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ARTICLE INFO ABSTRACT

Keywords: Pulmonary drug administration provides a platform for the effective local treatment of various respiratory dis-
Dry powder inhaler eases. Application of nano-sized active ingredients results in higher bioavailability because of their large specific
Meloxicam

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 um, 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 pm 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.

Nano spray-drying

Andersen cascade impactor
Aerodynamic particle counter
A549 cell line

1. Introduction range is aerodynamic particle diameter between 1 and 5 pm. To reach

the deeper lung parts, particles 0.5-1.5 um in size are ideal, because of

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 (Potocnik, 2011). Pharmaceutical nanoparticles are
defined as individual particles with a size below 1 ym. Typically a mean
particle diameter between 200 and 500 nm is applied (Keck and Miiller,
2006), (Scherliel 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
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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 um) 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; ScherlieB 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 (Pomazi 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; ScherlieB 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
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producing particles under 2 pm 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 ZrOy 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 Biichi Nano Spray Dryer equipped with a small
nebulizer (Biichi Nano Spray Dryer B-90 HP, Biichi, 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 (8) Yield (%)
nano[MX1_PVA LEUO] 2.00 0.45 0.00 61.44 + 3.34
nano[MX1_PVA _LEUO.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 LEUO] 2.00 0.45 0.00 -
pm[MX1_PVA_LEUO0.5] 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 KA1 radiation (A=1.5406 [o\). 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,
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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 1/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/1 CaCl2, 0.1391 g/1 NaH2PO4, 0.37 g/1 glycine, and 5.56 ml/1
0.1 M H2S04) (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 pm, 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
pg/ml (n = 4). The LOQ of MX was evaluated to be 1.147 ug/ml (n = 4).

2.2.11. Invitro 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 (Frohlich 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 (Pomazi, 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 pm, 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 (Frohlich 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 um, its thickness was
0.75 pym. The diffusion surface was 0.785 cm®. 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.,
Kozarmislény, 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 pg/ml (n = 4).
The LOQ of MX was calculated to be 2.421 pg/ml (n = 4).

The flux (J) [ug/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)):

m
- 1
Axt M
The permeability coefficient (Kp) [cm/h] was determined as a ratio
of flux and the MX concentration in the donor phase [ug/cm3] (Eq. (2).):
J

Kp = cd 2

2.2.13. Invitro 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 1/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 1 inhalation volume. Breezhaler®‘s single-dose devices
(Novartis International AG, Basel, Switzerland) were applied, with

Sampling port for
real-time analysis

Tube to/from the
heat circulator
Membrane
| A=0.785 cm? | |

N I 4
@)
(_ Water jacket

—_—— (37°C)
Direction of the diffusion

Magnetic
stirrer

30 mm

Donor chamber (V=9 ml) Acceptor chamber (V=9 ml)

Fig. 1. The schematic set-up of the horizontal diffusion cells.
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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 pm 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

Breath simulator

Q
] Q, \ /
Mixi
&) Filter “_I]T;g
Qs
!
Pump
1 Isokinetic
sampling
Flow Filter
controller
Q,
APS

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 pm, 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 1/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 cm®, 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 1/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 N1/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
(Frohlich 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 x 104 cells/well. The cells were treated with either MX or
nano[MX1_PVA_LEUO] or nano[MX1_PVA_LEUO.5] or nano
[MX1_PVA_LEU1]. The maximum concentration of the tested com-
pounds was 0.1 mg/ml. Furthermore, 5 pg/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 pl 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 (Virok et al., 2017). Cell viability was
concluded based on the following formula: 100 — ((ODsample — ODmedium
control)/ (ODCell control — ODmedium control)) x 100.
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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 pg/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 x 106 cells/well and treated with 0.1 mg/ml
of MX and 5 ug/ml of LPS or 0.1 mg/ml of nano[MX1_PVA LEUO] and 5
pg/ml of LPS or 0.1 mg/ml of nano[MX1_PVA _LEUO0.5] and 5 pg/ml of
LPS or 0.1 mg/ml of nano[MX1_PVA LEU1] and 5 pg/ml of LPS or 5 pug/
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 ug 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).

gPCR 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-
(AACt) method. One-way analysis of variance with repeated measures
(ANOVA RM) and planned comparisons was used to compare statistical
differences in log2(AACt) values between infected and control samples,
as described previously, with a level of significance of P < 0.05 (Hel-
lemans et al., 2008).

Engyme-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 pm), 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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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] (pm) D[0.5] (pm) D[0.9] (pm) Span SSA (m?/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_LEUO] 0.441 + 0.004 1.168 + 0.004 6.770 + 1.722 5.422 + 1.488 6.600 + 0.028
nano[MX1_PVA _LEUO0.5] 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

between 1 and 1.5 pm. The result was correlated to our initial aim,
which was to produce particles below 2 pm. The geometric diameter of
spray-dried MX1_PVA_LEUO was around 1.17 pm. 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
(Glinski 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).

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) Pdl Zeta potential (mV)
suspension[MX PVA] 359.75 £ 12 0.340 + 0.057 —23.70 + 0.85
nano[MX1_PVA LEUO] 676.70 + 47 0.543 + 0.055 —21.35 £ 5.27
nano[MX1_PVA _LEUO0.5] 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

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_LEUO], 838
+ 307 of nano[MX1 _PVA_LEUO0.5] 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_LEUO], nano[MX1_PVA -
LEUO.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).
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Fig. 3. SEM pictures of the spray-dried samples: A: nano[MX1_PVA_LEUO], B: nano[MX1_PVA_LEUO0.5], C: nano[MX1 _PVA LEU1].
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Fig. 4. XRPD results of the raw materials, (PVA, LEU, and MX), the physical mixtures (pm[MX1_PVA_LEUO], pm[MX1_PVA_LEUO.5], and pm[MX1_PVA_LEU1]), and
the nano spray-dried samples (nano[MX1_PVA_LEUO], nano[MX1_PVA LEUO0.5], and nano[MX1_PVA LEU1]).
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Fig. 5. DSC curves of the raw materials, (PVA, LEU, and MX), the physical mixtures (pm[MX1_PVA_LEUO], pm[MX1_PVA_LEUO.5], and pm[MX1_PVA _LEU1]), and
the nano spray-dried samples (nano[MX1_PVA_LEUO], nano[MX1_PVA LEUO.5], and nano[MX1_PVA LEU1]).

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 (Bohm
and Miiller, 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)
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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_LEUO] 2.025 + 0.062
nano[MX1_PVA_LEUO0.5] 1.501 + 0.002
nano[MX1_PVA LEU1] 1.581 + 0.029

w
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Solubility (mg/ml)
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|

Fig. 6. Solubility results of the initial drug (MX), and the prepared samples
(nano[MX1_PVA_LEUO], nano[MX1_PVA_LEUO0.5], and nano[MX1_PVA -
LEU1]). Data are means + SD (n = 3 independent measurements). Level of
significance: *p < 0.05).

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 4+ 11.55% of the MX was released from the nano
[MX1_PVA_LEUO], 71.82 4 1 2.04% from the nano[MX1_PVA_LEUO0.5],
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
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Fig. 7. In vitro dissolution results of the active ingredient (MX), the physical
mixtures (pmMX1_PVA_LEUO, pmMX1_PVA_LEUO.5, and pmMX1_PVA_LEU1),
and the prepared samples (nano[MX1_PVA_LEUO], nano[MX1_PVA _LEUO.5],
and nano [MX1_PVA _LEU1]). Data are means + SD (n = 3 independent
measurements).
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Fig. 8. In vitro dissolution results of the active ingredient (MX), the physical
mixtures (pmMX1_PVA_LEUO, pmMX1_PVA_LEUO.5, and pmMX1_PVA_LEU1),
compared to the spray-dried samples (nano[MX1 _PVA_LEUO], nano
[MX1_PVA_LEUO.5], and nano[MX1_PVA_LEU1]). Data are means 4+ SD (n = 3
independent measurements). Level of significance: *p < 0.05), **p < 0.01).

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 pg/cmz) if we take into
consideration that the total surface of the lung is around 100 m? (Das
and Stewart, 2016). The products showed a significantly increased flux
(J) and permeability coefficient (Kp) compared with the raw materials
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Fig. 9. Invitro permeability results of meloxicam (MX), the physical mixtures (pmMX1_PVA_LEUO, pmMX1_PVA_LEUO.5, and pmMX1_PVA_LEU1), and the prepared
samples (nanoMX1_PVA_LEUO, nanoMX1_PVA _LEUO.5, and nanoMX1_PVA _LEU1). Data are means + SD (n = 3 independent measurements).
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Fig. 10. The flux (J) and the permeability coefficient (K;) results of meloxicam
(MX), the physical mixtures (pmMX1_PVA LEUO, pmMX1 _PVA _LEUO.5, and
pmMX1 _PVA LEU1), compared to the spray-dired samples (nano-
MX1_PVA_LEUO, 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).).
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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_LEUO 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_LEUO.5 and nanoMX1_LEU1 are pref-
erential. The MMAD values were between 1.2 and 1.3 um. 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

mm MX

=3 nano[MX1_PVA_LEUO0]
=3 nano[MX1_PVA_LEU0.5]
= nano[MX1_PVA_LEU1]

e

1%

capsule device induction port -1 0
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Fig. 11. In vitro aerodynamic distribution of the raw active ingredient and the gsamples at a flow rate of 60 1/min (MX, nano[MX1 _PVA _LEUO], nano
[MX1_PVA_LEUO.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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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 FPF by size ~ FPFbystage  EF (%)
(pm) (%) (%)

nano 2.151 + 62.62 + 65.93 + 30.50 +
[MX1_PVA_LEUO] 0.106 0.201 0.226 1.131

nano 1.344 + 86.16 + 86.99 + 58.77 +
[MX1_PVA_LEUO0.5] 0.231 2.327 2.086 11.06

nano 1.265 + 94.45+ 94.91 + 80.90 +
[MX1_PVA _LEU1] 0.072 0.883 0.812 10.97

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 um (Table 6). These results also corresponded to
the definition of extra-fine particles (d < 2 um) (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_LEUO], nano[MX1_PVA_LEUO.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

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 (um) 0.989 + 0.038 1.235 + 0.044 1.355 + 0.042

Mean (um) 1.038 £+ 0.035 1.268 + 0.041 1.388 + 0.038

Geometric Mean (um) 0.986 + 0.030 1.210 + 0.039 1.330 + 0.041

Mode (um) 1.039 + 0.059 1.290 + 0.073 1.185 + 0.466

Geometric Standard 1.378 4+ 0.010 1.368 + 0.017 1.355 + 0.026
Deviation

10
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Fig. 12. Cell viability assay of substances on A549 cell line. A549 cells were
treated with MX or nano[MX1_PVA_LEUO] or nano[MX1_PVA_LEUO0.5] 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).
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Fig. 13. Relative expression of IL-6. A549 cells were treated with 0.1 mg/ml
nano[MX1_PVA_LEUO] and 5 ug/ml LPS or 0.1 mg/ml nano[MX1_PVA_LEUO.5]
and 5 pug/ml LPS or 0.1 mg/ml nano[MX1_PVA_LEU1] and 5 pg/ml LPS or 0.1
mg/ml MX and 5 pg/ml LPS or 5 ug/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).

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
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Fig. 14. Concentration of IL-6 in cell supernatants. Cells were treated with 0.1
mg/ml nano[MX1 PVA LEUO] and 5 pg/ml LPS or 0.1 mg/ml nano
[MX1_PVA_LEUO.5] and 5 pg/ml LPS or 0.1 mg/ml nano[MX1_PVA LEU1] and
5 ug/ml LPS or 0.1 mg/ml MX and 5 pg/ml LPS or 5 pg/ml LPS or left untreated
for 48 h. IL-6 concentration was measured via ELISA. Each bar denotes the
mean standard deviation for triplicate measurements. Level of significance: *p
< 0.05).

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 pm. 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 pg/cm?/h). LEU-containing samples showed
outstanding aerodynamic properties during the in vitro aerodynamic
measurements: FPF around 90%, and MMAD around 1 pm. 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
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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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