 60 l/min 28.3 l/min 60 l/min 

mini[MX1_PVA_LEU0] 
3.63 

±0.15 

3.06 

±0.62 

68.82 

±5.15 

54.27 

±14.41 

72.42 

±3.05 

53.68 

±15.68 

mini[MX1_PVA_LEU0.5] 
3.33 

±0.35 

0.88 

±0.51 

65.20 

±4.84 

72.16 

±3.50 

83.47 

±1.33 

61.48 

±16.16 

mini[MX1_PVA_LEU1] 
3.37 

±0.03 

0.91 

±0.40 

67.03 

±0.32 

72.26 

±2.57 

75.22 

±1.75 

66.28 

±12.25 

nano[MX1_PVA_LEU0] 
4.46 

±0.65 

2.17 

±0.13 

21.97 

±4.98 

62.62 

±0.20 

54.80 

±0.46 

28.02 

±1.48 

nano[MX1_PVA_LEU0.5] 
0.51 

±0.17 

1.34 ± 

0.23 

69.55 

±4.29 

86.16 

±2.33 

61.99 

±2.48 

54.29 

±9.36 

nano[MX1_PVA_LEU1] 
0.33 

±0.06 

1.27 

±0.07 

82.93 

±1.61 

94.45±

0.88 

73.89 

±2.86 

92.42 

±13.07 
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9.6.2. Findings of the in silico aerodynamic characterization 

During the in silico characterization of the deposited and exhaled fractions of the 

samples, different breath holding times were determined (Table 9. and Table 10.). 

Extrathoracic deposition is lower for the LEU containing products, especially in the case 

of nano SPD samples (4-8 %), due to improved dispersity. Using a breath-holding time of 

10 s, the deposition in the upper airways and the exhaled fraction decreased; therefore, the 

bronchial and acinar deposition improved in all cases. It was shown that the length of the 

breath holding had a significant impact on the deposited fraction [221], which is not taken 

into account during in vitro aerodynamic evaluation. Therefore, the combination of in vitro 

and in silico techniques is advantageous to provide a more informative analysis, which is 

practical before clinical trials [222]. Larger deposition values were obtained in the lungs in 

the case of mini SPD samples, and the exhaled fraction was larger in the case of the nano 

SPD samples. However, a longer breath holding time could decrease this exhaled fraction, 

therefore improving the deposition in smaller airways, especially in the acinar region of the 

products. Teaching the patients proper inhalation and breath holding techniques could 

improve the efficiency of the DPI and reach the smaller airways, as predicted by the ACI 

measurements. Therefore, the nano[MX1_PVA_LEU1] sample could be an impressive 

option in the therapy. 

Table 9. In silico aerodynamic results of SPD samples at a flow rate of 28.3 l/min at a breath holding time of 

5 and 10 s. Data are means ± SD (n = 3 independent measurements). 

Sample name 

Extrathor. 

(%) 

Bronchial 

(%) 
Acinar (%) Exhaled (%) 

5 s 10 s 5 s 10 s 5 s 10 s 5 s 10 s 

mini[MX1_PVA_LEU0] 
20.75 

±1.93 

20.57 

±1.93 

14.54 

±0.98 

15.39 

±1.00 

33.65 

±2.42 

35.71 

±2.40 

10.48 

±0.31 

7.71 

±0.26 

mini[MX1_PVA_LEU0.5] 
22.01 

±2.30 

21.86 

±2.29 

14.10 

±0.85 

14.69 

±0.91 

32.06 

±0.94 

35.06 

±1.49 

18.17 

±3.43 

14.72 

±2.94 

mini[MX1_PVA_LEU1] 
18.82 

±0.95 

18.66 

±0.95 

14.32 

±0.30 

14.88 

±0.31 

32.65 

±0.94 

36.01 

±1.03 

20.25 

±0.55 

16.48 

±0.44 

nano[MX1_PVA_LEU0] 
29.99 

±2.31 

29.92 

±2.31 

10.50 

±0.48 

10.77 

±0.44 

10.71 

±1.61 

11.42 

±1.72 

3.59 

±0.72 

2.69 

±0.56 

nano[MX1_PVA_LEU0.5] 
6.64 

±0.23 

6.54 

±0.22 

6.15 

±0.06 

6.39 

±0.12 

25.93 

±0.61 

30.30 

±0.96 

23.24 

±2.16 

18.75 

±1.86 

nano[MX1_PVA_LEU1] 
4.61 

±0.28 

4.51 

±0.27 

6.13 

±0.40 

6.33 

±0.46 

31.46 

±1.56 

37.20 

±1.64 

31.67 

±0.62 

25.85 

±0.49 
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Table 10. In silico aerodynamic results of the SPD samples at a flow rate of 60 l/min at a breath holding time 

of 5 and 10 s. Data are means ± SD (n = 3 independent measurements). 

Sample name 

Extrathor. 

(%) 

Bronchial 

(%) 
Acinar (%) Exhaled (%) 

5 s 10 s 5 s 10 s 5 s 10 s 5 s 10 s 

mini[MX1_PVA_LEU0] 
34.98 

±8.09 

34.53 

±8.09 

10.39 

±0.05 

10.39 

±0.05 

9.85 

±1.76 

12.80 

±2.24 

23.32 

±7.35 

20.68 

±6.79 

mini[MX1_PVA_LEU0.5] 
20.36 

±2.49 

20.02 

±2.48 

7.99 

±1.23 

7.99 

±1.23 

13.98 

±2.73 

17.84 

±3.47 

33.11 

±6.02 

29.54 

±5.35 

mini[MX1_PVA_LEU1] 
22.02 

±2.62 

21.56 

±2.58 

9.97 

±0.65 

9.97 

±0.65 

16.40 

±0.81 

20.92 

±1.04 

37.54 

±0.82 

33.46 

±0.67 

nano[MX1_PVA_LEU0] 
16.41 

±0.44 

16.18 

±0.43 

6.15 

±0.04 

6.15 

±0.04 

7.16 

±0.12 

9.09 

±0.13 

21.49 

±0.94 

19.65 

±0.92 

nano[MX1_PVA_LEU0.5] 
7.73 

±2.06 

7.57 

±2.04 

5.69 

±0.52 

5.69 

±0.52 

13.69 

±2.56 

17.11 

±3.23 

45.69 

±4.17 

42.18 

±3.53 

nano[MX1_PVA_LEU1] 
6.06 

±0.48 

5.90 

±0.47 

6.16 

±0.25 

6.16 

±0.25 

18.18 

±0.98 

22.81 

±1.22 

57.49 

±1.52 

52.74 

±1.29 

Several commercially available DPIs were reported to have been tested with the 

stochastic lung model, demonstrating less sufficient lung deposition compared to the 

presented “nano-in-micro” DPI formulations [182,223].  

9.6.3. Results of the characterization by Spraytec® device 

LEU containing mini SPD and nano SPD formulations were chosen for further 

aerodynamic characterization. According to the Spraytec® test, the D [0.5] values of the 

samples were the following: 3.41 ± 0.05 μm of the mini[MX1_PVA_LEU0.5], 3.32 ± 0.01 

μm of the mini[MX1_PVA_LEU1], 2.24 ± 0.03 μm of the nano[MX1_PVA_LEU0.5] and 

1.92 ± 0.12 μm of the nano[MX1_PVA_LEU1]. The values were similar to the laser 

diffraction results in Section 9.1. The original goals in terms of particle size were achieved. 

However, LEU decreased the particle size such as the MMAD results of ACI. It 

demonstrated how LEU contributes to the dispersion and maintenance of particle 

uniqueness during aerosolization.  

9.6.4. Particle size results according to particle counter 

Formulations containing LEU were selected for additional aerodynamic 

characterization by particle counter. The geometric diameters of the particles are shown in 

Table 11. The particle size of the mini SPD particles was between 2 and 4 µm. The nano 

SPD DPI were below 2 µm, which corresponded to the definition of extra-fine particles (d 

< 2 µm) [59]. The results also met our initial particle size demand. 
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Table 11. The results of aerodynamic particle counting. Data are means ± SD (n = 4 measurements). 

Sample name 
Number particle 

size (µm) 

Surface particle 

size (µm) 

Mass particle 

size (µm) 

mini[MX1_PVA_LEU0.5] 1.552 ± 0.040 2.353 ± 0.058 2.912 ± 0.075 

mini[MX1_PVA_LEU1] 1.625 ± 0.043 2.449 ± 0.089 3.017 ± 0.124 

nano[MX1_PVA_LEU0.5] 1.043 ± 0.005 1.373 ± 0.007 1.594 ± 0.008 

nano[MX1_PVA_LEU1] 0.986 ± 0.030 1.210 ± 0.039 1.330 ± 0.041 
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9.7. Results of the in vitro investigations of the pulmonary dosage form 

9.7.1. Conclusion of the in vitro dissolution test 

9.7.1.1. Outcomes of the conventional paddle method 

During the in vitro drug release test, the amount of MX was the lowest for samples 

containing raw materials (Figure 17.). Approximately half of the drug was released from 

the mini SPD samples within the first 5 min compared to 5% from the reference samples. 

In the case of the nano SPD DPIs, in the first 5 min, up to 70% of the MX was released 

from the LEU containing samples, due to the smaller particle size and faster disintegration. 

These improvements are related to the higher specific surface area, enhanced solubility and 

amorphization of the MX in both cases. Hydrophilic PVA inhibited aggregation and 

increased polarity, LEU reduced the cohesion between the particles; therefore, a larger 

amount of MX was liberated. Additionally, faster drug release could be achieved in the 

presence of both excipients, due to their combined effect increasing the drug–solvent 

interactions [224]. The results are beneficial in local therapy, as it gives enough time to 

release the nanosized MX [73]. This sustained release can reduce the in vivo toxicity 

associated with the burst release effect [44].  

 
Figure 17. In vitro dissolution results of the DPIs containing the pulmonary dose of MX. 
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9.7.1.2. Findings of the dissolution test using paddle method combined with ACI 

The released amount of MX of the largest LEU containing products was determined 

from the stage of the ACI, which collected the respirable fraction (mini[MX1_PVA_LEU1] 

and nano[MX1_PVA_LEU1]) and from the filter. The results were correlated with the ACI 

test and the conventional dissolution test (Figure 18.). Mini SPD DPIs showed a larger 

amount of dissolved API on the stage compared to the filter. In addition, almost 77% of the 

loaded API dose was released in the proper parts of the lung. In the case of nano SPD DPI, 

a smaller amount of MX was deposited on the stage; therefore, the released amount of MX 

was modest. However, an extensive amount of MX was found on the filter. Together, 85% 

of the pulmonary dose of MX was dissolved in the lung fluid. 

 
Figure 18. In vitro dissolution results of the DPIs containing the respirable fraction dose of MX. 

9.7.2. Results of the in vitro permeability test 

During the in vitro diffusion study, the high surface area achieved by the nanosized 

particles was the main factor that influenced the rate of passive diffusion. Diffusion of the 

API from the samples was larger in comparison to raw MX in all samples. The Kp values 

of the formulations significantly improved in five cases (0.37-0.65 cm/h). The products 

showed significantly increased J values in four cases (Figure 19.), compared to the PMs. 

The results were a remarkably high amount (60–110 μg/cm2) if we take into account that 

the total surface of the lung is around 100 m2 [225]. In overall, an increased amount of API 

could enter the epithelium using the SPD formulations.  
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Figure 19. The results of the investigation of permeability. A: Kp results. B: J results. Data are means ± 

S.D. (n = 3 independent measurements, level of significance: *p < 0.05, **p < 0.01). 

9.7.3. Consequences of the in vitro cell line investigations 

9.7.3.1. Outcomes of the cytotoxicity measurement 

The cytotoxicity test showed that all substances have a low cytotoxic effect at a 

concentration of 0.1 mg/ml. LPS did not have a cytotoxic effect. Cell viability was in order 

to MX, nano[MX1_PVA_LEU0], nano[MX1_PVA_LEU0.5], nano[MX1_PVA_LEU1] 

91.97%, 90.32%, 80.38%, and 82.77%. The effect is not measurable at a concentration of 

0.0125 mg. The findings were consistent with previous studies on the cytotoxicity effect of 

MX [226–228]. It can be concluded that the formulations are safe to administer pulmonary. 

The A549 cell lines showed similarities with type II alveolar epithelial cells, therefore, the 

results are valid to simulate the conditions of small airways [229]. 

9.7.3.2. Findings of the anti-inflammatory effect measurement 

Nanosized MX containing samples inhibited IL-6 production on the translational 

level but not on the transcriptional level. LPS was used to increase IL-6 production in A549 

cells [230]. LPS treated cells showed significantly higher relative expression compared to 

untreated cells; however, neither MX nor SPD formulation inhibited the increase of IL-6 

(Figure 20.). Consequently, the level of IL-6 was checked via ELISA, and it was found that 

the expression of IL-6 increased significantly in LPS treated cells treated with LPS 

compared to cells untreated. Interestingly, MX and all SPD samples impeded IL-6 

production (Figure 20.). IL-6 is a marker and target for the treatment of COVID-19. An 

increase in IL-6 concentration corresponds to respiratory failure and mortality, and its early 

reduction is promising for prolonged survival [231]. 
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Figure 20. A: Relative expression of IL-6. A549 cells. B: Concentration of IL-6 in cell supernatants. The 

bars denote the standard for measurements made in triplicate. Level of significance: *p < 0.05). 

9.8. Results of the stability test 

For the stability test, we had chosen the most promising nano[MX1_PVA_LEU1] 

(Table 12.). In addition to the proper characteristics of the samples, LEU has also stability-

enhancing effect, mitigating moisture absorption with the hydrophobic shell [232]. 

According to laser diffraction measurement, there was no noticeable variation in 

size over the storage period, the particles remained within the required 1 to 5 µm range for 

lung delivery, proving that the particles did not agglomerate [53]. No significant changes 

occurred according to the DLS investigation. There was an increase in the Z-average, but 

it proved the disintegration of the system into nanoparticles. The ζ potential values did not 

increase significantly over time. Throughout the testing period, the formulation showed no 

signs of aggregation based on the SEM images. A slightly rougher surface can be observed 

due to air humidity, which was caused by a small amount of moisture absorption [233]. The 

DSC curves demonstrated that the partially amorphous characteristic of the samples 

persisted at 6 and 12 months. Fortunately, the results of the XRPD measurement supported 

the DSC findings because the recrystallization would have modified the other properties of 

the DPIs. According to the ACI test, beneficial aerodynamic properties were maintained. 

FPF values were above 90% and EF showed an only insignificant decrease. The in silico 

lung deposition was also similar to the initial data, using longer breath holding time the 

formulation would be outstandingly efficient. There was no change during in vitro drug 
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release from the samples over 12 months, nano[MX1_PVA_LEU1] preserved its 

advantageous dissolution properties. 

As reported by the characterization, the developed DPI maintained its quality 

attributes for an extended period. However, further stability investigations could be 

required, such as a test in the final package. 

Table 12. The results of the stability test for nano[MX1_PVA_LEU1].  

Properties 6 months 12 months 

D[0.5] (µm) 1.471±0.05 1.441±0.02 

Span 1.562±0.47 1.357 ± 0.01 

Z average (nm) 548.57 ± 35 657.37 ± 46.9 

ζ potential (mV) −23.30 ± 7.91 −22.23 ± 0.55. 

Morphology 

 

Spherical form, 

Rough surface 

  

Spherical form, 

Rough surface 

Crystallinity (%) 42.51 41.89 

FPF (%) (60 l/min) 92.90 ± 0.80 93.85 ± 0.31 

In silico deposition (%) 

10 s breath-holding time 

Extrathoracic: 6.12 ±0.22 

Lung: 29.59 ± 0.85 

Exhaled: 48.45 ± 2.11 

Extrathoracic: 5.46 ±0.32 

Lung: 28.51 ± 0.50 

Exhaled: 50.29 ± 0.06 

In vitro drug release 100 % in 30 min 100 % in 30 min 
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10. Conclusions 

The purpose of the Ph.D. thesis was to develop an innovative, carrier-free “nano-

in-micro” DPI system, that combines the advantages of the presence of nanosized API and 

the pulmonary drug delivery route. In addition to the organic-solvent free, combined 

preparation technique, a comprehensive investigation protocol for DPIs was developed.  In 

line with the objectives of this dissertation, the following conclusions can be drawn: 

I. Based on a review of the literature, we pioneered the development of carrier-free 

“nano-in-micro” DPI formulations containing MX. To date, only a few studies have 

addressed the preparation of NSAID-containing DPIs, and none of them have 

discussed the pulmonary applicability of nanosized MX. As excipients, the 

combination of PVA and LEU was investigated for the first time with nanosized 

drug to achieve adequate lung deposition without the use of other additives. 

II. The nanosuspension was prepared using an organic solvent-free wet milling method 

in a planetary ball mill. The optimized process resulted in a monodisperse PSD and 

particle size of MX below 150 nm (D[0.5] = 137.70 ± 4.97 nm according to laser 

diffraction and D[0.5] = 124.90 nm ± 8.60 nm according to NTA). The particle size 

and composition of the final suspension were suitable for further processing to 

create powders with a “nano-in-micro” structure.  

III. The nanosuspension was converted into a solid form by using two spray drying 

devices operating on different principles. It was found that both devices are capable 

of producing inhalation powders with suitable properties for pulmonary delivery, 

characterized by spherical shape and low density (0.2-0.3 g/cm3). The result of the 

mini spray drying was a “nano-in-micro” DPI, with particle size in the 3–4 μm range 

to target the bronchiolar part of the airways. Nano spray dryer was utilized to create 

extra-fine particles smaller than 2 μm to reach the alveolar region of the lungs. The 

main differences between the two drying devices were in the yield, the particle size 

achieved and consequently the deposition pattern. The yield of spray drying 

methods should be further improved in the future, especially in terms of scale-up. 

The incorporation of PVA contributed to the manufacture of a stable 

nanosuspension. It also preserved the individuality of the MX particles in their solid 

state. LEU enhanced the dispersibility of the powder mixture and modified the 

morphology of the particles, which was supported by the results of different particle 

size studies and SEM images. The in vitro and in silico aerodynamic 
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characterizations demonstrated that the aerodynamic properties of the samples 

could be favorably influenced by appropriate LEU concentrations. In vitro drug 

release and permeability were improved by reducing interparticle cohesion. 

IV. The outstanding lung deposition of the products (FPF = 72.26 ± 2.57% of 

mini[MX1_PVA_LEU1] and 94.45± 0.88% of nano[MX1_PVA_LEU1] was 

demonstrated by different aerodynamic measurements. The results of the various 

investigation techniques confirmed the appropriate particle size of the DPI systems 

to target different regions of the lung for pulmonary delivery. The mini SPD 

samples showed an aerodynamic diameter between 3 and 4 μm. The particle size of 

the nano SPD LEU containing samples were under 2 μm. The in silico investigation 

demonstrated the proper particle deposition in the bronchial (mini SPD DPI 

systems) and the acinar regions (nano SPD DPI systems). The prolonged breath 

holding time decreased the amount of API deposited in the extrathoracic areas and 

in the exhaled fraction. 

V. Based on the in vitro drug release study (77% and 85% of the pulmonary dose of 

MX in 60 min) and the in vitro permeability study (MX between 60-110 μg/cm2 in 

60 min), it was concluded that the formulations are suitable for pulmonary delivery. 

Due to the larger surface area, amorphization and the additives, dissolution was 

rapid in the artificial lung medium and the in vitro permeability of the DPIs was 

improved. We confirmed that the concentrations of the products applied in the lung 

were not toxic in A549 cell lines used to model human alveolar epithelium. 

According to the in vitro cell line test, formulations can assert a potent effect on the 

reduction of general inflammation by decreasing the concentration of IL-6.  

VI. The stability of a “nano-in-micro” system is crucial for future product development. 

It can be reported that the nano[MX1_PVA_LEU1] formulation was stable, 

showing no significant changes in its critical parameters for pulmonary application 

after 6 and 12 months.  

Currently, a small number of carrier-free formulations are commercially available, but 

their beneficial properties are making them increasingly popular in therapy. In addition, the 

application of nanoparticles could further increase their effectiveness. DPI formulations 

with extremely high lung deposition could have the potential to improve the quality of life 

of millions of chronic lung patients, thereby mitigating serious social and economic 

problems.   
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11. Novelty and practical relevance of the work 

The new findings and practical aspects of the work are summarized as follows. 

 A novel ‘spray drying from nanosuspension” technology was developed to design 

MX containing “nano-in-micro” DPIs, offering the benefits of a green 

manufacturing process and based on literature the possibility of scale-up.  

 The DPIs presented are the first in the literature to contain nanosized MX. 

 The effect of combining PVA and LEU without other excipients was investigated 

for the first time for “nano-in-micro” DPI systems. 

 A detailed investigation protocol was developed to test “nano-in-micro” DPIs 

including particle size analysis (laser diffraction, DLS, NTA), drug release tests 

(two different in vitro dissolution test method), and aerodynamic assessments 

(Andersen cascade impactor, Spraytec® device), which could form the basis for the 

development of other DPI systems in the future. 

 The formulations containing nanosized MX created by different spray drying 

methods exhibited excellent aerodynamic properties and better in vitro and in silico 

aerodynamic behavior than currently commercially available products. 

 The “nano-in-micro” systems have been shown to be safe and effective according 

to cell line investigations and to have long-term stability. 

 The novel MX containing “nano-in-micro” DPIs may offer new opportunities for 

the use of NSAIDs in inhalation therapy for the effective local treatment of diseases 

with pulmonary inflammation, such as pulmonary fibrosis, COPD, NSCLC and 

pneumonia caused by COVID-19 and it would be efficient for patients with weak 

breathing parameters. 

 The preparation method could be beneficial for improving the bioavailability of 

other drugs with poor water-solubility, to expand the range of the treatable lung 

diseases (e.g. asthma, tuberculosis).
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Abstract: Pulmonary delivery has high bioavailability, a large surface area for absorption, and limited
drug degradation. Particle engineering is important to develop inhalable formulations to improve
the therapeutic effect. In our work, the poorly water-soluble meloxicam (MX) was used as an active
ingredient, which could be useful for the treatment of non-small cell lung cancer, cystic fibrosis,
and chronic obstructive pulmonary disease. We aimed to produce inhalable “nano-in-micro” dry
powder inhalers (DPIs) containing MX and additives (poly-vinyl-alcohol, leucine). We targeted
the respiratory zone with the microcomposites and reached a higher drug concentration with the
nanonized active ingredient. We did the following investigations: particle size analysis, morphology,
density, interparticular interactions, crystallinity, in vitro dissolution, in vitro permeability, in vitro
aerodynamics (Andersen cascade impactor), and in silico aerodynamics (stochastic lung model). We
worked out a preparation method by combining wet milling and spray-drying. We produced spherical,
3–4 µm sized particles built up by MX nanoparticles. The increased surface area and amorphization
improved the dissolution and diffusion of the MX. The formulations showed appropriate aerodynamical
properties: 1.5–2.4 µm MMAD and 72–76% fine particle fraction (FPF) values. The in silico measurements
proved the deposition in the deeper airways. The samples were suitable for the treatment of local
lung diseases.

Keywords: dry powder inhaler; nano; meloxicam; wet milling; spray-drying; Andersen cascade
impactor; in silico assessment

1. Introduction

The main advantages of pulmonary delivery are the result of the huge surface area
of the lung (100 m2) with a thin absorption layer (0.1–0.2 µm), as well as low metabolic
activity. Targeted delivery of the drug could provide benefits such as achieving a greater
local concentration at the target site with a reduced dose, resulting in reduced systemic side
effects and adverse events [1]. Local delivery is especially effective in patients with serious
pulmonary diseases such as asthma, cystic fibrosis (CF), chronic obstructive pulmonary
(COPD) disease, and lung cancer [2].

For the application of inhaled medications, dry powder inhalers (DPIs) are more
widely used compared with nebulizers or metered-dosed inhalers (MDIs). DPI products
are solid-state; therefore, they have long-term stability. The delivery is driven by the inhala-
tion flow, thus DPIs are environmentally friendly, and they do not require a compressor or
propellant. The administration time is very short and the devices are cheap and portable [3].
Unfortunately, drug deposition in the pulmonary region is not sufficient with traditional
carrier-based DPIs. In these systems, the active ingredient is attached to the surface of a car-
rier, which is usually lactose, although it could be mannitol or glucose too. The potentiality
of the powders is proper dispersion in the respiratory system, so the aerosolization of the
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products should be optimized. Hence, new carrier-free DPI systems have been developed
to enhance the therapeutic effect. To reach efficient deposition, DPIs should contain a pow-
der made of the active pharmaceutical ingredient (API) co-formulated with appropriate
excipients, which are chosen based on their functions in the powder, leading to optimal
aerodynamic properties [4]. Excipients approved for DPI formulations are, for example,
hydrophobic additives (Mg-stearate) for protection against moisture, lipids (cholesterol) for
coating, amino acids (leucine) for improved aerosol efficiency, and absorption enhancers
(cyclodextrins, chitosan) and biodegradable polymers (poly(lactic-co-glycolic acid) (PLGA)
for stability and released formulations [2].

Besides the components, the particle size and dispersibility of DPIs have a key role
in the deposition pattern. There are three principal mechanisms of particle deposition in
the lung. Inertial impaction affects particles that are larger than 5 µm. These particles
are not able to follow the changes of gas flow direction in the upper airway and at the
airway bifurcations. Therefore, the particles impact the upper airways walls, limiting the
amount of API that can be delivered into the lung. Gravitational sedimentation is based on
the settling of particles under the action of gravity and occurs in the smaller airways and
where the distance is covered by the particles before they hit the wall of the airways. This
deposition mechanism is the most effective for particles in the size range of 1–8 µm. DPIs
in this size range are best suited to treat central and small airways. Random motions of the
particles caused by their collisions with gas molecules result in deposition by Brownian
diffusion. Unlike deposition by impaction and sedimentation, which increase with the
increasing particle size, deposition by Brownian diffusion rises with decreasing particle
size and becomes the dominant mechanism of deposition for particles less than 1 µm in
diameter. These particles are effective in the alveolar region of the lung, where air velocities
are low [5]. Particles under 1 µm usually are exhaled. In conclusion, the requested particle
size range in pulmonary therapy is a particle diameter of 1–5 µm.

Nanoparticles are a beneficial formulation for Class II drugs of the Biopharmaceutics
Classification System (BCS), where the dissolution rate is the rate-limiting step for absorp-
tion. The reduction of particle size can increase the dissolution rate as the amount of API
dissolving over time is inversely correlated with the particle diameter. For this reason,
nanoparticle formulations of API are being assessed for their potential to increase the drug
dissolution rate as a result of a higher specific surface area. If we formulate the nanosized
API into micrometric particles, we can target the proper parts of the airways and, when
the powders come into contact with the lung lining fluid, the particles can disintegrate
into their nano subunits and spread on the surface of the epithelium, resulting in a large
surface area for drug dissolution, and thus increased absorption and more homogenous
distribution [6]. A prosperous formulation for nanoparticle agglomerates is the prepara-
tion of nanosuspensions by wet milling followed by solidification, using spray-drying.
They are reproducible, scalable, and cost- and time-effective preparation methods. We
can combine the advantages of nanonized particles by preparing a nanosuspension (i.e.,
enhanced dissolution and solubility) with the benefits of solid formulations (i.e., stability,
easier handling, and enhanced patient compliance) by producing microsized nanoparticle
agglomerates suitable for pulmonary delivery [7].

Our research group had experiences with meloxicam (MX) as an API and different
additives, such as polymers and amino acids. In this work, we used MX, which is a poorly
water-soluble (in water, 7.15 mg/L at 25 ◦C), non-steroidal anti-inflammatory agent [8].
In pulmonary therapy, it could be useful to treat CF, COPD, and non-small-cell lung
cancer [9–12]. Previous studies were about particle size reduction of meloxicam with
wet milling using poly-vinyl-alcohol (PVA) solution as a dispersant [13]. In the presence
of PVA, the particle size of the drug could be reduced to the nanometre range. In the
case of co-spray-dried DPI formulations, PVA exerted an aggregation inhibitor effect,
thereby providing individual particles [14]. L-leucine (LEU) was applied to enhance the
dispersity of the particles, thereby improving the aerosolization and the flowability of the
powders [15,16]. Our works correlated with the positive effect of LEU on the aerodynamic
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properties, because LEU decreases the deposition in the upper airways and increases the
emitted fraction during inhalation [17,18].

In the following work, we formulated micrometer-sized carrier-free DPIs using spray-
drying, containing the previously nanonized active ingredient by wet milling. The novelty
of the present work is the “nano-in-micro” structure of the DPI. We carried out morphology,
rheology, structure, dissolution, diffusion, and aerodynamic characterization of the sam-
ples. We wanted to target the respiratory zone with micrometric particles. Thanks to the
particle size reduction of the poorly water-soluble MX, and thus the increase of the specific
surface area, we could improve the local dissolution in the lung fluid and permeability
to the epithelium. Our product could provide an effective treatment for serious local
pulmonary diseases.

2. Materials and Methods
2.1. Materials

Meloxicam (MX) (Egis Pharmaceuticals PLC., Budapest, Hungary) was used as an
active ingredient. As additives, poly-vinyl-alcohol 3-88 (PVA) (ISP Customer Service
GmBH, Cologne, Germany) and L-leucine (LEU) (AppliChem GmbH, Darmstadt, Ger-
many) were applied.

2.2. Preparation Method

We used a two-step preparation protocol. First, the pre-nanosuspension was prepared
by wet milling technology, using PVA and MX. The final microsized powders were obtained
with co-spray drying of the diluted suspension and LEU (Figure 1).
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2.2.1. Wet Milling

We applied a combined wet milling technique, which was optimized by our research
group’s previous work [13]. We dissolved 2.5 g of PVA in purified water and the volume
of the final solution was 100 mL. Then, 2.00 g of MX was suspended in 18.0 g of 2.5%
(mass/volume) PVA solution. Moreover, 20.0 g of ZrO2 beads was the milling medium
in a planetary ball mill (Retsch Planetary Ball Mill PM 100 MA, Retsch GmbH, Haan,
Germany). The milling parameters were as follows: 60 min and 500 rpm. As the result of
the wet milling, we achieved a nanosized pre-suspension containing MX and PVA. The
nanosuspension was diluted with purified water to 500 mL. The final concentration of the
MX suspension was 4 g/L.

2.2.2. Co-Spray Drying

We prepared different compositions by adding a various amount of LEU, as shown
in Table 1. A magnetic stirrer was used for sample homogenization (AREC.X heating
magnetic stirrer, Velp Scientifica Srl, Usmate Velate, Italy). The inhalable microparticles
were produced by spray-drying using a spray-dryer equipped with a two-fluid nozzle
of 0.7 mm (Büchi Mini Spray Dryer B-191, Büchi, Flawil, Switzerland). Based on the
preliminary experiments, the spray drying properties were as follows: inlet temperature:
165 ◦C, outlet temperature: 100 ◦C, aspirator capacity: 85%, airflow rate: 500 L/h, and feed
pump rate: 10%. The yield was calculated as the ratio of the mass of the particles collected
after spray-drying to the mass of the solid content of the initial nanosuspension. We
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managed to increase the yield of spray-drying with the addition of LEU. Low spray-drying
yields are indicative of cohesive powders. LEU reduced the cohesion between the particle,
hence the improvement of the spray-drying yield [19].

Table 1. Composition of the samples and the yield of spray-drying. MX, meloxicam; PVA, poly-vinyl-
alcohol; LEU, L-leucine.

Samples MX (g/L) PVA (g/L) LEU (g/L) Yield * (%)

nanoMX1_LEU0 4.00 0.90 0.00 45.41 ± 5.10
nanoMX1_LEU0.5 4.00 0.90 2.00 57.56 ± 1.36
nanoMX1_LEU1 4.00 0.90 4.00 58.43 ± 6.36

* Data are means ± SD (n = 3 independent measurements).

2.2.3. Physical Mixtures

We prepared physical mixtures of the raw materials. The compositions were the same
as for the spray-dried samples (Table 2). During our measurements, we compared the
properties of the spray-dried samples to the those of the physical mixtures.

Table 2. Composition of the physical mixtures.

Samples MX (g) PVA (g) LEU (g)

pmMX1_LEU0 4.00 0.90 0.00
pmMX1_LEU0.5 4.00 0.90 2.00
pmMX1_LEU1 4.00 0.90 4.00

2.3. Determination of Particle Size and Distribution

Laser diffraction was used to determine the particle size and the particle size dis-
tribution of our samples (Malvern Mastersizer Scirocco 2000, Malvern Instruments Ltd.,
Worcestershire, UK). The wet dispersion unit was used to measure the particle size of the
nanosuspension. We set the refractive index of MX (1.720) and measured it in purified
water with 2000 rpm stirring. The dry dispersion unit was used to observe the spray-dried
microcomposites. Approximately 0.5–1.0 g of product was loaded into the feeding tray.
The dispersion air pressure was adjusted to 3.0 bar and 75% vibration feed was used.
Each sample was measured in triplicate. The particle size distribution was characterized
by the D[0.1] (10% of the volume distribution is below this value), D[0.5] (the volume
median diameter is the diameter where 50% of the distribution is above and 50% is be-
low), and D[0.9] (90% of the volume distribution is below this value) values. The size
distribution Span was calculated according to Equation (1). A high Span value denotes
a broad particle size distribution. The higher the Span value, the broader the particle
size distribution [20]. We obtained the specific surface area (SSA) data, which predict the
dissolution and permeability properties of the samples.

Span =
D[0.9]− D[0.1]

D[0.5]
(1)

2.4. Investigation of Morphology

Scanning electron microscopy (SEM) (Hitachi S4700, Hitachi Scientific Ltd., Tokyo,
Japan) was used to characterize the morphology of the spray-dried formulation. We applied
a high voltage of 10 kV, an amperage of 10 mA, and an air pressure of 1.3–13.1 mPa. A
high vacuum evaporator and argon atmosphere were used to make the sputter-coated
samples conductive with gold-palladium (Bio-Rad SC 502, VG Microtech, Uckfield, UK).
The thickness of the gold-palladium coating was approximately 10 nm. For the particle
size analysis of the active ingredient, a public domain image analyzer software, ImageJ,
was used (https://imagej.nih.gov/ij/index.html).

https://imagej.nih.gov/ij/index.html
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2.5. Density Measurement

The bulk and tapped densities of the formulations were measured using an Engels-
mann Stampfvolumeter (Ludwigshafen, Germany) [21]. A 10 cm3 cylinder was filled with
1.5–2.0 cm3 of powder to calculate bulk density. Then, it was tapped 1000 times. The tapped
density of the samples was calculated compared with the volume before and after the taps.
We calculated the flow characters (Equations (2) and (3)) of the samples from the bulk (ρb)
and tapped (ρt) density. All samples were measured in triplicate.

Hausner ratio =
ρt
ρb

(2)

Carr index =
ρt − ρb

ρt
∗ 100 (3)

2.6. Determination of the Interparticle Interactions

Around 0.10 g of the samples was pressed on a 1 ton hydraulic press (Perkin Elmer
hydraulic press, Specac Inc., Waltham, MA, USA). Six pastilles were obtained from each
sample. We did three parallel measurements with each composition. Three pastilles per
sample were dripped with polar liquid (4.8 µL of purified water) and the other three
pastilles were dripped with non-polar solvent (2.0 µL of diiodomethane). Contact angle
was detected in an interval of 1 to 25 s with a Dataphysics OCA 20 apparatus (Dataphysics
Instrument GmbH, Filderstadt, Germany) [22]. We obtained the contact angles of the two
applied fluids. The surface free energy (γs) of the composites, which consists of the polar
part (γs

p) and the disperse part (γs
d), so (γs = γs

p + γs
d), was calculated based on the Wu

equation. The surface tension of the used liquids is known in the literature: distilled water
γp = 50.2 mN/m, γd = 22.6 mN/m and diiodomethane γp = 1.8 mN/m, γd = 49 mN/m. We
can express the Wu equation (Equation (4)), where θ = contact angle, γ = surface free energy,
s = solid phase, l = liquid phase, d = dispersion component, and p = polar component.

(1 + cos θ)γl =
4γs

dγl
d

γs
d + γl

d +
4γs

pγl
p

γs
p + γl

p (4)

Polarity (Pol) was calculated as the ratio of the surface free energy of the polar compo-
nent and surface free energy multiplied by 100 (Equation (5)).

Pol =
γp

γs ∗ 100 (5)

Cohesion work (Wc) was determined as twice the surface free energy (Equation (6)).

Wc = 2 ∗ γs (6)

2.7. Structural Analysis

To establish the crystalline character of the spray-dried samples, X-ray powder diffrac-
tion (XRPD) spectra were recorded with a BRUKER D8 Advance X-ray diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany). The radiation source was Cu Kλ1 radiation
(λ = 1.5406 Å). Measurement conditions were as follows: Cu target, Ni filter, 40 kV voltage,
40 mA current, time constant 0.1◦/min, and angular step 0.010◦ over the interval 3–40◦.
We used the DIFFRACT plus EVA 28 software (Bruker AXS GmbH, Karlsruhe, Germany)
for the evaluation.

2.8. Thermoanalitycal Analysis

The differential scanning calorimetry (DSC) measurements were made with a Mettler
Toledo DSC 821e thermal analysis system with the STARe thermal analysis program V9.1
(Mettler Inc., Schwerzenbach, Switzerland). Approximately 2–5 mg of the samples was
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examined in the temperature range between 25 ◦C and 300 ◦C. The heating rate was
5 ◦C/min. Argon was the carrier gas at a flow rate of 10 L/h during the investigation.

2.9. In Vitro Dissolution Test

No in vitro dissolution test for powders for inhalation exists in the current Phar-
macopeia. We applied a modified paddle method (Hanson SR8 Plus, Teledyne Hanson
Research, Chatsworth, CA, USA) from the European Pharmacopeia [23] to examine the
release of MX from the samples. The capacity of the vessel was 100 mL instead of 1000 mL
and the size of the stirrer was smaller. We designed the parameters of our measurement
based on the circumstances of the human airways [24]. The medium was a simulated lung
medium, which contained NaCl, NaHCO3, CaCl2, NaH2PO4, H2SO4, and glycine [25]. The
volume of the medium was 50 mL based on the estimated volume of the lung fluid [26]. The
pH of the medium was 7.4 ± 0.1. The temperature was set at 37 ◦C. The samples contained
1.5 mg of MX, which is one-tenth of the oral dose of the API. During pulmonary delivery,
we can reduce the amount of API compared with the oral dose. We chose this amount
of API based on a salbutamol dosage recommendation [27]. Applying these doses of our
products is safe for use. Previous investigations proved that the API and the excipients
had no cytotoxic effect on the concentration on the cells [28]. The paddle was rotated at
100 rpm and the sampling was performed up to 60 min. The total fraction of the samples
was dispersed in the medium. We took 5 mL of the dissolution medium after 5, 10, 15, 30,
and 60 min. The medium was replenished every time the sample was withdrawn. After
filtration (pore size: 0.45 µm, Millex-HV syringe-driven filter unit, Millipore Corporation,
Bedford, MA, USA) and dilution, the MX contents of the samples were determined by
spectrophotometry at λ = 362 nm (ATI-UNICAM UV/VIS Spectrophotometer, Cambridge,
UK). Three parallel measurements took place with the formulations.

2.10. In Vitro Diffusion Test

We would like to demonstrate the permeability from the lung fluid to the epithelial
cells of the lung. A modified horizontal diffusion cell was used to investigate the in vitro
permeability of the samples [26]. The donor phase (9 mL) was simulated lung medium
(pH = 7.4). Phosphate buffer (pH = 7.4) was used as the acceptor phase (9 mL), modelling
the circumstances of the epithelial cell. Between the two phases, there was a cellulose
membrane (RC 55 WhatmanTM GE Healthcare Life Sciences, Buckinghamshire, UK) im-
pregnated with isopropyl myristate. The actual diffusion surface was 0.785 cm2. The
rotation of the stirring bar was set to 300 rpm. The temperature was 37 ◦C. We measured
1.5 mg MX contents of the samples. The API was first released in the simulated lung
fluid, and then diffused through the membrane to the phosphate buffer. The amount of
diffused MX was determined real-time at λ = 362 nm until 60 min with sonda (FDP-7UV200-
VAR, Avantes, Apeldoorn, The Netherlands) spectrophotometer (Avaspec-ULS2048-USB2,
Avantes, Apeldoorn, The Netherlands) in the acceptor phase [29]. The samples were
measured three times.

The flux (J) [µg/cm2/h] of the active ingredient was calculated from the quantity of
MX, which permeated through the membrane, divided by the surface of the membrane
insert (A) and the duration (t) using the following Equation (7):

J =
m

A ∗ t
(7)

The permeability coefficient (Kp) [cm/h] was determined from the flux and the MX
concentration in the donor phase (Cd) [µg/cm3], Equation (8):

Kp =
J

Cd
(8)
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2.11. In Vitro Aerodynamic Measurements

The aerosolization efficacy of the spray-dried formulations was assessed in vitro,
using an Andersen cascade impactor (ACI) (Apparatus D, Copley Scientific Ltd., Notting-
ham UK) [30]. The inhalation flow rate was set to 28.3 ± 1 L/min (High-capacity Pump
Model HCP5, Critical Flow Controller Model TPK, Copley Scientific Ltd., Nottingham,
UK). Table 3 shows the cut-off aerodynamic diameter for stages of ACI at a flow rate of
28.3 L/min [31]. The actual flow rate through the impactor was measured by a mass flow
meter (Flow Meter Model DFM 2000, Copley Scientific Ltd., Nottingham, UK). The inhala-
tion time was 4 s for one inhalation. These parameters led to an inhalation volume of 1.89 L,
which was similar to the inhalation volume of COPD patients [32]. Breezhaler® single dose
devices (Novartis International AG, Basel, Switzerland) were used, with transparent size
3 gelatine capsules (Capsugel, Bornem, Belgium) filled with 2.0–2.5 mg of powder, which
contained 1–2 mg of MX. Four capsules were inhaled during one measurement. The inhaler
was actuated twice for each capsule. Each sample was measured in triplicate.

Table 3. Cut-off aerodynamic diameter for stages of Andersen cascade impactor (ACI) at a flow rate
of 28.3 L/min.

ACI Stages Cut-Off Diameter at 28.3 L/min (µm)

0 9.0–10.0
1 5.8–9.0
2 4.7–5.8
3 3.3–4.7
4 2.1–3.3
5 1.1–2.1
6 0.7–1.1
7 0.4–0.7

Filter <0.4

To provide the pulmonary adhesive circumstances, the plates on the stages were
coated with Span 85 and cyclohexane (1 + 99 w/w%) mixture. After inhalation, the device,
the capsules, the induction port, the collection plates, and the filter were washed with
methanol and pH 7.4 phosphate buffer (60 + 40 v/v%) to collect the deposited MX. The
collected and dissolved MX was quantified by UV/vis spectrophotometry (ATI-UNICAM
UV/VIS Spectrophotometer, Cambridge, UK) at a wavelength of λ = 362 nm.

The actual API content (%) of the spray-dried particles was measured by dissolving
1.0–1.1 mg of product in 25 mL of methanol/phosphate buffer (60:40 w/w%), the solution
of which was also used for the aerodynamic measurement. The solutions were mixed for
10 min at 600 rpm, and the API content was quantified by UV/vis spectrophotometry
(ATI-Unicam UV/VIS Spectrophotometer, Cambridge UK) at a wavelength of 362 nm.

The aerodynamic properties were calculated from a plot of the cumulative percentage
undersize of the API on log probability scale against the effective cut-off diameter using
the KaleidaGraph program [31,33]. The mass of drug particles with a size under 5 µm
was defined as a fine particle dose (FPD). The amount of drug leaving the device and
reaching the impactor was considered as the emitted dose (ED). The fine particle fraction
(FPF) was calculated as the percentage ratio between FPD and ED. The emitted fraction
(EF) was expressed as a percentage of the ED divided by the initial amount of API. The
aerodynamic diameter is influenced by the inhalation flow rate, density, and size and
shape of the particle. The real size of the particle during inhalation is expressed with the
MMAD (median mass aerodynamic diameter). The MMAD of the particles was determined
from the same plot as the particle size corresponding to the 50% point of the cumulative
distribution. For an inhalable and well-deposited powder, the MMAD should be in the
1–5 µm size range [34].
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2.12. In Silico Characterization

The in silico simulations were performed by the stochastic lung deposition model,
which tracks the inhaled particles until their deposition or exhalation and computes the
fraction of the particles deposited in each anatomical part of the respiratory system, that
is, extrathoracic, bronchial, and acinar regions [35]. The particle trajectories were simu-
lated in an asymmetrical branching airway structure, mimicking the realistic airways by
selecting morphometrical parameters from the database of Raabe et al. [36]. The inputs of
the computational model are different parameters characterizing the aerosol particles like
density, shape, or size, as well as the breathing parameters of the patient, such as inhaled
volume, inhalation time, breath-hold time, exhalation time, and breathing mode (nasal
or oral). A more detailed description of the numerical model can be found in Koblinger
and Hofmann [37]. In our work, aerodynamic particle size distributions of the samples
measured by the Andersen cascade impactor technique served as the inputs for the numer-
ical airway deposition model. The inhalation parameters corresponded to a COPD patient
inhaling through Breezhaler®, whose inhaled volume (IV) and inhalation time values
(IV = 1.7 L, tin = 3.2 s) matched the best flow rate of the current impactor measurements.
The computational deposition model was validated for the case of aerosol drugs in our
earlier works [38,39].

3. Results
3.1. Particle Size Distribution

We managed to prepare a nanosuspension using raw MX and 2.5% PVA dilution
during the milling procedure. In the diluted suspension, the particle size of MX was
137.70 nm ± 4.965 nm and the SSA was 43.65 ± 5.318 m2/g. After spray-drying, the
size of the particles was applicable for pulmonary delivery, as the D [0.5] values were
in the 1–5 µm range and the distribution was monodisperse (Table 4). The geometric
diameter of spray-dried nanoMX1_LEU0 was around 3.2 µm. Incorporating LEU in the
formulations increased the geometric size of the spray-dried particles [40]. The distribution
was monodisperse in all cases (Span < 2.0), which is essential for accurate dosing. The
specific surface area (SSA) values increased compared with the raw materials, which
predicted an improved dissolution profile.

Table 4. Particle size of the initial active pharmaceutical ingredient (API), the nanosuspension, the physical mixtures, and
the final samples. SSA, specific surface area.

Samples D[0.1] * (µm) D[0.5] * (µm) D[0.9] * (µm) Span * SSA * (m2/g)

raw MX 2.719 ± 0.057 9.913 ± 0.371 29.49 ± 0.630 2.70 ± 0.043 1.09 ± 0.028

MX suspension 0.067 ± 0.001 0.138 ± 0.005 0.555 ± 0.310 3.584 ± 2.056 43.65 ± 5.318

pmMX1_LEU0 3.073 ± 0.030 13.10 ± 0.500 349.92 ± 34.86 26.47 ± 1.649 0.88 ± 0.025
pmMX1_LEU0.5 5.426 ± 0.631 91.22 ± 17.90 357.57 ± 168.2 3.86 ± 1.101 0.40 ± 0.066
pmMX1_LEU1 7.983 ± 0.092 110.67 ± 0.261 353.25 ± 47.24 3.12 ± 0.433 0.27 ± 0.002

nanoMX1_LEU0 1.497 ± 0.046 3.186 ± 0.019 6.481 ± 0.193 1.56 ± 0.068 2.22 ± 0.031
nanoMX1_LEU0.5 1.834 ± 0.007 3.800 ± 0.014 7.389 ± 0.030 1.46 ± 0.004 1.88 ± 0.024
nanoMX1_LEU1 1.977 ± 0.093 4.396 ± 0.032 8.903 ± 0.186 1.58 ± 0.075 1.71 ± 0.051

* Data are means ± SD (n = 3 independent measurements).

3.2. Particle Morphology

The SEM pictures (Table 5) showed particles with a nearly spheroidal shape, which
was the result of the optimized parameters of the co-spray-drying. The particles were
produced from the droplets during the method, and the most stable shape for a droplet
is the spherical form [41]. According to the SEM pictures, we observed that the presence
of PVA prevented the aggregation. Particles were individually separated and displayed
a regular size, which met the requirements for the formulation of a DPI [14]. The peclet
number of LEU is greater than 1, which led to a wrinkled particle morphology after spray-
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drying. This rough surface improved the dispersion of the particles, reflecting low density
and resulting in higher drug delivery into the low regions of the airways [18,40,42]. We
could observe the nanosized active ingredient particles in the SEM pictures. We measured
the diameter of the API with Image-J program. The size range of these was between
120 and 140 nm (Table 4). The diameter of the MX was correlated with the results of the
nanosuspension. The images proved the “nano-in-micro” structure of the final powders.

Table 5. Diameter of the API in the products determined by Image-J analyses and the scanning electron microscopy (SEM)
images of the spray-dried samples.

Samples D * (nm) SEM Pictures

nanoMX1_LEU0 134.30 ± 23.07
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3.3. Powder Rheology

The lower density of DPI particles could offer better flowability and improved deposi-
tion within the deeper airways. Thanks to the additives, the density was reduced to under
0.3 g/cm3. The usual density of DPIs is about 1 g/cm3, so our samples can be considered
as low-density formulation. The lower the tap density (0.04–0.25 g/cm3), the greater the
respirable fraction [43]. The higher amount of LEU included in the sample nanoMX1_LEU1
was found to further reduce density, as demonstrated by the more wrinkled appearance of
the particles [17]. The Hausner ratio (HR) was between 1.4 and 1.8. The Carr index (CI)
results were in the range of 27 and 43 (Table 6). The result indicates poor flowability, but it
is similar to other carrier-free formulations in the literature [44]. HR and CI values are also
responsible for the aerosolization performance [45].
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Table 6. Rheology properties of the samples.

Samples Bulk Density *
(g/cm3)

Tapped Density *
(g/cm3) Hausner Ratio * Carr Index * Flowability

nanoMX1_LEU0 0.177 ± 0.020 0.262 ± 0.001 1.488 ± 0.048 32.39 ± 7.232 Very poor
nanoMX1_LEU0.5 0.156 ± 0.009 0.274 ± 0.004 1.759 ± 0.084 43.09 ± 2.704 Very, very poor
nanoMX1_LEU1 0.147 ± 0.013 0.204 ± 0.012 1.398 ± 0.209 27.65 ± 10.82 Very poor

* Data are means ± SD (n = 3 independent measurements).

3.4. Interparticular Interactions

Contact angle measurements were performed to calculate the polarity and the co-
hesive work (Wc) characteristic of the materials. The wettability study revealed that the
microcomposites had a more hydrophilic character as compared with hydrophobic MX.
With the use of PVA, the polarity increased, which predicted better dissolution results
in simulated lung medium compared with raw MX. The highest polarity values were
obtained with nanoMX1_LEU0. The lipophilic component LEU decreased the polarity of
the samples. In the case of samples containing LEU, cohesivity decreased between the
spherical, rough particles, so the presence of LEU caused the decrease in Wc (Table 7). The
lower cohesivity of particles could result in more effective deposition properties.

Table 7. Surface free energy, cohesion work, and polarity values of the samples and their components.

Samples γd * [mN/m] γp * [mN/m] γ * [mN/m] Wc * [mN/m] Pol * [%]

MX 45.49 ± 0.09 13.89 ± 0.13 59.38 ± 0.22 118.76 ± 0.44 23.39 ± 0.15
PVA 45.65 ± 0.10 36.89 ± 0.20 82.54 ± 0.30 165.08 ± 0.60 44.69 ± 0.11
LEU 30.00 ± 0.07 0.50 ± 0.17 30.50 ± 0.24 61.00 ± 0.48 1.639 ± 0.20

pmMX1_LEU0 42.62 ± 0.12 30.65 ± 0.48 73.27 ± 0.60 146.54 ± 1.20 41.83 ± 0.56
pmMX1_LEU0.5 36.57 ± 0.34 25.63 ± 0.27 62.20 ± 0.61 124.40 ± 1.22 41.21 ± 0.84
pmMX1_LEU1 34.01 ± 0.55 16.57 ± 0.36 50.58 ± 0.91 101.16 ± 1.82 32.76 ± 0.44

nanoMX1_LEU0 42.34 ± 0.08 31.03 ± 0.62 73.38 ± 0.70 146.76 ± 1.40 42.29 ± 0.44
nanoMX1_LEU0.5 36.15 ± 0.95 25.69 ± 0.45 61.84 ± 0.51 123.68 ± 1.02 41.54 ± 1.07
nanoMX1_LEU1 33.39 ± 0.86 16.59 ± 0.11 49.98 ± 0.97 99.96 ± 1.94 33.19 ± 0.43

* Data are means ± SD (n = 3 independent measurements).

3.5. X-ray Powder Diffraction Results

X-ray powder diffraction was used to characterize the crystalline state of MX after the
preparation process. The XRPD pattern of the raw materials demonstrated the crystalline
structure of MX and LEU, as expected. Raw MX has characteristic peaks with the highest
intensities at 6.6◦, 11.4◦, 13.1◦, 13.5◦, 15.1◦, 18.7◦, 19.3◦, 25.9◦, and 26.4◦ 2-theta peaks,
indicating its crystalline structure [46]. We detected the characteristic peaks of LEU at
6.12, 24.39, and 30.61 2-theta peaks [47]. In the case of the products, the intensities of
the characteristic peaks decreased (Figure 2). The presence of PVA had no effect on the
diffractograms. In the course of milling and spray-drying, a decrease in crystallinity was
perceptible, which was determined via the mean of the decrease of the total area beneath
the curve of the characteristic peaks compared with the physical mixtures. After treatment,
~71% of MX remained crystalline for nanoMX1_LEU0, ~52% for nanoMX1_LEU0.5, and
~53% for nanoMX1_LEU1. The other part of the active ingredient became amorphous
during the preparation process. The preliminary stability test showed no changes in the
structure after one month.
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Figure 2. X-ray powder diffraction (XRPD) results of the raw materials (L-leucine (LEU), poly-vinyl-alcohol (PVA), and
meloxicam (MX)), the physical mixtures (pmMX1_LEU0, pmMX1_LEU0.5, and pmMX1_LEU1), and the spray-dried
samples (nanoMX1_LEU0, nanoMX1_LEU0.5, and nanoMX1_LEU1).

3.6. Thermoanalytical Results

DSC was employed to investigate the melting of PVA, LEU, and MX in the raw form,
in the physical mixtures, and in the prepared products (Figure 3). PVA had no endothermic
peak. LEU had an endothermic peak at 294.41 ◦C. The DSC curves of raw MX showed a
sharp endothermic peak at 264.03 ◦C, reflecting its melting point and crystalline structure.
After milling and spray drying, the DSC curves in all cases exhibited broader endothermic
peaks of MX, indicating that the crystallinity of the drug decreased. The residual MX
crystals in the products melted at a lower temperature than the crystals of raw MX owing
to the smaller particle size and the increased degree of amorphization. This was promoted
by PVA, which was softened at 85 ◦C as the glass transition temperature (Tg) value.
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3.7. In Vitro Dissolution Results

The initial API showed poor water-solubility, as we mentioned above. The formula-
tions were compared to raw MX and the physical mixtures. The results of the dissolution
study confirmed our predictions (Figure 4). The released amount of MX was the lowest in
the case of samples containing raw material during the investigation. The spray-dried sam-
ples showed enhanced drug release compared with the reference samples. Approximately
half of the drug was released from the samples containing nanonized API within the first
5 min and 65–85% released within an hour. These improvements in dissolution profile
could be related to nanosizing effects, higher specific surface area, and amorphization. The
presence of PVA inhibited the aggregation and increased polarity, which helped to release
the MX in the simulated lung medium. Applying LEU reduced the cohesion between the
particles, so a larger amount of MX was liberated from the powder than without LEU.
The highest amount of API was released from nanoMX1_LEU0.5, because the higher LEU
concentration reduced the polarity of the products. The results of our formulations are
promising in the local pulmonary therapy. The prolonged presence of the particles gives
enough time to release the nanosized API. Therefore, the clearance mechanism of the lung
will reduce the delivered drug dose by a lesser amount [6].
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Figure 4. In vitro dissolution results of the active pharmaceutical ingredient (API) (rawMX), the
physical mixtures (pmMX1_LEU0, pmMX1_LEU0.5, and pmMX1_LEU1), and the prepared samples
(nanoMX1_LEU0, nanoMX1_LEU0.5, and nanoMX1_LEU1). Data are means ± SD (n = 3 independent
measurements).

3.8. In Vitro Permeability Results

We investigated the diffused amount of API from the simulated lung medium through
a membrane to the epithelium. The high surface area achieved by the nanosized particles
was the main factor affecting the rate of passive diffusion. Diffusion from the samples was
faster and reached higher values than from raw MX and the physical mixtures (Figure 5).
The diffused MX concentrations (60–90 µg/cm2) were promising if we interpolate them
to the total surface of the lung. We reached the highest values with the nanoMX1_LEU0.5
formulation, which was correlated with the result of the in vitro dissolution test. The prod-
ucts showed a significantly increased flux (J) and permeability coefficient (Kp) compared
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with the raw materials (Table 8). The higher diffusion is connected to the higher surface
area produced by the nanoparticles. A large amount of API could get into the epithelium
with our spray-dried formulations; as a result of this, they could be effective in the local
treatment of pulmonary diseases.
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Table 8. In vitro permeability results of the samples.

Samples J (µg/cm2/h) Kp (cm/h)

rawMX 28.23 0.1394
pmMX1_LEU0 34.69 0.2081

pmMX1_LEU0.5 37.45 0.2247
pmMX1_LEU1 33.25 0.1995

nanoMX1_LEU0 61.80 0.3708
nanoMX1_LEU0.5 86.90 0.5214
nanoMX1_LEU1 73.58 0.4415

SD < ±2% (n = 3 independent measurements).

3.9. In Vitro Aerodynamic Results

The in vitro aerodynamic results are demonstrated in Table 9. The MMAD values
were between 1.55 and 2.33 µm, wherewith we could target the deeper airways [48]. The
samples had FPF values between 72 and 76%, which is higher than the FPF values of the
Breezhaler formulations on the market [32]. We can see the distribution of the products
on the stages of the Andersen cascade impactor (Figure 6). The nanoMX1_LEU0 sample
had 15% deposition in the upper airways, and 25% and 27% deposited on the third and
fourth stages. The FPF value here was the most outstanding (75.67%). The application of
LEU improved the aerosolization of the products owing to the reduced cohesion between
the particles, which de-aggregated during inhalation. The samples had smaller MMAD
(nanoMX1_LEU0.5: 1.74 µm, nanoMX1_LEU1: 1.55 µm) and were flown deeper in the
ACI, deposited on the filter. We achieved high FPF values (nanoMX1_LEU0.5: 72.81%,
nanoMX1_LEU0.5: 73.63%). The emitted fraction (EF) in most of the samples was also
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high (around 72–84%), indicating a weak adhesive character between the powder and the
capsule, so a large amount of the product could be liberated from the device.

Table 9. In vitro aerodynamic properties of the “nano-in-micro” systems. FPD, fine particle dose; FPF, fine particle fraction;
ED, emitted dose; EF, emitted fraction.

Samples MMAD *
(µm) FPD * (mg) FPF * (%) ED * (mg) EF * (%) Loaded API

* (mg)
API content

* (%)

nanoMX1_LEU0 2.33 ± 0.08 4.52 ± 0.33 75.67 ± 3.46 5.98 ± 0.22 72.42 ± 3.05 8.26 ± 0.14 93.81 ± 2.99
nanoMX1_LEU0.5 1.74 ± 0.35 3.09 ± 0.31 72.81 ± 1.46 4.24 ± 0.34 83.47 ± 1.33 5.07 ± 0.33 55.48 ± 0.78
nanoMX1_LEU1 1.55 ± 0.06 2.51 ± 0.04 73.63 ± 0.96 3.40 ± 0.10 75.22 ± 1.75 4.53 ± 0.23 51.46 ± 0.66

* Data are means ± SD (n = 3 independent measurements).
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Figure 6. In vitro distribution of the samples (nanoMX1_LEU0, nanoMX1_LEU0.5, and nanoMX1_LEU1). Data are means
± SD (n = 3 independent measurements).

3.10. In Silico Aerodynamic Results

Figure 7 shows the deposition fractions of the samples within the extrathoracic airways
and within different regions of the lung; that is, the bronchial and acinar pulmonary regions.
The results were calculated with breath-holding time after inhalation of 5 s and 10 s. Using
a breath-holding time of 10 s, the deposited fraction improved in all cases. The extrathoracic
deposition is lower for the LEU containing products, thanks to improved dispersity. The
lower deposition in the lung was because this method was defined as the deposited amount
on the filter, as an exhaled fraction. The nanoMX1_LEU0 reached the highest deposition
(47.47%) in the lung (Table 10). In all cases, higher values were obtained in the acinar
region than in the bronchial region, which proved the delivery into the lower parts of the
lung. It is a more proper approach to the real distribution in the airways than the in vitro
method. However, these data are also promising for us because, in various lung diseases,
the airways are usually damaged, contracted, or obstructed.
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Figure 7. In silico aerodynamic results of the products (nanoMX1_LEU0, nanoMX1_LEU0_5s, nanoMX1_LEU0_10s,
nanoMX1_LEU0.5_5s, nanoMX1_LEU0.5_10s, nanoMX1_LEU1_5s, and nanoMX1_LEU01_10s). Data are means ± SD (n = 3
independent measurements).

Table 10. In silico aerodynamic properties with a breath-holding time of 10 s.

Samples
Deposited Fraction * (%)

Extrathoracic Lung Bronchial Acinar

nanoMX1_LEU0 21.41 ± 2.79 46.73 ± 2.21 17.92 ± 2.93 28.81 ± 2.22
nanoMX1_LEU0.5 14.45 ± 0.95 27.55 ± 0.99 10.72 ± 1.30 16.83 ± 1.34
nanoMX1_LEU1 10.07 ± 0.47 22.44 ± 0.31 8.64 ± 0.54 13.80 ± 0.35

* Data are means ± SD (n = 3 independent measurements).

4. Discussion

The purpose of our research work was to develop a carrier-free “nano-in-micro” DPI
system including the advantages of a nanonized active ingredient. We successfully worked
out a “nano-in-micro” structured particle preparation method. We nanonized the API
by wet milling and prepared micrometric sized particles by spray-drying. The samples
containing MX, stabilizing additive (PVA), and aerosolization adjuvant (LEU) were char-
acterized. From the nanosuspension, which contained MX nanoparticles (d = 137 nm),
we managed to prepare nearly spherical microparticles with a size of 3–4 µm. By adding
LEU, we could improve the yield (58%) of the spray-drying method. The specific surface
area of the powders (1.7–2.2 m2/g) increased compared with the raw materials. With the
low density (0.20–0.27 g/cm3) formulations, we achieved proper aerosolization properties.
With the application of PVA, the polarity of the samples increased and, thanks to LEU,
the cohesivity of the particles became lower. Part of the active ingredient was detected
in an amorphous state according to the XRPD and DSC measurements. Owing to the
particle size reduction, improved surface area, amorphization, and additives, dissolution
was higher in the lung medium compared with the poorly water-soluble raw material,
and the in vitro permeability of the samples also improved (61–87 µg/cm2/h). The disso-
lution and permeability results were beneficial to local delivery. Samples showed good
aerosolization properties during the in vitro aerodynamic measurements: FPF above 72%,
MMAD between 1.55 and 2.33 µm, and ED above 72%. The application of LEU increased
the deposition in the deeper airways. The Andersen cascade impactor has limitations; that
is, the data are usually higher than they could be in real circumstances [49]. The in silico
aerodynamic values proved the deep deposition of the products in the respiratory airways.
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They showed higher deposition in the acinar region than in the bronchial region. This
method is also just an approximated translation to patients.

5. Conclusions

The presented DPI offers an effective local treatment for lung diseases to prove it; it
should be tested in vivo soon. The execution of the stability measurement is also important
because of the “nano-in-micro” structure and the partial amorphization of the active
ingredient.
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A B S T R A C T   

Pulmonary drug administration provides a platform for the effective local treatment of various respiratory dis
eases. Application of nano-sized active ingredients results in higher bioavailability because of their large specific 
surface area. Extra-fine dry powder inhalers reach the smaller airways, further improving therapeutic efficiency. 
Poorly water-soluble meloxicam was the selected active ingredient. We aimed to decrease the particle size into 
the nano range by wet milling and producing extra-fine inhalable particles via nano spray-drying. The diameter 
of the drug was reduced to 138 nm. The particle size of the dry products was between 1.1 and 1.5 µm, and the 
dispersed diameter was between 500 and 800 nm. Owing to the excipients (poly-vinyl-alcohol, leucine), the 
spray-dried particles presented nearly spherical morphology. The drug became partially amorphous. Thanks to 
the improved surface area, the solubility and the released and the diffused amount of the meloxicam increased in 
artificial lung media. The in vitro aerodynamic measurements showed that the leucine-containing formulations 
had outstanding fine particle fraction (FPF) deposition with 1.3 µm mass median aerodynamic diameter 
(MMAD). The aerodynamic particle counter test also proved the extra-fine aerodynamic particle size. The in vitro 
cell line experiments revealed the non-cytotoxicity of the products and the suppression of the interleukin con
centration. Overall, the powders are suitable for deep pulmonary delivery and the local treatment of lung 
inflammations.   

1. Introduction 

Nanotechnology is currently revolutionizing drug delivery, including 
the field of pulmonary administration. Its application allows combining 
the advantages of nanomaterials and the lung as a target. The definition 
of nanomaterials according to the European Union requires particles size 
under 100 nm (Potočnik, 2011). Pharmaceutical nanoparticles are 
defined as individual particles with a size below 1 μm. Typically a mean 
particle diameter between 200 and 500 nm is applied (Keck and Müller, 
2006), (Scherließ et al., 2022). The reduced size and hence larger spe
cific surface area enhance the dissolution rate of poorly water-soluble 
drugs. Therefore, nanoparticles increase intracellular drug delivery 
and are better internalized by cells, resulting in higher bioavailability 
(Muralidharan et al., 2015). Proper formulation is indispensable for the 
efficient transport of the nanosized active ingredient to the respiratory 
system. In pulmonary therapy, the generally requested particle size 

range is aerodynamic particle diameter between 1 and 5 µm. To reach 
the deeper lung parts, particles 0.5–1.5 µm in size are ideal, because of 
their very low deposition on their way to the targeted region and their 
large deposition in the small peripheral lung structures (Heyder, 2004; 
Thorley and Tetley, 2013; Das et al., 2021). Application of extra-fine 
particles (< 2 µm) built up nanosized active ingredient could be bene
ficial for the treatment of deeper lung segments (Hillyer et al., 2018; De 
Boer et al., 2015; Jetzer et al., 2018; Tse et al., 2021a; Scherließ et al., 
2022). Harmonizing the advantages of nanoparticles with the aero
dynamics of small microparticles could achieve an improved bioavail
ability and aerosolization behavior (Malamatari et al., 2020). The 
extra-fine particles deposit in the alveolar region, where the particles 
can disperse to nanoparticles. The liberated nano-sized active ingredient 
can effectively reach the epithelium, because they are not eliminated by 
the alveolar macrophages’s size-dependent uptake (Thorley and Tetley, 
2013; Ruge et al., 2013). However, drug delivery efficiency in the 
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airways depends not only on the size of the formulations but also on 
particle morphology, density, and electrical charge (Muralidharan et al., 
2015). 

The deep respiratory deposition of drugs is important in the treat
ment of different lung inflammations. For example, in case of the new 
coronavirus (SARS‑CoV‑2) infection. When the aerosol particles contact 
the airways, the virus particles travel down into the acinar airways, 
resulting in a higher deposition fraction in the acinar airways than in the 
bronchi (Madas et al., 2020). The virus replicates in type II pneumo
cytes. After the release of the new virus, it activates alveolar macro
phages. The virus also induces the release of proinflammatory cytokines, 
which leads to the common COVID-19 symptoms: acute respiratory 
distress syndrome, pneumonia, fever, multiple organ system failure, and 
coughing (Chugh et al., 2021). Since the virus replicates in alveolar 
epithelial cells, it is believed that inhaling as deeply as possible will 
enhance the therapeutic effect of the inhaled drug (Iwabuchi et al., 
2020). The direct pulmonary delivery of medicines provides higher lung 
concentrations as well as reduces systemic toxicity in COVID-19 pa
tients. Dry powder inhalers (DPIs) would be convenient in the therapy. 
DPIs offer several advantages including ease of use, non-invasiveness, no 
liquid propellant, an extended-release profile, improved tolerability, 
and long-term stability (Muralidharan et al., 2015). This approach 
would be ideal for the treatment of COVID-19 patients in an out-patient 
setting, especially if COVID-19 becomes a recurrent seasonal disease 
(Sun, 2020). For the treatment of lung inflammation, cyclooxygenase-2 
COX-2) inhibitors could be applied. SARS-CoV-2 infection induces 
COX-2 expression, which leads to inflammation. Meloxicam (MX) was 
chosen as an active ingredient during our work, because it is a selective 
COX-2 inhibitor non-steroidal anti-inflammatory drug (NSAID). The 
inhibition of COX-2 by MX does not affect viral entry or replication but 
may play a role in regulating the lung inflammation and injury observed 
in COVID-19 patients (Chen et al., 2020) . Therefore, MX could be 
important in the adjuvant therapy of COVID-19 (Ong et al., 2020). 
Currently, the main indications of MX are arthritis and osteoarthritis in 
human therapy. MX is commercially available only in oral, intravenous, 
and intralesional delivery routes (Meloxicam Drugbank). The develop
ment of new delivery systems and/or changes in administration routes is 
an alternative way to reposition drugs. Drug repositioning is widely used 
by the pharmaceutical industry due to the notable cost and time 
reduction. An interesting alternative for COVID-19 treatment could be 
the identification of a suitable repositioned drug to be administered via 
pulmonary route. The local administration has shown positive results in 
the treatment of different lung diseases, which may be related to its 
rapid onset, low metabolic activity, and reduction of adverse effects 
(Sarcinelli et al., 2021). As previously mentioned, direct lung delivery 
could be the barely most efficient way to apply the poorly-water soluble 
MX. Our research group had a widespread experience in the DPI 
formulation of the drug. Carrier-based DPI-s (Pomázi et al., 2013; Pal
lagi et al., 2016; Benke et al., 2020) and also carrier-free systems with 
different structures, such as porous formulations (Chvatal et al., 2019) 
and “nano-in-micro” particles (Party et al., 2021) were developed con
taining meloxicam and meloxicam-potassium. Porous formulation also 
can be delivered into the deeper lung region. They have low density, 
therefore they make small aerodynamic particle diameter during inha
lation (Tse et al., 2021b; Alhajj et al., 2021). “Nano-in-micro” formu
lations combine the benefits of nanoparticles and microparticles, which 
leads to achieving better absorption and proper deposition in the lungs 
(Malamatari et al., 2020; Scherließ et al., 2022). 

In the following work, we aimed to further develop our previous 
research work (Party et al., 2021). Now, we turned the focus to 
enhancing the water-solubility of the drug and targeting the smaller 
airways with the extra-fine particles. We selected wet milling to reduce 
the particle size of the poorly water-soluble MX, which increases the 
surface area, thus the solubility of the drug improves (Bartos et al., 
2018). For the preparation of the inhalable extra-fine powders, we used 
a nano spray-drying technique. The preparation method is capable of 

producing particles under 2 µm with narrow distribution and high yields 
(Li et al., 2010; Arpagaus et al., 2017). In addition, the combination of 
milling and spray-drying methods is scalable, cost-effective, and envi
ronmentally friendly. Besides the physico-chemical characterization and 
in vitro dosage form investigations, we extended the in vitro aerodynamic 
assessment to implement a more accurate characterization of the pow
ders. We also wanted to prove the safety and efficiency of the formu
lations using in vitro cell line tests. Our final goal is to deliver a high 
percentage of the extra-fine particles into the deeper, alveolar region of 
the lung, where the nano-sized active ingredient could exert its 
anti-inflammatory effect. Therefore, we could provide new therapeutic 
applicability of the MX in the treatment of severe lung inflammation. 

2. Materials and methods 

2.1. Materials 

The active pharmaceutical ingredient (API) was meloxicam (MX) 
(Egis Pharmaceuticals PLC., Budapest, Hungary). Poly-vinyl-alcohol 4–98 
(PVA), (Aldrich Chemistry, Darmstadt, Germany) and L-leucine (LEU), 
(AppliChem GmbH, Darmstadt, Germany) were chosen as excipients. 

2.2. Methods 

2.2.1. Media milling 
Firstly PVA was solved in purified water, which resulted in a solution 

with a 2.5% (w/w%) concentration. PVA is a polymer, which prevents 
the aggregation of the drug particles during the size reduction. It was 
followed by the preparation of a presuspension, which contained 2.00 g 
of pure MX and 18.0 g of 2.5% PVA solution, as a dispersant. A combined 
wet milling method was used, which was previously optimized by our 
research group (Bartos et al., 2018; Bartos et al., 2016). The milling 
medium was 20.00 g of ZrO2 beads in a planetary ball mill (Retsch 
Planetary Ball Mill PM 100 MA, Retsch GmbH, Haan, Germany). The 
milling parameters were the following: 500 rpm, 60 min. After milling, 
the suspension was diluted to 500 ml with purified water (Party et al., 
2021) 

2.2.2. Nano spray-drying 
Three different compositions were formulated from the MX nano

suspension by adding various amounts of LEU. The dry material contents 
of the final formulations are shown in Table 1. LEU is an amino acid, 
which enhances the dispersity of the spray-dried powders. A magnetic 
stirrer was used for its homogenization in the suspension (AREC. X 
heating magnetic stirrer, Velp Scientifica Srl, Italy). The inhalable powders 
were produced with a Büchi Nano Spray Dryer equipped with a small 
nebulizer (Büchi Nano Spray Dryer B-90 HP, Büchi, Flawil, Switzerland). 
Based on our preliminary experiments, the nano spray-drying settings 
were the following: inlet temperature: 80 ◦C, aspirator capacity: 100%, 
airflow rate: 120 ml/min, pump rate: 20%. In all cases, the yield of the 
nano spray-drying was around 62%. These results exceeded the yield of 
the traditional spray-drying method (Party et al., 2021). 

Table 1 
Final composition of the spray-dried samples and the yield of nano spray-drying 
and composition of the physical mixtures Data are means ± SD (n = 4 inde
pendent measurements).  

Sample name MX (g) PVA (g) LEU (g) Yield (%) 

nano[MX1_PVA_LEU0] 2.00 0.45 0.00 61.44 ± 3.34 
nano[MX1_PVA_LEU0.5] 2.00 0.45 1.00 63.29 ± 2.38 
nano[MX1_PVA_LEU1] 2.00 0.45 2.00 62.44 ± 5.86 
pm[MX1_PVA_LEU0] 2.00 0.45 0.00 – 
pm[MX1_PVA_LEU0.5] 2.00 0.45 1.00 – 
pm[MX1_PVA_LEU1] 2.00 0.45 2.00 –  
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2.2.3. Preparation of the physical mixtures 
Three physical mixtures were prepared from the initial materials. 

Their compositions were equivalent to the nano spray-dried samples 
(Table 1). During the investigations, the properties of the physical 
mixtures were compared to the spray-dried products. 

2.2.4. Laser diffraction 
Laser diffraction was used to determine the particle size, the particle 

size distribution, and the specific surface area of our samples (Malvern 
Mastersizer Scirocco 2000, Malvern Instruments Ltd., Worcestershire, 
United Kingdom). In both cases, the refractive index of MX was adjusted 
to 1.720. The wet dispersion unit was used to investigate the particle size 
of the suspension. The suspension was measured in purified water with 
stirring at 2000 rpm. The dry dispersion unit was used to observe the 
nano spray-dried powders. The dispersion air pressure was set to 3.0 bar 
and 75% vibration feed was applied. Each sample was measured in 
triplicate. The particle size distribution (PSD) was characterized by the 
values of D[0.1] (10% of the volume distribution is below this value), D 
[0.5] (50% of the volume distribution is below this value), and D[0.9] 
(90% of the volume distribution is below this value). Span values were 
revealed in the particle size distribution, the higher the Span value, the 
broader the distribution (Li et al., 2004). The specific surface area (SSA) 
was derived from the PSD data. The calculations were made under the 
assumption of spherical particles. SSA data predicted the dissolution and 
diffusion properties of the products. 

2.2.5. Dynamic light scattering 
The average hydrodynamic diameter (Z-average), polydispersity 

index (PdI), and zeta potential were analyzed via dynamic light scat
tering (DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments, 
Worcestershire, United Kingdom). The suspension was diluted, the 
spray-dried formulations were suspended in purified water and 
measured at 25 ◦C in folded capillary cells. The refractive index of MX 
was set to 1.720. Each measurement was carried out in triplicate. 

2.2.6. Surface tension measurement 
Surface tension measurements of the PVA solution and the MX 

nanosuspension were carried out using the pendant drop technique with 
an OCA 20 apparatus (Dataphysics Instrument GmbH, Filderstadt, 
Germany). The density values of the samples were measured and set for 
the surface tension calculations. Drop images were collected at 25 ◦C 
and the drop profiles were fitted using the Young-Laplace equation (van 
Eerdenbrugh et al., 2008). For each experiment, ten subsequent images 
were collected and the average surface tension was used. The experi
ment was performed in triplicate. 

2.2.7. Scanning electron microscopy 
Scanning electron microscopy (SEM), (Hitachi S4700, Hitachi Sci

entific Ltd., Tokyo, Japan) was used to define the morphology of the 
spray-dried formulations. The investigation conditions were the 
following: 10 kV high voltage, 10 mA amperage, and 1.3–13.1 mPa air 
pressure. A high vacuum evaporator and argon atmosphere were applied 
to make the sputter-coated samples conductive with gold-palladium 
(Bio-Rad SC 502, VG Microtech, Uckfield, United Kingdom). For the 
implementation of the particle diameter investigation, ImageJ a public 
domain image analyzer software was used (https://imagej.nih.gov/ij/i 
ndex.html). 

2.2.8. X-ray powder diffraction 
For structural investigation, X-ray powder diffraction (XRPD) spectra 

were recorded with the help of the BRUKER D8 Advance X-ray diffrac
tometer (Bruker AXS GmbH, Karlsruhe, Germany). The radiation source 
was Cu Kλ1 radiation (λ=1.5406 Å). The parameters of the analysis were 
the following: Cu target, Ni filter, 40 kV voltage, 40 mA current, time 
constant 0.1◦/min, angular step 0.010◦ over the interval of 3–40◦

DIFFRACT plus EVA 28 software (Bruker AXS GmbH, Karlsruhe, 

Germany) was used for the evaluation. The crystallinity was calculated 
via the mean of the decrease of the total area beneath the curve of the 
characteristic peaks compared with the physical mixtures. 

2.2.9. Differential scanning calorimetry 
Thermoanalytical properties were determined by differential scan

ning calorimetry (DSC). The measurements were executed with a Met
tler Toledo DSC 821e thermal analysis system with the STARe thermal 
analysis program V9.1 (Mettler Inc., Schwerzenbach, Switzerland). 
Approximately 2–5 mg of the samples were observed in the temperature 
range between 25 ◦C and 300 ◦C. The heating rate was 10 ◦C/min. The 
carrier gas was argon at a flow rate of 10 l/h during the investigations. 

2.2.10. Solubility test 
The solubility test of the spray-dried formulations was implemented 

in simulated lung fluid. It contains 0.68 g/l NaCl, 2.27 g/l NaHCO3, 
0.02 g/l CaCl2, 0.1391 g/l NaH2PO4, 0.37 g/l glycine, and 5.56 ml/l 
0.1 M H2SO4) (Parlati, 2008). The pH of the medium was 7.4 ± 0.1. A 
known excess quantity, 15 mg of MX containing powders was added to 
the media. The samples were stirred with a magnetic stirrer (AREC. X 
heating magnetic stirrer, Velp Scientifica Srl, Italy) at 25 ◦C for 24 h and 
then filtered (pore size=0.45 μm, Millex-HV syringe-driven filter unit, 
Millipore Corporation, Bedford, USA) and the dissolved drug content 
was analyzed spectrophotometrically (ATI-Unicam UV/VIS Spectro
photometer, Cambridge, United Kingdom) at a wavelength of 362 nm. 
The samples were measured in triplicate. Limit of detection (LOD) and 
limit of quantification (LOQ) was determined for the method as defined 
in International Conference on Harmonization (ICH) guidelines (ICH 
Harmonised Tripartite Guideline, 2005), (Prasad and Thireesha, 2018) 
(The formulas were the following LOD = SD*3.3/S and LOQ = SD*10/S. 
SD is the standard deviation and S is the mean slope of the calibration 
curve. Based on these data, the LOD of MX was calculated to be 0.3786 
µg/ml (n = 4). The LOQ of MX was evaluated to be 1.147 µg/ml (n = 4). 

2.2.11. In vitro dissolution test 
Currently, there are no regulatory requirements or established pro

tocols for in vitro dissolution testing of inhaled products (Riley et al., 
2012; Radivojev et al., 2019). A modified paddle method (Hanson SR8 
Plus, Teledyne Hanson Research, Chatsworth, CA, United States of 
America) from the European Pharmacopeia (European Pharmacopoeia 
10.0, 2019)was used to define the release of MX from the solid dosage 
form. The applied samples contained 1.5 mg of MX, which is the tenth of 
the highest oral dose of MX (Meloxicam Pubchem). This is the estimated 
dose of MX for pulmonary delivery. There is no optimal method to 
determine the exact volume of the lung lining fluid. The estimated value 
is between 10 and 70 ml (Fröhlich et al., 2016). Considering the limi
tation of the dissolution setup, 50 ml of the previously mentioned 
(Section 2.2.10) simulated lung medium was applied during the mea
surement (Tay et al., 2018; Parlati, 2008). The paddle was rotated at 
100 rpm to continuously homogenize the media. The measurement was 
performed up to 60 min at 37 ◦C (Pomázi, 2013). 5 ml of the samples 
were taken out after 5, 10, 15, 30, and 60 min. The medium was 
replenished in every case. After filtration (pore size: 0.45 µm, Millex-HV 
syringe-driven filter unit, Millipore Corporation, Bedford, United States 
of America) the dissolved quantity of MX was determined spectropho
tometrically at a wavelength of 362 nm (ATI-UNICAM UV/VIS Spec
trophotometer, Cambridge, United Kingdom). The measurement was 
executed three times. 

2.2.12. In vitro permeability test 
A modified horizontal diffusion cell was used to investigate the in 

vitro permeability of the samples. The diffusion cells are a 3D printed 
unique construction developed and validated by the research team 
(Gieszinger et al., 2021). The method is suitable for the investigations of 
alternative drug delivery routes. It provides a solution to measure the 
permeability properties of the samples in small volume and real-time. 
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The set-up of the apparatus is shown in Fig. 1. 9 ml of simulated lung 
medium was used as the donor phase. As previously mentioned, the 
volume of the lung lining fluid is 10–70 ml (Fröhlich et al., 2016), which 
is divided into different lung generations, therefore 9 ml was the ideal 
choice to model the absorption in the alveolar region. 9 ml of phosphate 
buffer (pH=7.4) was the acceptor phase, simulating the circumstances 
of the lung epithelium. Between the two phases, a cellulose membrane 
(RC 55 WhatmanTM GE Healthcare Life Sciences, Buckinghamshire, 
United Kingdom) was applied, which was impregnated with isopropyl 
myristate. The pore size of the membrane was 0.5 µm, its thickness was 
0.75 µm. The diffusion surface was 0.785 cm2. The rotation of the stir
ring bar was set to 300 rpm. The magnetic stirring bars were moved by 
CS-DSD1 Digital Magnetic Stirrer (CS-Smartlab Devices Ltd., 
Kozármislény, Hungary). The equipment was thermostated by a water 
jacket with the help of a circulator. The temperature was 37 ◦C during 
the investigation, which is the usual temperature inside the human lung. 
The diffusion model ensures a homogeneous distribution of pulmonary 
dry powder formulations by the continuous stirring of the donor phase 
and maintenance of temperature throughout the experiment. Samples 
containing 1.5 mg of MX were investigated, similarly to the dissolution 
test. The design of the chambers was suitable for real-time analysis with 
an immersion probe input. The amount of the diffused API to the 
acceptor phase was determined at the wavelength of 362 nm, for 60 min 
with the help of the spectrophotometric sonda (FDP-7UV200-VAR, 
Avaspec-ULS2048-USB2, Avantes, Apeldoorn, The Netherlands). Three 
parallel measurements were performed with the formulations. In case of 
the method, the LOD of MX was evaluated to be 0.7987 µg/ml (n = 4). 
The LOQ of MX was calculated to be 2.421 µg/ml (n = 4). 

The flux (J) [µg/cm2/h] of MX was calculated from the quantity of 
MX, which permeated through the membrane, divided by the surface of 
the membrane insert and the duration time (Eq. (1)): 

J =
m

A ∗ t
(1) 

The permeability coefficient (Kp) [cm/h] was determined as a ratio 
of flux and the MX concentration in the donor phase [µg/cm3] (Eq. (2).): 

Kp =
J

Cd
(2)  

2.2.13. In vitro aerodynamic measurements 
The aerosolization properties of the nano spray-dried formulations 

were assessed in vitro, using an Andersen Cascade Impactor (ACI), 
(Apparatus D, Copley Scientific Ltd., Nottingham, United Kingdom) 
(European Pharmacopoeia 10.0, 2019) . The inhalation flow rate was set 
to 60 l/min (High-capacity Pump Model HCP5, Critical Flow Controller 
Model TPK, Copley Scientific Ltd., Nottingham, UK). The actual flow 
rate through the impactor was measured by a mass flow meter (Flow 
Meter Model DFM 2000, Copley Scientific Ltd., Nottingham, UK). The 
inhalation time was 4 s. The setting models the normal breathing pattern 
with a 4 l inhalation volume. Breezhaler®‘s single-dose devices 
(Novartis International AG, Basel, Switzerland) were applied, with 

transparent, size 3 gelatine capsules (Capsugel, Bornem, Belgium) filled 
with the different powders. Between 2 and 3 mg of the dry samples were 
applied, therefore each capsule contained approximately 1.5 mg of the 
active ingredient. Four capsules were inhaled twice during one mea
surement. To simulate the pulmonary adhesive circumstances, the 
collection plates on the stages were coated with Span 85 and cyclo
hexane (1 + 99 w/w%) mixture. After inhalation, the device, the cap
sules, the induction port, the plates, and the filter were washed with 
methanol and pH 7.4 phosphate buffer (60+40 V/V%) to collect and 
dissolve the deposited amount of MX. The API was quantified by UV/Vis 
spectrophotometry (ATI-UNICAM UV/VIS Spectrophotometer, Cam
bridge, United Kingdom) at a wavelength of 362 nm. The in vitro aero
dynamic properties were evaluated with the help of Inhalytix™ (Copley 
Scientific LTD., Nottingham, United Kingdom) data analysis software, 
which is a fully compliant, and validated aerodynamic particle size 
distribution data analysis solution. Fine particle fraction (FPF) and 
median mass aerodynamic diameter (MMAD) is the most widely used 
values. FPF is defined as the percentage of the mass of the active 
ingredient consisting of particles with an aerodynamic diameter of fewer 
than 5 μm divided by the emitted dose of the formulations. MMAD is 
influenced by the inhalation flow rate, density, size, and shape of the 
particle. The emitted fraction (EF) was also calculated, which is the 
released fraction from the DPI device. 

2.2.14. Aerodynamic particle counter 
The drug products were loaded into capsules and a Breezhaler® 

(Novartis International AG, Basel, Switzerland) dry powder inhalator 
device was used for the tests in the measurement setup shown in Fig. 2. 
The measurement setup consists of a breath simulator, an induction port 
representing the upper respiratory tract, a vacuum pump with a critical 
flow controller, and an Aerodynamic Particle Sizer (APS). A constant 
airflow Q2 was established in the system along the blue arrows using the 

Fig. 1. The schematic set-up of the horizontal diffusion cells.  

Fig. 2. The schematic design and components of the measurement setup: DPI, 
induction port, APS, vacuum pump with a critical flow controller, mixing inlet, 
and PWG. The pulmonary waveform generator consists of: 1-Servo motor; 2- 
Timing belt; 3-Piston pump; 4-PLC; 5-Valves (For interpretation of the refer
ences to color in this figure, the reader is referred to the web version of 
this article.). 
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pump (HCP5 High capacity pump; Copley Scientific Ltd., Nottingham, 
United Kingdom) and flow controller (TPK 2000; Copley Scientific Ltd., 
Nottingham, United Kingdom). The compressor compensates for the Q4 
airflow taken by the particle counter and any losses. The airflow Q5 
provided by the compressor was determined by measuring the airflow 
through the upper inlet of the mixing unit, in the inhaler side, in the 
default condition. During the measurements, the breathing simulator 
produced the flow profile Q3 activating the DPI unit through the mixing 
inlet (red arrows). The mixing inlet (Copley Scientific Ltd., Nottingham, 
United Kingdom) provides an interface between the flow that activates 
the DPI and the main stream that transfers the particles to the APS. The 
APS samples particles from the main stream by an isokinetic nozzle. A 
TSI 3321 (TSI Incorporated, Shoreview, Minnesota, United States of 
America) aerodynamic particle sizer was used for the measurements. 
The instrument measures the number size distributions of aerosol par
ticles with aerodynamic diameters from 0.5 to 20 μm, in 52 channels. 
The instrument determines the aerodynamic size of the particles by 
time-of-flight measurement in an accelerated flow. The sample flow rate 
of the APS was 1 l/min and the sampling time was set to 5 s with no 
pause. Considering the length of the applied inhalation profile and the 
residence time of the particles in the measurement system the sampling 
time was set to 5 s during our investigations. As a breath simulator, we 
used an in-house developed pulmonary waveform generator. It uses a 
Piston pump driven by a PLC-controlled servo motor to generate the 
inhalation and exhalation air flows. The inhalation volume span from 
0.1 cm3 to 6800 cm3. The time resolution of the inhalation profile can be 
set to 20, 50, and 100 ms. For the measurements, the inhalation wave
form programmed into the breathing simulator was constructed based 
on literature data (Abadelah et al., 2019; Farkas et al., 2019). The flow 
controller was used to set a flow rate of 90 l/min, which was regularly 
checked during the measurements with a TSI 4000 thermal mass flow 
meter (TSI Incorporated, Shoreview, Minnesota, United States of 
America), which measuring range is 0.5–200 Nl/min. 

2.2.15. Cytotoxicity measurement 
Before the cell line investigation, the spray-dried samples were dis

solved in dimethyl sulphoxide (DMSO) (VWR Chemicals, Leuven, 
Belgium). During the measurements, a concentration of 0.1 mg/ml was 
applied. This concentration of MX is adequate for pulmonary delivery, 
for 1.5 mg of drug dose in approximately 15 ml of lung fluid volume 
(Fröhlich et al., 2016). Diluted samples were also measured for further 
investigation. A concentration of 0.05 and 0.025 mg/ml were tested. 
Mitochondrial activity as a measure of cell viability was performed by 
MTT (3-(4,5-dimethylthiazol-2-yl)− 2,5-diphenyltetrazolium bromide) 
assay in 96-well cell culture microplates using A549 (adenocarcinomic 
human alveolar basal epithelial cells) (ATCC). A549 cells were seeded at 
a density of 4 × 104 cells/well. The cells were treated with either MX or 
nano[MX1_PVA_LEU0] or nano[MX1_PVA_LEU0.5] or nano 
[MX1_PVA_LEU1]. The maximum concentration of the tested com
pounds was 0.1 mg/ml. Furthermore, 5 µg/ml lipopolysaccharide (LPS; 
ThermoFisher Scientific Waltham, MA, USA) cytotoxicity was also 
measured. LPS was used to induce inflammation in the cells during the 
anti-inflammatory effect investigations (Crestani et al., 1994), therefore 
its cytotoxic effect was also tested (Section 2.2.16). Cells were incubated 
at 37 ◦C for 48 h. Later, 20 μl of thiazolyl blue tetrazolium bromide 
(Sigma, St. Louis, Missouri, USA) was added to each well. After addi
tional incubation at 37 ◦C for 4 h, sodium dodecyl sulfate (Sigma, St. 
Louis, Missouri, USA) solution (10% in 0.01 M HCI) was added and 
incubated overnight. Cytotoxicity was then determined by measuring 
the OD at 550 nm (ref. 630 nm) with EZ READ 400 ELISA reader (Bio
chrom, Cambridge, United Kingdom). The assay was replicated four 
times for each concentration (Virók et al., 2017). Cell viability was 
concluded based on the following formula: 100 − ((ODsample − ODmedium 

control)/(ODcell control − ODmedium control)) × 100. 

2.2.16. Anti-inflammatory effect 
The cells were propagated in minimum essential medium Eagle with 

Earle’s salt (Sigma, St. Louis, MO, USA), and were supplemented with 
25 µg/ml gentamycin, 10% foetal calf serum, 0.5% wt/vol glucose, 0.3 
mg/ml l-glutamine and 4 nm HEPES. A549 cells were seeded in 6-well 
plates at a density of 1 × 106 cells/well and treated with 0.1 mg/ml 
of MX and 5 µg/ml of LPS or 0.1 mg/ml of nano[MX1_PVA_LEU0] and 5 
µg/ml of LPS or 0.1 mg/ml of nano[MX1_PVA_LEU0.5] and 5 µg/ml of 
LPS or 0.1 mg/ml of nano[MX1_PVA_LEU1] and 5 µg/ml of LPS or 5 µg/ 
ml of LPS or left untreated, then the cells were incubated for 48 h at 
37 ◦C. 

Total RNA extraction and cDNA synthesis. After 48 h of treatment, RNA 
was extracted using the TRI reagent (Sigma-Aldrich, St. Louis, Missouri, 
USA) according to the manufacturer’s protocol. Subsequently, 0.1 µg of 
mRNA was reverse transcribed using Maxima Reverse Transcriptase 
according to the manufacturer’s instructions using oligo(dT) primers 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

qPCR amplification of IL-6, Actb. qPCR was performed using a Bio-Rad 
CFX96 real-time system with the 5x HOT FIREPol® EvaGreen® qPCR 
Supermix (Solis BioDyne, Tartu, Estonia) and the following human- 
specific primer pairs: IL-6: 5′-CAGCTATGAACTCCTTCTCCAC-3′, and 
5′-GCGGCTACATCTTTGGAATCT − 3′; Actb: 5′-TTCTA
CAATGAGCTGCGTGTGGCT-3′, and 5′-TAGCACAGCCTGGA
TAGCAACGTA − 3′ Primers were designed using the Primer Quest Tool 
software and synthesized by Integrated DNA Technologies Inc. (Mon
treal, Quebec, Canada). Melting curve analysis was performed to verify 
amplification specificity. Threshold cycles (Ct) were determined for IL-6 
and Actb, and the relative gene expression was calculated via the 2- 
(ΔΔCt) method. One-way analysis of variance with repeated measures 
(ANOVA RM) and planned comparisons was used to compare statistical 
differences in log2(ΔΔCt) values between infected and control samples, 
as described previously, with a level of significance of P < 0.05 (Hel
lemans et al., 2008). 

Enzyme-linked immunosorbent assay (ELISA). After 48 h of treatment, the 
supernatant of the cells was collected and a standard sandwich human 
IL-6 ELISA kits Legend Max™ (BioLegend, San Diego, California, USA) 
was used to determine the IL-6 concentration. The supernatant of LPS- 
treated cells was diluted 10x. The assay was performed according to 
the manufacturer’s instructions. The dynamic range of the kit was be
tween 7.8 and 500 pg/ml. Plates were analyzed using the Biochrom 
Anthos 2010 microplate reader (Biochrom, Cambridge, United 
Kingdom). Samples were assayed in duplicate. 

2.2.17. Statistical analysis 
All described data indicate ± SD of three parallel measurements (n =

3). Statistical analysis was performed by one-way analysis of variance 
(ANOVA) using GraphPad Prism 8.0.1. software (GraphPad Software, 
CA, United States of America). P-values < 0.05 indicated statistically 
significant differences. 

3. Results and discussion 

3.1. Laser diffraction 

The initial diameter of the API was in the micrometric size range (D 
[0.5]= 9.913 ± 0.371 μm), which successfully reached the nano range 
(Table 2). As a result of wet milling, the particle size of MX in the diluted 
suspension decreased to D[0.5]=137.70 nm ± 4.965 nm. SSA was 
increased from 1.09 ± 0.028 m2/g up to 43.65 ± 5.318 m2/g. Size 
reduction and higher surface area of the nanoparticles as compared to 
the microparticles will lead to a higher rate of dissolution (Dubey, 
2006). After nano spray-drying, the D[0.5] values of the samples were 
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between 1 and 1.5 μm. The result was correlated to our initial aim, 
which was to produce particles below 2 μm. The geometric diameter of 
spray-dried MX1_PVA_LEU0 was around 1.17 μm. Incorporating LEU, 
the geometric size of the spray-dried particles increased, which led to a 
decreasing SSA. The reason is that the particle–particle interaction 
forces alter the particle diameter (Mangal et al., 2015). The distribution 
was monodisperse in the case of LEU-containing products (Span < 2.0), 
which is important for accurate dosing (Chvatal et al., 2017). 

3.2. Dynamic light scattering 

During DLS investigations the average diameters of the diluted sus
pension and the dispersed powders were measured (Table 3). The test 
showed that the particle diameter of the suspension was 359.75 ± 12 
nm. The DLS results are more accurate than the laser diffraction in the 
nano range (Powers et al., 2007). In addition, we managed to reduce the 
diameter of the MX to under 500 nm. Therefore they can avoid the 
uptake by the alveolar macrophages (Thorley and Tetley, 2013). The 
average diameter of the dispersed spray-dried products was between 5 
and 800 nm. This size results predict the behavior of the particles after 
deposition and disintegration in the airways. The polydispersity index 
(PdI) values correlated with the Span values of laser diffraction. It 
decreased when more LEU was added. The zeta potentials of the samples 
ranged between − 21 and − 25 mV, which demonstrated that our sam
ples constituted a stable suspension system (Salopek et al., 1992). Sys
tems with negative zeta potential are more degradable in the lung, 
therefore do not cause further infection or fibrosis due to long retention 
(Dailey et al., 2003). 

3.3. Surface tension 

Considering surface tension, a variable lowering of the surface ten
sion of water at 25 ◦C (71.99 ± 0.36 mN/m) (Vargaftik et al., 1983), can 
be seen for the initial polymeric stabilizer. The surface tension of the 
2.5% (w/V) PVA solution was 51.78 ± 1.315 mN/M. The surface tension 
value of the nanosuspension was grown to 66.07 ± 0.543 mN/M. 
Adding LEU could further increase the surface tension of the suspension 
(Gliński et al., 2000). The energy used by the mill to achieve particle size 
reduction can be defined as the collision energy. The collision energy is 
the sum of the kinetic energy of the beads acting perpendicular to the 
direction of the disk rotation and the collision heat generated by the 
milling components and the container wall (Bartos, 2016, 2019); . That 
energy introduced during the particle size reduction process leads to an 
increase in surface tension of the suspension, which is associated with 
the increase in the dissolution pressure. The change in the surface ten
sion can also lead to increased saturation solubility (Muller et al., 1999). 

However, a higher surface tension leads to a faster flow rate during nano 
spray-drying. Hence, a faster portion of fluid volume is delivered during 
the mesh vibration, leading to the formation of larger droplets (Arpa
gaus et al., 2017). 

3.4. Scanning electron microscopy 

According to the morphology investigation of the particles, a nearly 
spherical shape was observable (Fig. 3), which was due to the optimized 
nano spray-drying (Arpagaus et al., 2018). The particle diameter was 
measured based on the SEM pictures with the help of the Image-J pro
gram. The diameters were 692 ± 157 nm of nano[MX1_PVA_LEU0], 838 
± 307 of nano[MX1_PVA_LEU0.5] and 884 ± 198 nm of nano 
[MX1_PVA_LEU1]. Data are means ± SD (n = 100 independent mea
surements). The size results were correlated with the results of the 
previous particle size investigations. PVA prevented the aggregation of 
the particles, it makes a layer around the drug particles. This hydrophilic 
coat will also help the dissolution process of the API. Smooth surfaces 
are not preferred for pulmonary delivery since they tend to increase the 
interaction between particles while rough or wrinkled surfaces tend to 
increase the aerosolization efficiency. Changes in surface corrugation 
improve dispersibility by reducing contact points between particles, 
therefore achieving more separated particles. When LEU was present in 
the systems, preferable wrinkled, donut-like particles were established. 
Overall, the particles were forecasting a proper powder dispersion 
during inhalation, therefore higher drug delivery into the deeper regions 
of the lung (Sou et al., 2013; Chvatal et al., 2019; Party et al., 2021; Das 
et al., 2021). 

3.5. X-ray powder diffraction 

The XRPD pattern of the raw materials demonstrated, that MX and 
LEU had a crystalline structure. The presence of PVA did not affect the 
diffractograms, cause it had no crystalline properties. In the case of the 
products, the intensities of the characteristic peaks decreased (Fig. 4). 
Overall the wet milling and nano spray-drying procedures decreased 
crystallinity, which was determined via the mean of the decrease of the 
total area beneath the curve of the characteristic peaks compared with 
the physical mixtures. In nano[MX1_PVA_LEU0], nano[MX1_PVA_
LEU0.5] and nano[MX1_PVA_LEU1] 68.19%, 66.11% and 54.04% of MX 
became amorphous, respectively (Bartos et al., 2016). 

3.6. Differential scanning calorimetry 

DSC was applied to determine the melting of PVA, LEU, and MX in 
the raw form, in the physical mixtures, and in the products (Fig. 5.). PVA 
had no endothermic peak. LEU had an endothermic peak at 294.41 ◦C, 
MX showed a sharper peak at 264.03 ◦C, reflecting its melting point and 
crystalline structure. After the preparation method, the DSC curves 
showed broader endothermic peaks of MX, indicating a decrease in its 
crystallinity. The MX crystals remaining in the samples melted at a lower 
temperature than the crystals of raw MX because of particle size 
reduction. This was helped by PVA, which has the glass transition 
temperature (Tg) value at 85 ◦C (Bartos et al., 2018). 

Table 2 
Particle size of the API, the suspension, and the nano spray-dried samples. Data are means ± SD (n = 3 independent measurements).  

Sample name D[0.1] (μm) D[0.5] (μm) D[0.9] (μm) Span SSA (m2/g) 

MX 2.719 ± 0.057 9.913 ± 0.371 29.49 ± 0.630 2.70 ± 0.043 1.09 ± 0.028 
suspension[MX_PVA] 0.067 ± 0.001 0.138 ± 0.005 0.555 ± 0.310 3.584 ± 2.056 43.65 ± 5.318 
nano[MX1_PVA_LEU0] 0.441 ± 0.004 1.168 ± 0.004 6.770 ± 1.722 5.422 ± 1.488 6.600 ± 0.028 
nano[MX1_PVA_LEU0.5] 0.659 ± 0.017 1.307 ± 0.036 2.854 ± 0.430 1.677 ± 0.296 5.185 ± 0.064 
nano[MX1_PVA_LEU1] 0.789 ± 0.017 1.429 ± 0.088 3.400 ± 0.503 1.586 ± 0.116 4.385 ± 0.007  

Table 3 
Average particle size, polydispersity index, and zeta potential of the suspension 
and the spray-dried products. Data are means ± SD (n = 3 independent 
measurements).  

Sample name D (nm) PdI Zeta potential (mV) 

suspension[MX_PVA] 359.75 ± 12 0.340 ± 0.057 − 23.70 ± 0.85 
nano[MX1_PVA_LEU0] 676.70 ± 47 0.543 ± 0.055 − 21.35 ± 5.27 
nano[MX1_PVA_LEU0.5] 743.25 ± 27 0.502 ± 0.074 − 23.30 ± 2.74 
nano[MX1_PVA_LEU1] 526.90 ± 20 0.381 ± 0.031 − 24.50 ± 1.47  
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3.7. Solubility test 

The initial solubility of the raw MX was 0.502 ± 0.002 mg/ml in 
artificial lung media. As a result of the increased surface area of MX, the 
aqueous solubility of the nano spray-dried samples improved signifi
cantly in each case (Table 4 and Fig. 6). The reduction in the drug 
particle size in the nanometer range led to an increase in solubility, 

which predicted better dissolution properties. Both are significant fac
tors to enhance the bioavailability of poorly water-soluble drugs (Böhm 
and Müller, 1999). Amorphous pharmaceuticals are markedly more 
soluble, than crystalline forms. Our investigations also confirmed, even 
partially amorphous features can significantly increase the solubility 
(Hancock and Parks, 2000) 

Fig. 3. SEM pictures of the spray-dried samples: A: nano[MX1_PVA_LEU0], B: nano[MX1_PVA_LEU0.5], C: nano[MX1_PVA_LEU1].  

Fig. 4. XRPD results of the raw materials, (PVA, LEU, and MX), the physical mixtures (pm[MX1_PVA_LEU0], pm[MX1_PVA_LEU0.5], and pm[MX1_PVA_LEU1]), and 
the nano spray-dried samples (nano[MX1_PVA_LEU0], nano[MX1_PVA_LEU0.5], and nano[MX1_PVA_LEU1]). 

Fig. 5. DSC curves of the raw materials, (PVA, LEU, and MX), the physical mixtures (pm[MX1_PVA_LEU0], pm[MX1_PVA_LEU0.5], and pm[MX1_PVA_LEU1]), and 
the nano spray-dried samples (nano[MX1_PVA_LEU0], nano[MX1_PVA_LEU0.5], and nano[MX1_PVA_LEU1]). 
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3.8. In vitro dissolution 

The results of the dissolution test confirmed our predictions. The 
released amount of MX was the lowest for the samples containing raw 
materials because of the poor water solubility of MX (Fig. 7). In the first 
5 min, 47.04 ± 11.55% of the MX was released from the nano 
[MX1_PVA_LEU0], 71.82 ± 1 2.04% from the nano[MX1_PVA_LEU0.5], 
and 71.31±6.91% from the nano[MX1_PVA_LEU1]. All amount of the 
drug was released within an hour. The nano spray-dried samples showed 
significantly enhanced drug release compared to the physical mixtures 
(Fig. 8). These improvements could be related to the higher specific 
surface area, enhanced solubility, and the amorphization of the MX. The 
presence of PVA inhibited aggregation, and the use of LEU reduced the 
cohesion between the particles, therefore a larger amount of MX was 
liberated. The results of our formulations are advantageous in local 
therapy. The behavior of the particles gives enough time to release the 
nano-sized MX (Ruge et al., 2013). The sustained release can reduce the 
in vivo toxicity associated with the immediate burst release effect of the 

drug (Mukhtar et al., 2020). 

3.9. In vitro permeability 

During the permeability investigations, the high surface area pro
vided by the nano-sized particles was the main factor affecting the rate 
of passive diffusion. Diffusion from the nano spray-dried samples 
reached higher values than from raw materials (Fig. 9). These results 
were a remarkably high amount (85–110 μg/cm2) if we take into 
consideration that the total surface of the lung is around 100 m2 (Das 
and Stewart, 2016). The products showed a significantly increased flux 
(J) and permeability coefficient (Kp) compared with the raw materials 

Table 4 
Solubility results of the initial drug and the spray-dried products. Data 
are means ± SD (n = 3 independent measurements).  

Sample name Solubility (mg/ml) 

MX 0.905 ± 0.005 
nano[MX1_PVA_LEU0] 2.025 ± 0.062 
nano[MX1_PVA_LEU0.5] 1.501 ± 0.002 
nano[MX1_PVA_LEU1] 1.581 ± 0.029  

Fig. 6. Solubility results of the initial drug (MX), and the prepared samples 
(nano[MX1_PVA_LEU0], nano[MX1_PVA_LEU0.5], and nano[MX1_PVA_
LEU1]). Data are means ± SD (n = 3 independent measurements). Level of 
significance: *p < 0.05). 

Fig. 7. In vitro dissolution results of the active ingredient (MX), the physical 
mixtures (pmMX1_PVA_LEU0, pmMX1_PVA_LEU0.5, and pmMX1_PVA_LEU1), 
and the prepared samples (nano[MX1_PVA_LEU0], nano[MX1_PVA_LEU0.5], 
and nano [MX1_PVA_LEU1]). Data are means ± SD (n = 3 independent 
measurements). 

Fig. 8. In vitro dissolution results of the active ingredient (MX), the physical 
mixtures (pmMX1_PVA_LEU0, pmMX1_PVA_LEU0.5, and pmMX1_PVA_LEU1), 
compared to the spray-dried samples (nano[MX1_PVA_LEU0], nano 
[MX1_PVA_LEU0.5], and nano[MX1_PVA_LEU1]). Data are means ± SD (n = 3 
independent measurements). Level of significance: *p < 0.05), **p < 0.01). 
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(Fig. 10). Therefore, an enhanced amount of API could get into the 
epithelium with the nano spray-dried formulations. 

3.10. In vitro aerodynamic results 

The distribution of the initial drug and the products were determined 
during the aerodynamic assessment. The deposition of the samples on 
different parts of the set was shown in Fig. 11. An insufficient quantity of 
raw MX reached the stages of the impactor. The drug remained in the 
capsule and a high amount was deposited on the induction port. The 
nanoMX1_LEU0 sample also mostly stayed in the capsule, but it reached 
the third and fourth stages. Those plates demonstrated the bronchial 
area. A small amount of the product reached the filter. The application of 
LEU improved the aerosolization of the products owing to the reduced 
cohesion between the particles. LEU-containing samples were liberated 
from the capsule in a larger amount, compared to the LEU-free products. 
Besides the deposition on the third and fourth stages, the largest amount 
reached the filter, which represented the alveolar region. The calculated 
in vitro aerodynamic results by Inhalytix™ software were presented in 
Table 5. The results of nanoMX1_LEU0.5 and nanoMX1_LEU1 are pref
erential. The MMAD values were between 1.2 and 1.3 µm. These extra- 
fine particles could target the deeper airways (Usmani et al., 2005). The 
samples had outstanding FPF results between 87 and 95%. which is 

Fig. 9. In vitro permeability results of meloxicam (MX), the physical mixtures (pmMX1_PVA_LEU0, pmMX1_PVA_LEU0.5, and pmMX1_PVA_LEU1), and the prepared 
samples (nanoMX1_PVA_LEU0, nanoMX1_PVA_LEU0.5, and nanoMX1_PVA_LEU1). Data are means ± SD (n = 3 independent measurements). 

Fig. 10. The flux (J) and the permeability coefficient (Kp) results of meloxicam 
(MX), the physical mixtures (pmMX1_PVA_LEU0, pmMX1_PVA_LEU0.5, and 
pmMX1_PVA_LEU1), compared to the spray-dired samples (nano
MX1_PVA_LEU0, nanoMX1_PVA_LEU0.5, and nanoMX1_PVA_LEU1). Data are 
means ± SD (n = 3 independent measurements). Level of significance: *p <
0.05, **p < 0.01).). 

Fig. 11. In vitro aerodynamic distribution of the raw active ingredient and the gsamples at a flow rate of 60 l/min (MX, nano[MX1_PVA_LEU0], nano 
[MX1_PVA_LEU0.5], nano[MX1_PVA_LEU1]). Data are means ± SD (n = 3 independent measurements). Level of significance: ** p < 0.01, *** p < 0.001, **** p 
< 0.0001). 
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larger than the FPF values of the commercially available Breezhaler® 
formulations (Chapman et al., 2011). The emitted fraction (EF) was also 
higher in the LEU-containing products, indicating a weaker adhesive 
character between the powder and the gelatine capsule. 

3.11. Aerodynamic particle counter investigation 

The best formulation (nano[MX1_PVA_LEU1) according to the ACI 
measurement was chosen for further aerodynamic characterization. Size 
results were determined based on the number, surface, and mass of the 
particles. The aerodynamic particles counter confirmed the particles’ 
size between 1 and 1.4 µm (Table 6). These results also corresponded to 
the definition of extra-fine particles (d < 2 µm) (Hillyer et al., 2018), 
which was our initial goal. 

3.12. Cytotoxicity measurement 

Cytotoxicity studies represented that all the substances have a low 
cytotoxic effect in a concentration of 0.1 mg/ml. The cell viability was in 
order to MX, nano[MX1_PVA_LEU0], nano[MX1_PVA_LEU0.5], nano 
[MX1_PVA_LEU1] 91.97%, 90.32%, 80.38%, and 82.77%. The effect is 
not measurable at a concentration of 0.0125 mg/ml (Fig. 12). LPS had 
no cytotoxic effect at the highest concentration (data not shown). The 
results showed similarity to previous cytotoxicity effect investigations of 
MX (Ambrus et al., 2011; Chvatal et al., 2018; Varga et al., 2021). The 
formulations are safe for pulmonary administration. A549 cell lines 
exhibited similarities with type II. Alveolar epithelial cells, therefore the 
results are valid for imitating the circumstances of the small airways 
(Forbes, 2000). 

3.13. Anti-inflammatory effect 

Nano-sized MX solution inhibits IL-6 production on the translational 
level but not on the transcriptional level. LPS is a potent pro- 
inflammatory agent and increases IL-6 production in A549 cells (Cres
tani et al., 1994). LPS-treated cells showed significantly higher IL-6 
relative expression compared to untreated cells (Fig. 13), however, 
neither MX solution nor nano-sized MX solutions inhibited the increase 
of IL-6 relative expression compared to LPS-treated cells (Fig. 14). 
Consequently, the IL-6 level was also checked via ELISA, and it was 
found that IL-6 expression increased significantly in LPS-treated cells 

compared to untreated cells. Interestingly, MX solution and all of the 
nano-sized MX impeded IL-6 production (Fig. 10). IL-6 is a biomarker 
and a potential therapeutic target for patients infected with COVID-19. 
An increase in proinflammatory cytokine IL-6 concentration correlates 
with respiratory failure, poor outcomes, and mortality in SARS-CoV-2. 
The reduction of this and other cytokines at an early stage is prom
ising in regards to moderating immune responses in acute SARS-CoV-2 
infection (Copaescu et al., 2020). 

4. Conclusion 

The purpose of our research work was to develop a carrier-free dry 

Table 5 
In vitro aerodynamic properties: mass median aerodynamic diameter (MMAD), 
fine particle fraction (FPF), and emitted fraction (EF) of the spray-dried samples 
at a flow 60 L/min.). Data are means ± SD (n = 3 independent measurements).  

Sample name MMAD 
(μm) 

FPF by size 
(%) 

FPF by stage 
(%) 

EF (%) 

nano 
[MX1_PVA_LEU0] 

2.151 ±
0.106 

62.62 ±
0.201 

65.93 ±
0.226 

30.50 ±
1.131 

nano 
[MX1_PVA_LEU0.5] 

1.344 ±
0.231 

86.16 ±
2.327 

86.99 ±
2.086 

58.77 ±
11.06 

nano 
[MX1_PVA_LEU1] 

1.265 ±
0.072 

94.45±
0.883 

94.91 ±
0.812 

80.90 ±
10.97  

Table 6 
The results of aerodynamic particle counting in case of nano[MX1_PVA_LEU1]. 
Data are means ± SD (n = 4 independent measurements).   

Number particle 
size 

Surface particle 
size 

Mass particle 
size 

Median (µm) 0.989 ± 0.038 1.235 ± 0.044 1.355 ± 0.042 
Mean (µm) 1.038 ± 0.035 1.268 ± 0.041 1.388 ± 0.038 
Geometric Mean (µm) 0.986 ± 0.030 1.210 ± 0.039 1.330 ± 0.041 
Mode (µm) 1.039 ± 0.059 1.290 ± 0.073 1.185 ± 0.466 
Geometric Standard 

Deviation 
1.378 ± 0.010 1.368 ± 0.017 1.355 ± 0.026  

Fig. 12. Cell viability assay of substances on A549 cell line. A549 cells were 
treated with MX or nano[MX1_PVA_LEU0] or nano[MX1_PVA_LEU0.5] or nano 
[MX1_PVA_LEU1]. After an incubation period of 48 h, an MTT assay was per
formed to check the effect of the treatment on cell replication. Data are means 
± SD (n = 3 independent measurements). 

Fig. 13. Relative expression of IL-6. A549 cells were treated with 0.1 mg/ml 
nano[MX1_PVA_LEU0] and 5 µg/ml LPS or 0.1 mg/ml nano[MX1_PVA_LEU0.5] 
and 5 µg/ml LPS or 0.1 mg/ml nano[MX1_PVA_LEU1] and 5 µg/ml LPS or 0.1 
mg/ml MX and 5 µg/ml LPS or 5 µg/ml LPS or left untreated. After 48 h, RNA 
was extracted from the cells and gene expression was analyzed for IL-6 via RT- 
qPCR. Bars denote the mean and standard deviation of the expression level for 
triplicate measurements. Level of significance: *p < 0.05). 
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powder inhaler system combining the advantages of a nano-sized active 
ingredient and inhalable extra-fine powders. The particle size of the API 
was successfully reduced by wet milling and resulted in a nano
suspension (d = 138 nm). Nano spray-dried extra-fine inhalable powders 
were prepared from the nanosuspension. The final dry samples con
tained MX, stabilizing additive (PVA), and aerosolization adjuvant 
(LEU). The particles showed nearly spherical morphology and diameter 
between 1 and 1.5 μm. The particle size of the powders was complied 
with the definition of extra-fine particles. More than half of MX was 
detected in an amorphous state according to the XRPD measurements. 
The DSC investigations also demonstrated partial amorphization. 
Thanks to the particle size reduction, the solubility increased to 1.5–2.0 
mg/ml. In vitro dissolution improved in the artificial lung medium 
compared to the initial material. In vitro permeability of the samples also 
got larger (85–110 μg/cm2/h). LEU-containing samples showed 
outstanding aerodynamic properties during the in vitro aerodynamic 
measurements: FPF around 90%, and MMAD around 1 µm. The aero
dynamic particle counter method also proved the proper extra-fine 
particle size. The samples showed no cytotoxicity during the in vitro 
investigations and reduced the IL-6 concentration to zero. Based on the 
anti-inflammatory activities of meloxicam, the newly prepared 

nanosized MX containing extra-fine microcomposites might be used in 
the local treatment of alveolar inflammation. Our formulating study 
makes good grounds for further investigations of the in vivo effectiveness 
and potential therapeutical use of MX in pulmonary therapy. 
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Farkas, Á., Szipőcs, A., Horváth, A., Horváth, I., Gálffy, G., Varga, J., Galambos, K., 
Kugler, S., Nagy, A., Szalai, Z., 2019. Establishment of relationships between native 
and inhalation device specific spirometric parameters as a step towards patient 
tailored inhalation device selection. Respir. Med. 154, 133–140. https://doi.org/ 
10.1016/j.rmed.2019.06.021. 

Forbes, Ben, 2000. Human airway epithelial cell lines for in vitro drug transport and 
metabolism studies. Pharm. Sci. Technol. Today 3 (1). 
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Abstract: Pulmonary drug transport has numerous benefits. Large surface areas for absorption and
limited drug degradation of the gastrointestinal system are provided through the respiratory tract.
The administration is painless and easy for the patient. Due to their better stability when compared
to liquid formulations, powders have gained popularity among pulmonary formulations. In the
pharmaceutical sector, quality assurance and product stability have drawn a lot of attention. Due
to this, it was decided to perform a long-term stability study on a previously developed, nanosized
dry powder inhaler (DPI) formulation that contained meloxicam. Wet milling was implemented
to reduce the particle size, and nano spray-drying was used to produce the extra-fine inhalable
particles. The particle diameter was determined using dynamic light scattering and laser diffraction.
Scanning electron microscopy was utilized to describe the morphology. X-ray powder diffraction
and differential scanning calorimetry were applied to determine the crystallinity. In an artificial
lung medium, the in vitro dissolution was studied. The Andersen Cascade Impactor was used to
investigate the in vitro aerodynamic characteristics. The stability test results demonstrated that the
DPI formulation maintained its essential qualities after 6 and 12 months of storage. Consequently,
the product might be promising for further studies and development.

Keywords: nanotechnology; pulmonary delivery; dry powder inhaler; meloxicam; stability test

1. Introduction

One of the first methods of medication administration identified is respiratory drug
delivery [1]. The beneficial characteristics of the lung enable the administration of larger
drug concentrations to the airways for enhanced efficacy and to limit adverse effects. These
advantages include avoiding first-pass metabolism and enzymatic inactivation [2]. The
administration is non-invasive, which enhances patient compliance. One of the most
widely used methods for treating local respiratory conditions, such as chronic obstructive
pulmonary disease, asthma, pneumonia, and chronic pulmonary infections, is pulmonary
drug delivery [3,4].

Nebulizers, metered dosage inhalers (MDIs), soft mist inhalers (SMIs), and dry powder
inhalers (DPIs) are the most frequently utilized pulmonary medication delivery devices.
MDIs have a larger carbon footprint than DPIs. DPIs are also cost-effective compared
to MDIs [5]. Hydrofluorocarbon propellants are used in MDIs, which are greenhouse
gases that persist in the atmosphere for years. Since DPIs are absent of these propellants
and produce 20 g CO2 equivalent per dose compared to 500 g CO2 equivalent for MDIs,
they have lower greenhouse gas emission potential [6]. The inhalation helps the active
ingredient to enter the respiratory tract. DPIs are also portable tools that make it simple for
the patient to administer the formulation. On the other hand, education is essential for the
correct usage of the products. Due to their solid form, DPIs have outstanding stability and
do not require cold chain storage [4,7].
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There is an increasing variety of commercially available dry powder inhalers, and
these vary significantly in terms of their design, technical features, and other specific
features. Some inhalers include properties that make them likely to be effective for a variety
of patients, which may offer a certain level of ease for healthcare providers. However, there
are numerous factors to take into consideration when choosing the most effective inhaler
for individuals with lung disorders. In addition to the type of drug contained in the inhaler,
factors such as the degree of clinical evidence supporting its efficacy and safety, doctor
and patient preferences, technical features of the various inhalers, and the delivery and
deposition of the fine particle dose to the lungs may be crucial to assisting the physician in
choosing the best device for each patient in order to optimize their treatment [8].

Carrier-based and carrier-free systems are the two main categories into which DPIs
can be categorized. Applying conventional carrier-based DPIs, drug deposition in the
respiratory area is insufficient. The active ingredients in these systems are attached to the
surface of a carrier, which is typically lactose. Optimizing the aerosolization of the products
is essential since the potential of powders is the appropriate dispersion and deposition in
the airways. To improve the therapeutic effect, novel carrier-free DPIs have been developed.
In that case, a complex powder is formulated by combining the active pharmaceutical
ingredient (API) with appropriate excipients [9].

The upper respiratory tract, which includes the mouth, larynx, and pharynx, and the
lower respiratory tract, which includes the trachea, bronchi, and lungs, are the two primary
divisions of the respiratory system. When moving from the trachea to the distal airways,
the diameters of the airways decrease as they approach the lower region and alveoli of
the lung, and their number simultaneously rises [1]. Generally, the lower part is the target
for orally inhaled medications. Unwanted particle deposition in the upper area might
have regional negative effects, such as localized discomfort, coughing, dysphonia, and
infections [10]. Controlling the theoretical aerodynamic diameter at 1–5 µm is required
for the successful transport of particles via the pulmonary route to the desired area in
the lungs [11]. In the lower parts, regional deposition is also critical for effective drug
delivery [10]. Extra-fine particles (1–2 µm) are suitable for reaching the deeper areas because
they deposit significantly more in the smaller peripheral lung structures than in the upper
regions [12,13].

Recently, attention has been focused on the inhalable, poorly water-soluble drugs,
such as antibiotics and anti-inflammatory and antifungal agents, which would acquire
elevated local concentration for improved therapeutic effectiveness. However, a poorly
water-soluble drug cannot be efficiently absorbed in the lung since it dissolves slowly in
the limited volume of the lining fluid. The undissolved particles may be removed through
alveolar macrophage uptake and mucociliary clearance, which leads to a compromised
therapeutic effect. Additionally, leftover particles that remain for a long time on the surface
of the lung epithelium may cause lung irritation and inflammation [14].

The development of nano-embedded microparticles for pulmonary application has
drawn a growing amount of attention in recent years [15]. The systems enable the combina-
tion of nano- and microparticle benefits. Nanoparticles have advantages for getting through
biological barriers [16]. The overall dosage required is reduced due to the enhanced drug
transport in mucus and biofilms [17]. Problems with pulmonary drug administration may
be resolved by using nanoparticle delivery methods [18]. The application of innovative
and effective products that contain nanoparticles may enhance various therapies [19,20].
Therefore, DPI formulation with enhanced dissolution and improved absorption is urgently
required for the pulmonary delivery of water-insoluble drugs.

One of the most important factors for guaranteeing the safety and efficacy of phar-
maceutical medicines is stability [21]. Drug nanoparticle stability issues, such as crystal
formation, sedimentation, and agglomeration, may occur during production, storage, trans-
portation, and application [22]. In general, liquid formulations are less stable than solid
dosage forms. However, the potential of aggregation should be taken into consideration
in the case of solid forms while using nanosized API. For efficient therapy, it is necessary



Micromachines 2023, 14, 1348 3 of 14

to maintain the quality-influencing properties of the products. Proper attention should be
given to drug nanocrystal stability difficulties during the development of pharmaceutical
products [23].

In our previous studies, wet milling and nano spray drying were used to prepare a
carrier-free DPI product consisting of nanosized meloxicam (MX) [24]. The “nano-in-micro”
DPI can target the smaller airways with the extra-fine particles (<2 µm) and increase the
water solubility of the drug. The alveolar section of the lung is where the nano-sized active
ingredient may exert its anti-inflammatory effect; therefore, our goal is to deliver a high
percentage of the extra-fine particles there. The combined preparation method can create
particles under 2 µm with narrow size distribution. The previous investigations of the
product revealed that the nanosized MX particles are partially amorphized, improving
drug release. In addition, the product demonstrated significant drug deposition in the
lung in vitro. The present study focused on the long-term stability of the developed DPI
powder that contains nanosized MX. A significant challenge related to the development of
formulations in DPIs is their stability. Manufacturing processes, pharmaceutical engineer-
ing techniques, and storage conditions can significantly impact the physical and aerosol
stability of inhalable particles The physical stability of the DPIs is frequently overlooked in
the literature even though they are critical to the quality and performance of the inhalation
powders [4]. As a result of the extensive investigation, we could offer the MX a new,
innovative therapeutic application in the management of severe lung inflammation.

2. Materials and Methods
2.1. Materials

Meloxicam (MX) (Egis Pharmaceuticals PLC., Budapest, Hungary) was used as the
active ingredient. MX is a non-steroidal anti-inflammatory medication (NSAID) that se-
lectively inhibits cyclooxygenase-2 (COX-2). MX is commercially available only in oral,
intravenous, and intralesional delivery routes. In human therapy, osteoarthritis, and arthri-
tis are currently the principal indications of MX [25]. However, COX-2 inhibitors could
be used to treat pulmonary inflammation, such as SARS-CoV-2 infection, which induces
the COX-2 expression and may help to control the lung inflammation and damage seen in
COVID-19 patients [26–28]. It could be advantageous to improve and maintain the condi-
tion of patients with cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD),
and non-small-cell lung cancer (NSCLC) [29–32]. The pulmonary suitable additives were
poly-vinyl-alcohol 4–98 (PVA), (Aldrich Chemistry, Darmstadt, Germany) and L-leucine
(LEU), (AppliChem GmbH, Darmstadt, Germany). The list of potential excipients is lim-
ited to materials that are biocompatible or endogenous to the lung and can effectively be
eliminated [33].

2.2. Preparation Method

A two-step preparation method was used. Firstly, the nanosuspension was prepared
by wet-milling technology. The final microsized powders were obtained by spray drying
the diluted suspension.

2.2.1. Wet Milling

Milling is a common scalable method used in the pharmaceutical industry for particle
size reduction to improve the solubility and subsequently the bioavailability of poorly
water-soluble APIs [34–36]. During wet milling, the drug is suspended in a liquid medium,
such as surfactants or/and polymers, to stabilize the drug particles [37]. In this work, PVA
was applied to maintain the stability and uniqueness of the MX particles. The MX particles
are coated with PVA, which inhibits the drug particles from aggregating together during
the size reduction process [38,39]. MX containing nanosuspension was prepared as follows:
2 g MX and 8 g of 2.5% (w/w%) PVA solution were added in a planetary ball mill (Retsch
PM 100; Retsch Gmbh, Haan, Germany). The following conditions were present: 20 g
of zirconium-dioxide beads (d = 0.3 mm), 500 rpm, 60 min. Due to the increased energy
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supply during wet milling, the development of local amorphous regions is conceivable and
thus could alter the surface properties. This metastable state may change during handling
and over storage time, and it could induce re-crystallization of these amorphous regions
and particle size changes post-production [40].

2.2.2. Spray Drying

Spray drying is a particle-engineering technique that is used to produce respirable
powders for drug delivery to the deep lung [41], which is utilized in both laboratory and
industrial environments. Compared to other popular drying methods, such as lyophiliza-
tion, it attracted a lot of interest since it is less expensive, requires less time, and does not
involve freezing, which is a high energy-consuming process [42]. One notable advantage
of the nano spray dryer is its capacity to produce ultra-fine dry powder forms for a variety
of materials, including heat-sensitive ones, with minimal damage. The advantages of a
spray-dried powder include easy handling and storage as well as enhanced resistance to
various environmental factors (such as light, oxidation, and temperature) [43]. LEU was
incorporated into the MX nanosuspension to produce the dry powder. To enhance the
aerosol characteristics, the administered dosage, and the overall efficacy of the product,
LEU is frequently utilized as a dispersibility enhancer to minimize interparticle cohesion
in DPIs. On the surface of spray-dried particles, LEU develops a crystalline layer, which
reduces surface energy while enhancing surface rugosity [41]. The LEU enrichment at the
surface of the particles can result in moisture protection, therefore improving their physical
storage stability [44]. The inhalable powder was made by a Büchi Nano Spray Dryer (Büchi,
Flawil, Switzerland) with a small nebulizer. Our preliminary research determined the
following settings for the nano spray-drying process: inlet temperature of 80 ◦C, aspirator
capacity of 100%, airflow rate of 120 mL/min, and pump rate of 20%. During the rapid
drying of the method, the development of an amorphous form is possible and can lead to
recrystallization. In the case of small-molecule drugs, such as MX, they tend to crystallize
during spray drying [45].

2.2.3. Physical Mixture Preparation

A physical mixture (PM) was created from the raw materials. The composition of the
PM was similar to the spray-dried sample. During the experiments, the different qualities
of the spray-dried samples were compared to the PM. Table 1 shows the compositions of
the physical mixture and the final formulation.

Table 1. The composition of the physical mixture and the spray-dried sample.

Sample MX (g) PVA (g) LEU (g)

pm_MX_PVA_LEU 2.00 0.45 2.00
nano_MX_PVA_LEU 2.00 0.45 2.00

2.3. Stability Test

Stability tests were performed at 25 ± 2 ◦C with 50 ± 5% relative humidity to imitate
room conditions in a desiccator. Throughout the testing period, samples were stored in a closed
glass jar. Samples were taken and measured after 1 day, 6 months, and 12 months [46,47].

2.4. Particle Size and Morphology Characterization
2.4.1. Laser Diffraction

The particle sizes, the particle size distributions, and the specific surface areas of
the samples were determined using laser diffraction (Malvern Mastersizer Scirocco 2000,
Malvern Instruments Ltd., Worcestershire, UK). The refractive index of MX was adjusted
to 1.720. MX was given a new refractive index of 1.720. The dry dispersion equipment
was used to examine the nano spray-dried particles. The 3.0 bar of dispersion air pressure
and 75% vibration feed were employed. Each sample was measured in triplicate. The
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particle size distribution (PSD) was described using the values D [0.1] (10% of the volume
distribution is below this value), D [0.5] (50% of the volume distribution is below this
value), and D [0.9] (90% of the volume distribution is below this value) (Equation (1)).
Span values were indicated in the particle size distribution, the larger the span value, the
broader the spread. The specific surface area (SSA) was calculated using the PSD data. The
computations were performed assuming the particles were spherical.

Span =
D[0.9]− D[0.1]

D[0.5]
, (1)

2.4.2. Dynamic Light Scattering (DLS)

Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) was applied
to analyze the average hydrodynamic diameter (d), polydispersity index (PDI), and zeta
potential (ζ pot.) using DLS. The powders were dispersed in purified water and measured
in folded capillary cells at 25 ◦C. A refractive index of 1.720 was assigned to MX. Each
investigation was performed three times.

2.4.3. Scanning Electron Microscopy (SEM)

The shape and size of the particles were analyzed using SEM (Hitachi S4700; Hitachi
Ltd., Tokyo, Japan) operating at a 10 kV voltage. Using a sputter coater (Bio-Rad SC502; VG
Microtech, Uckfield, UK) and a 2.0 kV at 10 mA electric potential for 10 min, the samples
received a 90-s gold-palladium coating. The range of air pressure was 1.3 to 13.0 mPa.
ImageJ, a free and open-source image analyzer was used to perform the particle diameter
analysis. (https://imagej.nih.gov/ij/index.html, accessed on 22 June 2023.).

2.5. Structural Investigation
2.5.1. Differential Scanning Calorimetry (DSC)

Thermal analyses of samples were performed using a Mettler Toledo TGA/DSC
thermal analysis equipment (Mettler-Toledo GmbH, Greifensee, Switzerland). The DSC
measurements were performed by analyzing 3–5 mg of samples heated to temperatures
between 25 and 300 ◦C at a rate of 10 ◦C/min while maintaining a steady flow of argon
at a rate of 10 L/h. The STARe program was used to analyze the data (Mettler-Toledo
GmbH, Greifensee, Switzerland). The ratio normalized integrals were used to calculate the
crystallinity indexes with the PM samples being considered as 100%.

2.5.2. X-ray Powder Diffraction (XRPD)

The crystal structure and level of crystallinity were measured using XRPD. Based on
the X-ray diffraction concept, a sharp peak is seen when X-rays diffract from atoms that
repeatedly appear in the same position within the unit cell (i.e., a crystalline structure).
The BRUKER D8 advance X-ray powder diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany) and VNTEC-1 detector (Bruker AXS GmbH, Karlsruhe, Germany) were used
to perform the XRPD measurement. The powder samples were placed on a slide of flat
quartz glass with an etched square and measured. At 40 kV and 40 mA, samples were
scanned. With a step time of 0.1 s and a step size of 0.007◦, the angular range was 3–40◦.
The DIFFRACplus EVA program was used for all manipulations, including K2 stripping,
background removal, and smoothing of the area under the diffractogram peaks. Based on
Equation (2), the values for the crystallinity index (Xc) were determined. The PM sample
was considered 100% crystalline. A symbolizes the area under the curve:

Xc =
Acrystalline

Acrystalline + Aamorphous
× 100 (2)

https://imagej.nih.gov/ij/index.html
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2.6. In Vitro Drug Release Study

Currently, there are no standardized methodologies or regulatory criteria to evalu-
ate in vitro dissolution tests of inhaled powders [48]. Using a modified paddle method,
the rate of drug release of powders was examined (Hanson SR8 Plus, Teledyne Han-
son Research, Chatsworth, CA, USA). The analysis was performed under pulmonary
circumstances (37 ◦C and pH: 7.4). The following components were included in 50 mL
of artificial lung medium: 2.27 g/L NaHCO3, 0.68 g/L NaCl, 0.1391 g/L NaH2PO4,
0.02 g/L CaCl2, and 5.56 mL/L 0.1 M H2SO4 and 0.37 g/L glycine [49]. The sample
preparation was completed after 5, 10, 15, 30, 45, and 60 min. The paddle rotated at
100 rotations per minute. To maintain the permanent volume constant, lung fluid was
simultaneously added at every point of sampling to replace 5 mL of the sample. For
filtering, cellulose ester membranes with 0.22 m pore sizes were employed. Following fil-
tration, spectrophotometry at 362 nm (Unicam UV/VIS Spectrophotometer, Cambridge,
UK) was used to determine the drug content of the aliquots. The experiments were
performed in three sets.

2.7. In Vitro Aerodynamic Performance

Using an Andersen Cascade Impactor (ACI, Apparatus D, Copley Scientific Ltd.,
Nottingham, UK), (Figure 1), which is authorized by the European Pharmacopoeia [50],
it was determined how effectively the formulations in vitro aerosolized. The inhalation
flow rate was set to 60 l/min (high-capacity pump model HCP5, critical flow controller
model TPK, Copley Scientific Ltd., Nottingham, UK). To calculate the actual flow rate,
a mass flow meter (flow meter model DFM 2000, Copley Scientific Ltd., Nottingham,
UK) was utilized. There was a 4-s breathe-in. The setup imitates a regular, healthy
breathing rhythm with a 4 L inhalation volume. The powders were delivered using
Breezhaler® single-dose devices (Novartis International AG, Basel, Switzerland) and
size 3 gelatin capsules (Capsugel, Bornem, Belgium). It is a breath-activated device that
administers drugs for asthma and chronic obstructive pulmonary disease. To simulate
the conditions of pulmonary adhesion, the collecting plates on the stages were coated
with a mixture of Span 85 and cyclohexane (1 + 99 w/w%). Following inhalation, the
apparatus, capsules, induction port, plates, and filter were rinsed with methanol and pH
7.4 phosphate buffer (60 + 40 V/V%) to collect and dissolve the deposited MX. The API
was measured using an ATI-UNICAM UV/VIS Spectrophotometer (Cambridge, UK) at
a wavelength of 362 nm. The in vitro aerodynamic properties were evaluated with the
support of the data analysis tool, InhalytixTM (Copley Scientific Ltd., Nottingham, UK),
which is a completely approved and verified aero-dynamic particle size distribution
data analysis solution. The most frequently employed parameter is fine particle fraction
(FPF). FPF is calculated as the percentage of the mass of the active ingredient containing
particles with an aerodynamic diameter of less than 5 µm divided by the emitted dose
of the formulations. Additionally, the emitted fraction (EF), also known as the released
fraction from the DPI device, was calculated.

2.8. Statistical Analysis

The statistical analysis was carried out using GraphPad Prism 8.0.1 (GraphPad Software,
CA, USA). The Student’s t-test was employed to assess the statistical significance. Changes
were determined to be statistically significant at p = 0.05.
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3. Results and Discussion
3.1. Characterization of Particle Size and Morphology
3.1.1. Laser Diffraction

The original particle of the MX was D [0.5] = 9.913 ± 0.371 µm. As a result of wet milling,
the particle size of API in the suspension decreased to D [0.5] = 137.70 nm ± 4.965 nm. The
reduced particle size and improved surface area of the particles lead to a faster dissolution
rate [51]. After nano spray-drying, the D [0.5] values of the samples were 1.429 ± 0.09 µm.
For the treatment of deeper lung segments, the use of extra-fine built-up nanosized API could
be advantageous [18,52]. According to the further particle size analysis, the particles of the
products remained the same particle size during the testing period of the study (Table 2),
proving that the particles did not agglomerate. The size was within the required 1 to 5 µm
particle size range for pulmonary delivery [53]. The statistical analysis revealed that there
was no noticeable variation in the particle size formulations over the storage period. The
span values were between 1.3 and 1.6, which means that the distribution of the particles was
monodisperse [54]. The monodisperse particle size distribution is crucial for proper lung
deposition and dosage uniformity. The specific surface area (SSA) numbers slightly increased,
suggesting that the dissolution of the drug may be improved.

Table 2. Particle sizes, spans, and SSA results of the samples.

Samples D [0.1] (µm) D [0.5] (µm) D [0.9] (µm) Span SSA (m2/g)

1 day 0.789 ± 0.02 1.429 ± 0.09 3.400 ± 0.50 1.586 ± 0.12 4.385 ± 0.01
6 months 0.800 ± 0.01 1.471 ± 0.05 3.110 ± 0.77 1.562 ± 0.47 4.445 ± 0.26
12 months 0.749 ± 0.01 1.441 ± 0.02 2.703 ± 0.03 1.357 ± 0.01 4.725 ± 0.06

Data are means ± SD (n = 3 independent measurements).

3.1.2. Dynamic Light Scattering

Table 2 shows the outcomes of the DLS investigation. DLS measured the liquid
suspension of the particles. The particles were deagglomerated and resulted in decreased
particle sizes compared to the laser diffraction. The diameters of the dispersed nano spray-
dried particles were between 500 and 700 nm. It predicts that as the dry particles deposit
into the lung fluid and disintegrate into nanoparticles, resulting in larger dissolution
and cellular absorption [52]. Although there was an increase in particle diameter, the
dry particle size is far more important in terms of lung deposition. Inhomogeneous
distribution is shown by the relatively high PDI results (PDI > 0.3). However, it is not
considered a problem if it does not negatively affect the drug release [39]. The ζ potential
values were slightly decreased with time (Table 3). The systems are more degradable
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and less retentive in the airways due to the negative ζ potential values of the spray-dried
formulations. It is beneficial since the particles are unlikely to trigger further fibrosis,
infection, or inflammation [55,56].

Table 3. Average particle diameter, polydispersity index, and ζ potential of samples.

Samples d (nm) PDI ζ pot. (mV)

1 day 526.90 ± 20.0 0.381 ± 0.03 −24.50 ± 1.47
6 months 548.57 ± 35.9 0.382 ± 0.03 −23.30 ± 7.91
12 months 657.37 ± 46.9 0.496 ± 0.07 −22.23 ± 0.55

Data are means ± SD (n = 3 independent measurements).

3.1.3. Scanning Electron Microscopy

The stored samples were studied by SEM to understand the morphology of the
particles. The SEM images of the spray-dried formulations showed spherical morphology
(Figure 2). The optimized nano spray-drying created the spherical particle form [57]. The
spray-dried spherical particles have a smaller contact area and a more uniform particle size
distribution, which leads to a larger FPF compared to mechanically micronized drugs [58].
On the PVA surface, the MX nanoparticles were seen in a homogeneous distribution. The
MX particles were covered with PVA, which helped their separation from one another [59].
Throughout the testing period, they showed no signs of aggregation. A slightly rougher
surface can be observed because the humidity caused moisture absorption [60]. The results
of the laser diffraction method were similar to the results of the ImageJ 1.53e software,
which was utilized to determine the particle size based on the pictures (Table 4). The
particle size of around 1 µm is beneficial for deep pulmonary delivery.

3.2. Structural Investigation
3.2.1. Differential Scanning Calorimetry (DSC)

The DSC curves (Figure 3) throughout the testing period demonstrate that the partially
amorphous characteristic of the samples did not change significantly. The original melting
point of the MX was 246.55 ◦C; however, milling had the effect of lowering it to 240.87 ◦C.
In the case of the DPI formulation, the character and size of the endothermic peak are
nearly identical at each sample point (6 months: 238.46 ◦C, 12 months: 236.69 ◦C). The
degrees of crystallinity of the samples ranged from 53 to 70% when compared to the PM,
which was taken as 100% (Table 5).

Table 4. The particle sizes of the spray-dried samples according to the SEM images.

Samples d (µm)

1 day 1.106 ± 0.29
6 months 1.240 ± 0.40
12 months 1.060 ± 0.19

Data are means ± SD (n = 100 independent measurements).

Table 5. The crystallinity index (Xc) of the samples.

Samples
Xc (%)

DSC XRPD

PM 100 100
1 day 69.92 49.81

6 months 53.91 42.51
12 months 53.67 41.89
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3.2.2. X-ray Powder Diffraction (XRPD)

If the XRPD patterns of MX and the chosen excipients are known, XRPD can be used
to observe the structural changes of the DPI samples throughout storage. Particularly, the
properties of the active ingredient could be crucial because their crystalline or amorphous
forms may result in morphological differences and affect the interactions between the
particles, which could have an impact on the aerodynamic results. MX has characteristic
peaks with the highest intensities at 6.6◦, 11.4◦, 13.1◦, 13.5◦, 15.1◦, 18.7◦, 19.3◦, 25.9◦, and
26.4◦ 2-theta peaks, indicating its crystalline structure. We detected the characteristic peaks
of LEU at 6.12◦, 24.39◦, and 30.61◦ 2-theta peaks. The presence of PVA did not affect the
diffractograms. The intensity of the peaks decreased in the 1-day sample as a result of
the milling, and the crystallinity of the MX also decreased. This decreased crystallinity
persisted at 6 and 12 months (Figure 4). The 1-day sample had a 49.81% crystallinity index,
which did not change significantly throughout storage. The crystallinity indexes of the
samples are shown in Table 5. The results of the measurement supported the DSC findings,
indicating that the milling impact and the presence of PVA throughout the testing period
caused the MX to become and remain partially amorphous.
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3.3. In Vitro Drug Release Study

Figure 5 shows that the MX released quickly and in larger quantities in the case of the
DPI samples than the PM. It is beneficial because the dissolution rate is the rate-limiting
step for absorption of MX. The nanosized form, the increased surface area, and the partial
amorphization of MX promoted a faster dissolution rate [61]. Furthermore, more API
was released from the spray-dried samples than the PM because PVA prevented particle
aggregation and LEU reduced cohesion between the particles. The rapid release was
maintained. Furthermore, the drug release from stored samples was faster, possibly the
water absorption on the surface helped the wettability of the particles. The outcomes
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are beneficial in local treatment because the mucociliary clearance has minimal time to
eliminate the particles [14,62].
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3.4. In Vitro Aerodynamic Properties

The distribution of the spray-dried samples was established during the aerodynamic
analysis. Figure 6 illustrated how the samples were deposited on different areas of the
set. An efficient MX deposition was on the third and fourth stages. The majority of the
formulations reached the filter, which models the deeper lung region [63]. Successfully, the
powder targeted the smaller airways even at the end of the stability study. The calculated
in vitro aerodynamic results by Inhalytix™ V 2.0 software are presented in Table 6. The
samples showed outstanding FPF values (93–95%), which exceed the FPF values of the
commercially available formulations in the Breezhaler® inhalator. The high emitted fraction
(EF) showed an insignificant decrease. The application of LEU improved the aerosolization
of the products owing to the increased cohesion between the particles of the powder and
the adhesion between the powder and the gelatine capsule.
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Table 6. FPF and EF of the spray-dried samples.

Samples FPF by Size (%) FPF by Stage (%) EF (%)

1 day 94.94 ± 0.39 95.35 ± 0.39 89.04 ± 1.08
6 months 92.90 ± 0.80 93.39 ± 0.71 84.17 ± 3.20
12 months 93.85 ± 0.31 94.28 ± 0.38 84.27 ± 0.88

Data are means ± SD (n = 3 independent measurements).

4. Conclusions

In this study, the stability test of a carrier-free, novel DPI sample containing nanosized,
non-steroidal, anti-inflammatory drug was examined at normal room conditions. After the
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storage, the formulation presented advantageous characteristics, thanks to the technological
steps and the compositions. Wet media milling is one of the most popular methods in the
pharmaceutical field to produce stable nanosuspension of poorly water-soluble APIs. To
optimize time and cost considerations and accurately predict milling performance at higher
scales, a variety of modeling techniques could be used in the industry. The spray-drying
technique has also been successfully applied at both laboratory and industrial scales. The
advantages of a spray-dried powder include easy use and long shelf-life stability. The
development of novel delivery methods can be a strategy for repositioning medications;
therefore, it saves money and time for the pharmaceutical industry. The pulmonary route
of MX could be an intriguing solution for treating different lung inflammation, which
can be caused by SARS-CoV-2 infection, CF and COPD, and NSCLC. The excipients were
pulmonary-approved materials. During the testing period, the particle size remained
unchanged, while the particle size of MX in the formulation increased but did not differ
significantly. Furthermore, the partially amorphous property of MX persisted throughout
the stability examination. The outcomes of the dissolution test demonstrated that the
initially large amount of drug was released from the samples in the examination time. The
results suggest that PVA might inhibit the particles from aggregation and crystallizing. The
aerosol performance of the formulated DPIs did not deteriorate. The sample has beneficial
FPF and EF results after 12 months. The addition of LEU enhanced the aerosolization of
the products. The outcome of this study demonstrates that the “nano-in.micro” DPI can
maintain its quality for an extended period. According to ICH guidelines, further stability
investigations are required, such as a test of the final package.
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