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Abstract: Background/Objectives: Respiratory bacterial infections remain a significant
global health challenge, with effective drug delivery to the lungs being crucial for suc-
cessful treatment. This study aimed to develop a lactose-free dry powder inhaler (DPI)
formulation containing azithromycin (AZM) microparticles for enhanced pulmonary deliv-
ery. Methods: Using a quality-by-design approach, an optimized formulation (4% AZM,
20% leucine, and 76% mannitol) was achieved. Results: The formulation demonstrated
excellent aerodynamic properties with a mass median aerodynamic diameter (MMAD) of
2.72 pm = 0.01 pum and fine particle fraction (FPF) (<5 pm) of 65.42% =+ 5.12%. AZM-loaded
microparticles exhibited enhanced efficacy against Pseudomonas aeruginosa with a two-
fold reduction in the minimum bactericidal concentration (7.81 pg/mL vs. 15.62 pg/mL)
compared to unprocessed AZM, while maintaining activity against Streptococcus pneu-
moniae. AZM microparticles demonstrated good biocompatibility with red blood cells
and bronchial epithelial cells at therapeutic concentrations. Conclusions: These findings
establish a promising lactose-free antibiotic formulation for targeted pulmonary delivery
with enhanced antimicrobial efficacy.

Keywords: azithromycin; dry powder inhaler; lactose-free; microparticles; pulmonary
drug delivery

1. Introduction

The lung is the most frequent site of bacterial infection, bearing in mind the great
exchange area available between the environment and the internal milieu [1]. Respiratory
diseases affect the upper and lower airways, nasal passages, bronchi, and lungs. Lower
respiratory infections due to bacteria such as Pseudomonas aeruginosa, which is mainly
responsible for pulmonary exacerbation in the cystic fibrosis (CF) population, and other
microorganism, such as Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus influen-
zae type b, influenza, respiratory syncytial virus and now also the SARS-CoV-2 virus, are a
leading cause of morbidity and mortality around the world [2].
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Antibiotics such as macrolides are widely used in the treatment of lung infections.
The drug of choice among macrolides is azithromycin (AZM), a second-generation, broad-
spectrum antibiotic effective against a broad range of bacterial and mycobacterial infections.
It also possesses anti-inflammatory, immune-modulatory, and antiviral properties, which
are of potential interest for treating the SARS-CoV-2 virus. Its broad antibacterial spectrum,
exceptional pharmacokinetics, and immune-modulatory effects contribute to its efficacy in
managing conditions such as acute bacterial sinusitis and community-acquired pneumo-
nia. AZM'’s ability to penetrate tissues extensively and sustain its presence enhances its
therapeutic impact, making it a valuable option for respiratory tract infections [3,4].

However, the oral and parenteral administration of AZM results in high systemic
antibiotic concentrations not only in the respiratory tract but also in the rest of the body,
which can trigger toxicity, especially in immunocompromised patients. For example, oral
and intravenous administration of broad-spectrum antibiotics also disrupts the normal
gut flora, increases the risk for secondary infections such as Clostridium difficile, and may
promote drug resistance [5]. Hence, inhalation would be an ideal route of administration for
the treatment of bronchial infections. In clinical practice, most drugs are not designed to be
administered by inhalation. Innate pulmonary defences can effectively eliminate antibiotic
particles delivered via inhalation, particularly if these particles are not optimally formulated
for this route [6]. Microencapsulation addresses these challenges by encapsulating AZM
in biocompatible polymers, which help to protect the drug from degradation, control its
release rate, and improve its aerosolization properties. This strategy has shown potential
in enhancing the local delivery of AZM directly to the lungs, allowing for a targeted and
efficient treatment of infections in the lower respiratory tract [7,8].

Dry powder inhalers (DPIs) are a significant advancement in inhaled drug therapy,
offering a stable and efficient method for delivering medication directly to the lungs.
Unlike nebulizers and pressurized metered-dose inhalers (pMDIs), DPIs deliver drugs in a
dry powder form, which can be advantageous in terms of stability and ease of use. The
effectiveness of DPIs is largely dependent on the formulation of the powder and the design
of the inhaler device, which together ensure that the drug is adequately dispersed and
delivered to the target site in the respiratory tract. DPIs are breath-actuated. Therefore, it is
not necessary to synchronize inhalation with actuation, facilitating patient compliance and
inhaler efficacy [9,10].

Lactose has been the most commonly used carrier in DPIs due to its excellent flow
properties, stability, and compatibility with a wide range of drugs [11]. However, lactose-
based DPIs have several limitations. The Maillard reaction, a chemical reaction between
lactose and drugs, can lead to the formation of potentially harmful compounds [12,13].
Additionally, lactose can cause hypersensitivity reactions in some patients, and its use is
contraindicated in individuals with lactose intolerance [14]. The development of lactose-
free DPIs has focused on identifying alternative carriers that can mimic the flow and
dispersion properties of lactose while avoiding its limitations.

Mannitol, a sugar alcohol, has been widely studied as a lactose-free carrier. It is a
mucolytic agent and can enhance the aerosolization properties of DPIs. Mannitol-based
DPIs have shown improved fine particle fractions and higher lung deposition compared
to lactose-based DPIs [15-17]. Leucine, an amino acid, has been used in combination
with other carriers to enhance the physicochemical and aerosolization properties of DPIs.
Leucine-based DPIs have shown improved flowability and dispersion, leading to higher
lung deposition [18-20]. Also, the co-spray drying of mannitol with leucine can enhance
aerosolization performance, suggesting that mannitol-leucine combinations can serve as
effective carriers in lactose-free DPI formulations [15]. These findings indicate that leucine
and mannitol are promising alternatives to lactose in DPI formulations, offering improved
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stability, performance, and aerosolization properties while mitigating the risks associated
with lactose use.

This work aims at developing a lactose-free DPI formulation containing AZM that
delivers the drug directly to the site of action, improving lung deposition and controlling
its release to decrease body toxicity and increase efficacy compared to other oral and
intravenous treatments for acute lung infections. Hence, microencapsulation in suitable
carriers could allow for an optimal lung deposition targeting an aerodynamic particle
size between 1 pm and 5 pm. This work aimed to develop a DPI based on lactose-free
microparticles loaded with AZM to target lung infections more efficiently. A quality-by-
design approach was applied to investigate the effect of different excipients on particle size
and yield. An extensive physicochemical and biological characterization was performed.

2. Materials and Methods
2.1. Materials

AZM with a purity of >95% was bought from Kemprotec (Cumbria, UK), D(—)-
mannitol was acquired from Merck Millipore (Darmstadt, Germany), and leucine (98%
purity) was bought from Sigma Aldrich (Madrid, Spain). Phosphoric acid (85%) (H3PO4)
and sodium hydroxide (NaOH) were bought from Panreac S.A. (Barcelona, Spain). HPLC
grade solvents were used. All other chemicals were of reagent grade and were used without
further purification.

2.2. Methods
2.2.1. Design of Experiments (DoE)

A quality-by-design approach was used to find the optimal ratio between excipients
and AZM. The software Design Expert® version 10.0 (M/s Stat-Ease, Minneapolis, MN,
USA) was employed for factor screening. A two-factor, twenty-run design was employed
to perform the screening of several process and formulation parameters. Two numerical
factors affecting the development of the AZM DPI formulation were selected: (i) the
amount of AZM between 1.0% and 13.1%, and (ii) the amount of leucine ranging between
10.0 and 23.4%. This design has the specific advantage of requiring a minimal number of
experiments (n = 20), including a large number of levels per factor [21]. The resulting
models were analysed to determine the main effects on yield and the percentage of particles
between 1 um and 5 pum, which were visualized using 3D surface plots to illustrate the
influence of each factor.

Microparticles were prepared from an aqueous suspension (4% w/v, 1 g/250 mL)
consisting of AZM (1-13.1%; w/w) and leucine (20% w/w) based on the DoE matrix (Table 1).
The amount of mannitol (ranging from 70 to 90%; w/w) was adjusted to complete 100%
(1 g batch size). All components were mixed previously using a magnetic stirrer for 1 h
before spray drying in a Biichi B191 Mini Spray Dryer (Btichi Labortechnik AG, Flawil,
Switzerland) using a high-efficiency cyclone in an open mode. The 125 °C inlet temperature,
5 mL/min solution feed rate (equivalent to 10%), 800 NL/h flow rate, and 100% aspirator
force were kept constant. The suspension was stirred continuously at 300 rpm using a
magnetic stirrer during spray drying to maintain homogeneity.

Once the suspension was spray-dried, the particles were collected, and the follow-
ing two (2) responses were evaluated: yield and geometric particle size. The yield was
calculated using Equation (1):

Weight of collected powder

Yield(%) = 100% 1
feld(%) Weight of solutes in the initial feed solution x 100% @
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Table 1. DoE matrix including dependent and independent factors.

Percentage of Particle Size

Experiment AZM (%) Leucine (%) Yield (%) in the Range Between
1 and 5 um (%)

1 1.0 10.0 33.0 65.6
2 10.0 10.0 30.0 58.1
3 1.0 20.0 323 66.5
4 10.0 20.0 31.0 59.9
5 5.5 15.0 - 59.9
6 1.0 15.0 20.0 -

7 13.1 15.0 33.2 58.5
8 5.5 6.6 40.7 67.4
9 5.5 23.4 59.8 66.6
10 5.5 15.0 44.8 66.1
11 5.5 15.0 48.0 65.3
12 5.5 15.0 52.0 65.9
13 5.5 15.0 51.0 66.8
14 5.5 15.0 49.5 66.2
15 5.5 15.0 42.0 65.5
16 1.0 10.0 44.0 69.1
17 10.0 10.0 38.5 63.7
18 1.0 20.0 41.7 66.8
19 10.0 20.0 30.0 61.4
20 5.5 15.0 35.0 63.9

The particle size distribution based on geometry was analyzed through laser diffraction
utilizing a Malvern® Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, UK). To
disperse the AZM microparticles, a Scirocco dry powder feeder was employed, operating
at a pressure of 3 bar with a vibration feed setting of 75%, targeting an obscuration range
between 0.5% and 3%. The findings were presented as the median particle diameter (D50)
and the proportion of particles falling within the 1 pm to 5 pm size range.

Drug loading and drug encapsulation

High-performance liquid chromatography (HPLC) was carried out using a Varian
Prostar 230 solvent delivery system, accompanied by a Varian Prostar 410 autosampler
and a Varian Prostar 310 UV-visible detector (Varian®, Palo Alto, CA, USA). Chromato-
graphic data were acquired and analyzed using the Galaxie Chromatography Data System
(Varian®, CA, USA). The separation of AZM was achieved using a Thermo Scientific BDS
Hypersil C18 reverse-phase column (250 mm X 4.6 mm, 5 pm particle size). A previously
validated HPLC method by Al-Hakkani et al., 2019 [22]. The mobile phase consisted of
phosphate buffer (0.2 M KH,PO,, pH 8) and methanol in a 1:10 volume ratio at a flow
rate of 1.2 mL/min, injection volume of 50 uL, and the detector set at 210 nm. A linear
calibration curve for unprocessed AZM was established within the concentration range of
50 pg/mL to 800 pg/mL, yielding a correlation coefficient of R? = 0.989 and the regression
equation y = 0.0356x — 0.0154.

Drug loading (DL) and encapsulation efficiency (EE) of AZM were determined
(Equations (2) and (3), respectively). For this analysis, approximately 5 mg of the powdered
formulation (n = 3) was accurately weighed, suspended in 1 mL of the mobile phase, and
analyzed using HPLC.

Weight of AZM

DL (%) = Weight of powder formulation x 100 @)
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Total AZM encapsulated
Total AZM content

Morphology and particle size characterization

The average particle size in aqueous suspension (5 mg/mL concentration), along

EE(%) = % 100 3)

with polydispersity index and zeta potential, was assessed using a Zetasizer instrument
(Malvern Instruments, Malvern, UK). Particle size and polydispersity measurements were
conducted at a 90° scattering angle and maintained at a temperature of 25 °C. Prior to
sample analysis, 100 nm polystyrene standards were measured to validate the system, and
the results aligned with the expected particle size of the standards [23].

Imaging was performed using a Transmission Electron Microscope (TEM) (JEM 1400
plus, JEOL, Tokyo, Japan), operating with an acceleration voltage between 40 kV and 120 kV.
To prepare the samples, a droplet of the aqueous dispersion (5 mg/mL) was deposited
onto a grid coated with Formvar and carbon. Excess liquid was carefully removed using
Whatman No. 1 filter paper. The specimens were then subjected to negative staining with a
1% w/v solution of phosphotungstic acid. Image acquisition was carried out using an AMT
digital camera [24].

2.2.2. Solid State Characterization

Morphology

The shape and structure of the spray-dried optimized microparticulate formulations
were examined using Scanning Electron Microscopy (SEM) (JSM 6335F JEOL, Tokyo, Japan)
with a secondary electron detector operating at 15 kV. Samples were coated with a thin layer
of pure gold using a metallizer before analysis (Q150RS Metalizador QUORUM, Quorum
Technologies Ltd., Lewes, UK) under vacuum conditions for 180 s [25].

Powder X-Ray Diffraction (pRXD)

X-ray diffraction analysis of the powder was performed using a Philips®X'Pert-MPD
X-ray diffractometer (Malvern Panalytical®; Almelo, The Netherlands) with Ni-filtered Cu
K radiation (1.54). The analysis was conducted at 40 kV and 40 mA. The PXRD patterns
were recorded with a step scan rate of 0.05°/s, covering a range from 5° to 40° on the
2-theta scale (n = 3). For comparative analysis, physical mixtures containing the active
pharmaceutical ingredient and excipients were prepared by grinding in an agate mortar
and pestle [26].

Fourier-Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared (FTIR) analysis was conducted on a Nicolet Nexus
670-870 instrument (Thermofisher, Madrid, Spain). The analysis covered wavelengths
from 400 cm~! to 4000 cm ! with a 1 nm step scanning resolution. The resulting spectral
data were analyzed using Spectragryph software (version 1.2.9, Oberstdorf, Germany), and
normalization of the data was performed [27].

Differential Scanning Calorimetry (DSC) coupled with Thermogravimetric Analysis (TGA)

Thermal behavior was analyzed using simultaneous differential scanning calorimetry
and thermogravimetric analysis (DSC-TGA) with an SDT Q600 system (TA Instruments, El-
stree, UK), employing nitrogen as the purge gas. Approximately 5-6 mg of each powdered
sample was subjected to a standard heating protocol, increasing the temperature from
25 °C to 400 °C at a rate of 10 °C per minute. Indium was used to calibrate the calorimeter
as the reference material. The reported glass transition temperatures correspond to the
midpoint of the thermal transition (n = 3) [28].

2.2.3. In Vitro Haemolysis Assay

Haemolysis studies were conducted with red blood cells (RBCs) to evaluate the
formulation’s toxicity profile. Blood samples were collected from a healthy 29-year-old
male volunteer in EDTA-coated Vacutainers® (K2-EDTA, BD Vacutainer® tubes, Becton
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Dickinson and Co., Franklin Lakes, NJ, USA), following ethical guidelines approved by
Universidad Complutense de Madrid (Madrid, Spain). The experiment was performed as
previously described [29]. Microparticles, excipients, and active pharmaceutical ingredients
(APIs) were suspended in phosphate-buffered saline (PBS, 1X, pH 7.4) to prepare a series
of eight serial dilutions, with AZM concentrations ranging from 200 pug/mL to 1.65 pg/mL
(20 pL per well, performed in triplicate) (See Figure 1). For controls, 20% w/v Triton®
X-100 (Sigma-Aldrich Co., St. Louis, MO, USA) was used as the positive control, while
PBS (1X, pH 7.4) served as the negative control, with both added at 20 puL per well. The
samples were incubated at 37 °C for 1 h in a controlled incubator (Memmert GmBH + Co.,
Schwabach, Germany). After incubation, the plates were centrifuged at 1500 rpm for 5 min
to pellet the intact erythrocytes. A 100 uL aliquot of the supernatant was then transferred
to a transparent, flat-bottom 96-well plate. Absorbance was measured at 570 nm using
a BioTek ELx808 microplate reader. Hemolysis percentage was calculated based on the
corresponding Equation (4):

ABS1 — ABS2

/O HaemolySlS == m X

100 4)
where ABS1 sample represents the absorbance of the sample, ABS2 is the absorbance of
the negative control, and ABS3 is the absorbance of the positive control. Compusyn™
v1.0 was used to calculate the concentration needed to produce 50% haemolysis (HCsg)
(Combosyn Inc., Paramus, NJ, USA).

Blood collected and centrifuged _Erythrocytes were washed three
times to a final concentration of 4%
e T PP P \
N 1
b= S— ' 8 ]
oo \ ' ~ E A : N ' .
\ ;" 4 [ Plasma ' '
£ E — Erythrocytes + PBS
/ ! Centrifuge \ \
8 f D ] — Buffy coat | ( |
. : )/
\\9/‘ ; ' ' ) s
N 4 H '
1 : [~ Erythrocytes !
o - | o . ,
R ] ' PR
LW ! Whole blood ! - 180 uL () +20 L (#)
- Bom o ms e e ' Incubated
S 4 @37°C-1hn) (*): Erythrocytes 4%

(#): AZM concentrations or control

o

No )
haemolysis : Haemolysis
=]

Plate reader at 570 nm

Figure 1. Haemolysis methodology representation.

2.2.4. Antibacterial In Vitro Assay

The antimicrobial activity of the formulations was assessed against two bacterial
strains, Streptococcus pneumoniae (NCTC 12977) and Pseudomonas aeruginosa (CECT 110),
obtained from the Spanish Type Culture Collection (Collection Espafiola de Cepas, Valencia,
Spain). The minimum inhibitory concentration (MIC) was determined using the broth
microdilution method in 96-well microplates, following the guidelines provided by the
Clinical Laboratory Standards Institute (CLSI) and conducted in triplicate (n = 3). AZM
stock solutions were initially prepared at 500 ug/mL and subjected to a series of twelve
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twofold (1:1 v/v) serial dilutions using Mueller-Hinton Broth (MHB) to ensure consistent
AZM concentrations across all test samples.

To prepare the bacterial inoculum, cultures were separated from their growth media
via centrifugation at 3000 rpm for 5 min. The supernatant was discarded, and the bacterial
pellets were washed, resuspended, and diluted in 0.9% saline solution to adjust the turbidity
to 0.5 McFarland standard at 600 nm. Then, 100 uL of the bacterial suspension, containing
approximately 5 x 10° colony-forming units (CFU/mL), was dispensed into each well
and mixed with 100 pL of the corresponding AZM dilution. The plates were incubated at
37 °C for 18 to 20 h. Sterile broth was used as a negative control, while broth inoculated
with bacteria but without AZM served as the positive growth control. The antimicrobial
effect was evaluated by measuring the optical density at 600 nm using a Victor™ X3 2030
Multilabel Reader (Perkin Elmer, Waltham, MA, USA). The MIC was identified as the lowest
AZM concentration that inhibited visible bacterial growth. To determine the minimum
bactericidal concentration (MBC), 100 uL from each well was transferred to Mueller-Hinton
agar (MHA) plates and incubated at 37 °C for 18 h. The MBC was identified as the lowest
concentration that completely inhibited bacterial colony formation.

2.2.5. In Vitro Lung Deposition

Aerodynamic performance was evaluated using a Next Generation Impactor (NGI;
MSP Corporation, Shoreview, MN, USA), which was connected to an HCP5 vacuum pump
(Copley Scientific, Nottingham, UK) through a TPK 2000 critical flow controller (Copley
Scientific, Nottingham, UK). The NGI setup included seven stainless steel collection stages,
a stainless-steel induction port, and a micro-orifice collector (MOC). To minimize particle
rebound and improve deposition accuracy, the collection cups were pre-coated with a 2%
(w/v) solution of Tween 20 in ethanol, which was allowed to dry completely before testing.
Airflow was adjusted to 60 L/min using a TSI 4000 Series Mass Flow Meter 4040 (TSI
Incorporated, Shoreview, MN, USA), simulating a 4 s inhalation corresponding to a total
inhaled volume of 4 L.

For aerosol performance testing, hydroxypropyl methylcellulose capsules (size No. 3)
containing 25 + 1 mg of the formulation (1 = 3) were inserted into a Handihaler® device
(Boehringer, Ingelheim am Rhein, Germany). The HandiHaler® was chosen due to its
widespread clinical use and standardization in pulmonary drug studies. It provides
consistent airflow (60 L/min) compatible with NGI measurements and simulates the
inspiratory flow rate of adult patients. Additionally, it enables reproducible capsule-based
dosing, which is essential during preclinical aerodynamic testing [30,31].

The deposited formulation in each NGI compartment was quantified using the previ-
ously established HPLC method. The mass median aerodynamic diameter (MMAD) and
fine particle fraction (FPF, defined as particles smaller than 3 pm and 5 pm) were used to
characterize in vitro deposition behavior. MMAD was calculated by plotting cumulative
particle mass percentages versus aerodynamic diameters on log-probability graphs using
data from all NGI stages. The FPF was determined as a percentage of the total emitted
dose, calculated by comparing the mass of AZM deposited on specific impactor stages to
the overall emitted amount. Stage cut-off diameters were defined according to the criteria
set by Marple et al. (2003) [32].

2.2.6. In Vitro Cell Culture Assays

Cell Culture Conditions
Human bronchial epithelial Calu-3 cells, obtained from ATCC (No. HTB-55, Lot.
61449062), were cultured in DMEM/F-12 with glutamine supplemented with 10% Fetal
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Bovine Serum (FBS) and 1% penicillin/streptomycin. The cells were maintained at 37 °C in
a humidified incubator with 5% CO,.

Cell Viability Assay

Cell viability was assessed using the MTT assay. Calu-3 cells were plated at a density
of 3.0 x 10* cells per well. The cells were exposed to AZM (from 0.10 pg/mL to 50 ug/mL)
for 24 h. A 5% Triton-X solution was used as a positive cytotoxic control. Following
treatment, 100 uL of MTT solution (5 mg/mL) was added to each well, and the cells were
incubated for 4 h in the dark. The resulting formazan crystals were solubilized using
isopropyl alcohol. Absorbance measurements were taken at 550 nm using a Spectrostar
BMG microplate reader (BMG LABTECH, Ortenberg, Germany). Cell viability percentages
were calculated relative to untreated cells, which were considered to have 100% viability.
MTT assays were performed in triplicate.

2.2.7. Statistical Analysis

The statistical data analysis was conducted using a one-way ANOVA test with Minitab
v.19 software (Minitab Ltd., Coventry, UK), followed by Tukey’s test at a 95% significance
level. The results were visualized and graphed using Origin 2021 software (OriginLab
Corporation, Northampton, MA, USA).

3. Results
3.1. DoE and Optimization of AZM Formulation

The factors and responses evaluated in the DoE are shown in Table 1. Previous
studies for microparticle optimization encapsulating antimicrobial drugs have shown
that responses most impacted during the spray drying process were yield and particle
size [33-35]. Yield was improved when high amounts of leucine and intermediate amounts
of AZM were co-spray dried (Figure 2(A1,A)). Regarding the geometric particle size, only
the percentage of AZM played a significant role, while the amount of leucine was not
significant. A linear model correlated the amount of AZM with the particle size. The lower
the AZM amount, the higher the percentage of microparticles exhibiting a particle size
ranging from 1 pm to 5 um (Figure 2(B1,B,)).

Optimization studies focused on maximizing the yield as well as the percentage
of microparticles within the 1-5 um range. To balance both responses, the predicted
optimal formulation consisted of 4% AZM, 20% leucine, and 76% mannitol. The optimal
formulation was spray-dried using an airflow rate of 800 NL/h, a solution feed rate of
10% (equivalent to 5 mL/min), an inlet temperature of 125 °C, and an aspiration rate of
100%. Validation studies showed that both the yield and particle size were within the 95%
confidence intervals. The yield obtained in the optimised formulation was 44.1% £ 5.2%
with a percentage of particle size between 1 and 5 pm of 66% = 4.8%.
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Figure 2. Influence of AZM and leucine on the yield and particle size. Key: (A1,A;) yield (%) and
(B1,By) particle size (um).

3.2. Microparticle Characterization

Optimized AZM microparticles showed a drug loading of 2.7% =+ 0.4%, and an
encapsulation efficiency of 69.0% =+ 3.2% (n = 6, with a range of 65.3% to 71.8%). After
reconstitution, the average particle size was 519 nm + 12 nm, and the particles exhibited
a negative zeta potential of —20.5 mV £ 0.6 mV with a polydispersity index (PDI) of
0.38 £ 0.07, indicating good colloidal stability.

The structural appearance of the AZM-loaded microparticles is presented in Figure 3.
The SEM micrographs revealed spherical particles, with the majority within the range from
1 to 5 um in size, with a smooth surface (Figure 3(A1,A;)). Particles below 1 um were
also visualised. After reconstitution in aqueous media, TEM revealed that particles were
dissociated into smaller aggregates below 50 nm (Figure 3(B1,By)).
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Figure 3. Morphological analysis. (A1,Az) SEM and (B1,B,) TEM.

3.3. Solid State Characterization

PRXD and FT-IR analysis

The pXRD analysis of unprocessed mannitol, leucine, and AZM showed Bragg peaks
characteristic of crystalline structures (Figure 4A). Physical mixtures showed peaks at-
tributed to 3-mannitol, AZM, and leucine. However, no Bragg peaks were observed after
spray drying, attributed to the amorphous nature of the AZM-loaded microparticles (AZM-
MP). FT-IR analysis of AZM-MP revealed a shift in the N-H/O-H stretching at 3400 cm !
compared to the physical mixture, which is attributed to the leucine functional groups. The
observed peak shifts indicate the presence of hydrogen bonding interactions involving the
amino groups of leucine, the carbonyl group of AZM, and the hydroxyl groups of mannitol
(at 1420 cm™1). These spectral changes were more pronounced in the formulations than
in the physical mixtures or raw components, strongly supporting the occurrence of inter-
molecular hydrogen bonding within the prepared formulations (Figure 4B). The peak in
the 1750 cm ! region from the AZM attributed to the cabony group was not present in the
AZM-MP nor the physical mixture, probably due to a dilution effect.
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Figure 4. pXRD analysis (A) and FTIR spectra (B). Key: (a) AZM-MP, (b) Physical mixture, (c) Unpro-
cessed mannitol, (d) Unprocessed leucine, and (e) Unprocessed AZM.

DSC-TGA analysis

AZM dihydrate exhibited a distinct endothermic peak corresponding to dehydration
at 120.4 °C =+ 1.3 °C, followed by thermal decomposition, as shown in Figure 5A. This
observation aligns with thermogravimetric analysis (TGA), which confirmed a significant
water loss occurring at around 120 °C. In the case of unprocessed leucine, a pronounced
endothermic peak was observed at 286.8 °C £ 0.2 °C, with a measured heat of fusion
of 903.7 J/g + 0.2 J/g. TGA results indicated that leucine contains no bound water and
remains thermally stable up to approximately 255 °C. Similarly, unprocessed mannitol
displayed a sharp melting peak at 166.2 °C £ 0.1 °C, along with its corresponding heat of
fusion of 385.5 ] /g £ 0.3 ]/ g characteristic of 3-mannitol, followed by degradation above
300 °C. AZM-MP showed a similar pattern as the physical mixture. The first peak at 166 °C
can be attributed to the melting of 3-mannitol, while the second peak can be attributed to a
depression of the melting point of leucine, followed by degradation. Bearing in mind the
amorphous nature of the AZM-MP in the XRD, it is suggested that an in situ crystallization
of mannitol occurs during the DSC run. The TGA pattern for the AZM-MP did not show
the dehydration of AZM, as water loss probably occurred during the spray drying process.
The AZM-MP exhibited a more sensitive temperature profile than the physical mixture,
starting with a sharp degradation at 200 °C.
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Figure 5. (A) DSC and (B) TGA. Keys: (a) AZM-MP (purple), (b) Physical mixture (green), (c) Unpro-
cessed mannitol (blue), (d) Unprocessed leucine (red), and (e) Unprocessed AZM (black).
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3.4. In Vitro Assessment of Aerodynamic Performance

The in vitro deposition profile of AZM-MP across the NGI stages is detailed in
Figure 6. The percentage of drug recovered was as follows: induction port and mouthpiece
(IP/MA/HI): 23.27% =+ 5.3%; Stage 1: 2.71% =+ 0.5%; Stage 2: 24.35% =+ 2.0%; Stage 3:
25.79% =+ 2.3%; Stage 4: 9.92% + 1.2%; Stage 5: 6.02% =+ 0.9%; Stage 6: 3.61% =+ 0.5%; Stage
7: 2.71% =+ 0.5%; Micro-Orifice Collector (MOC): 1.62% =+ 0.2%.

30
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Figure 6. AZM deposition in different stages of the NGI. Key: (IP/MA /HI) device + mouth adaptor +
induction port (St) stage, and (MOC) micro-orifice collector. Data are expressed as mean %+ SD (1 = 3).

The aerodynamic performance of AZM-MP demonstrated an optimal in vitro depo-
sition with appropriate MMAD (Figure 6). The in vitro deposition profile of AZM-MP
exhibited a fine particle fraction (FPF) <5 um of 65.42% =+ 5.12% and an FPF < 3 pm of
41.59% =+ 4.32%, with an MMAD of 2.72 ym =+ 0.01 pm.

The emitted dose (ED), defined as the percentage of AZM recovered from the NGI
stages (1-7) and the MOC, was calculated as 76.73% =+ 4.4% (n = 3). According to standard
practice, the drug deposited in the induction port is often included in ED calculations [32].
However, in our study, the induction port, mouthpiece, and device chamber were analysed
as a single combined unit (IP/MA /HI), making it impossible to isolate the induction
port fraction. Therefore, to avoid overestimating the ED, the entire IP/MA /HI region
(23.27% =+ 5.3%) was excluded from the calculation. This approach provides a conservative
estimate of the emitted dose while maintaining consistency across all tested samples.

3.5. Antibacterial In Vitro Assay

Both P. aeruginosa and S. pneumoniae demonstrated susceptibility to unprocessed AZM
and AZM-MP formulation, though with differential response patterns (Figure 7). Against
P. aeruginosa (Figure 7A), the AZM-MP formulation exhibited significantly enhanced antimi-
crobial efficacy compared to unprocessed AZM. The minimum bactericidal concentration
(MBC) was determined to be 7.81 pug/mL for AZM-MP, representing a two-fold increase in
potency compared to unprocessed AZM, which required 15.62 pg/mL to achieve equiva-
lent bactericidal effects. In contrast, when tested against S. prneumoniae (Figure 7B), both
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unprocessed AZM and AZM-MP demonstrated comparable antimicrobial activity with

nearly identical dose-response. The MBC was determined to be 7.81 pg/mL for both.
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Figure 7. Antibacterial Efficacy at different AZM concentrations. Keys: (A) P. aeruginosa and

(B) S. pneumoniae.

3.6. In Vitro Haemolysis and In Vitro Cytotoxicity MTT Assay

Figure 8A shows the haemolytic toxicity of AZM-MP and unprocessed AZM across

different concentrations, ranging from 1.6 ug/mL to 200 pg/mL. Both demonstrated

minimal haemolytic activity (<25%) at concentrations up to 200 ug/mL, with haemolysis

decreasing proportionally at lower concentrations. Microencapsulation did not significantly

alter the haemocompeatibility profile of AZM, supporting the safety of the formulation for

pulmonary administration.
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Figure 8. (A) In vitro haemolysis. (B) In vitro cytotoxicity. Data are expressed as mean + SD (1 = 5).

*p <0.05 vs. control and # p < 0.05 vs. formulation. (C) Cell morphology of Calu-3 cells micrographs
with 10 ug/mL and 25 pg/mL AZM concentration for 24 h.
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Figure 8B shows the cell viability of Calu-3 cells after 24 h exposure to the AZM-MP
formulation at concentrations ranging from 0.1 to 50 pg/mL. No significant differences in
cell viability were observed between the AZM-MP formulation and untreated cells. Cell vi-
ability remained above 90% across all AZM concentrations. Additionally, no morphological
changes were observed in cells treated with the AZM-MP formulation (Figure 8C).

4. Discussion

The development of lactose-free DPI loaded with AZM represents a significant ad-
vancement in pulmonary drug delivery systems for respiratory infections. This study
successfully demonstrates that mannitol-leucine combinations can effectively replace lac-
tose as carrier excipients while maintaining excellent aerodynamic performance. When
comparing our formulation with electrospray excipient-free azithromycin microparticles
reported by Arauzo et al. (2021) [36], several parallel outcomes emerge despite the different
technological approaches. Both systems achieved particles within the optimal respiratory
deposition range (MMAD 2.72 um vs. 2.5 um) and demonstrated excellent biocompatibility
with Calu-3 bronchial epithelial cells. Both studies confirmed antimicrobial efficacy against
P. aeruginosa, while our formulation showed enhanced potency with a two-fold reduc-
tion in MBC values. Our haemolysis assays further validated the safety profile, showing
minimal erythrocyte damage even at concentrations up to 200 pg/mL, well above the
therapeutic range.

Polymers for the microencapsulation of AZM. This demonstrates that carbohydrate-
based microencapsulation of AZM not only improved the stability of the drug but also
enhanced its aerosolization properties, which are crucial for efficient lung deposition when
delivered via DPIs. The study revealed that these formulations could provide better control
over the particle size and release profile, leading to a more sustained therapeutic effect in
the lungs [8,35].

Our approach shares similarities with co-engineered macrolide-mannitol particles de-
signed to treat bronchiectasis using AZM and mannitol [37]. These formulations exhibited
promising aerosol performance when delivered via a novel high-payload Orbital inhaler
device. Specifically, the co-spray dried formulation containing 50:50 w/w AZM achieved
57.6% £ 7.6% delivery efficiency with an FPF (<6.8 um) of 80.4% =+ 1.1% and minimal
throat deposition (5.3% =+ 0.9%). Our optimized formulation (4% AZM, 20% leucine, and
76% mannitol) represents a further refinement of this concept. The strategic inclusion of
leucine as a surface-active amino acid enhances powder dispersibility and stability, as
evidenced by the excellent aerodynamic properties achieved in our study: FPF (<5 um)
of 65.42% and MMAD of 2.72 pm. These results align with the established role of leucine
in improving the aerosolization properties of spray-dried powders for inhalation. The
beneficial effect of leucine in mannitol-based DPI formulations has been well-documented
in the literature. Yang et al. (2014) [38], demonstrated that a zanamivir/mannitol /leucine
formulation (1/1/3 ratio) achieved an FPF of 41.40% =+ 1.1%, significantly higher than
formulations without leucine (5.43% =+ 1.7%). This substantial improvement highlights
the critical role of leucine as a dispersibility enhancer in DPI formulations, a principle we
successfully applied in our AZM-MP development.

In a related approach, mannitol carrier and drug-carrier composite particles produced
via low-temperature supercritical assisted atomization (LTSAA) with L-leucine showed
enhanced aerosolization properties [39]. The addition of leucine (9.1 mass %) created
corrugated particles with reduced interparticle cohesion and improved flowability. When
applied to beclomethasone dipropionate, this technique increased FPF by 3.4-fold (49.9%
vs. 14.7%) and accelerated dissolution by 15.6 times compared to the unprocessed drug.
While our study utilized spray drying rather than LTSAA, both approaches demonstrate
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how the strategic combination of mannitol and leucine can significantly enhance the
aerosolization performance and dissolution characteristics of poorly water-soluble drugs
for pulmonary delivery.

On the other hand, the acidic microenvironment created by leucine dissolution can
enhance the dissolution rate of poorly water-soluble drugs such as AZM, making the
formulation more effective for inhalation therapy [40]. This dissolution-enhancing effect
likely contributes to the improved antimicrobial efficacy observed against P. aeruginosa, as
the increased local concentration of solubilized AZM can better penetrate bacterial biofilms
and cell membranes. The synergistic effect of leucine’s dispersibility-enhancing properties
and its ability to create favourable dissolution conditions for AZM represents a significant
advantage of our formulation design.

The combination of mannitol and leucine can be engineered to produce particles with
optimal morphology and surface properties, leading to better aerosolization performance
and lung deposition. This synergistic excipient combination allows for precise control
over critical particle characteristics such as size, shape, and surface roughness. Mannitol
provides structural integrity and suitable crystallinity, while leucine tends to migrate
to the particle surface during spray drying, creating a shell-like structure that reduces
interparticle cohesive forces and moisture uptake [41,42]. The resultant particles exhibit
improved flow properties and dispersion behavior, as demonstrated by the excellent
aerodynamic performance of our AZM-MP formulation. This optimization of particle
engineering principles enables more efficient deep lung delivery of AZM for targeted
antimicrobial activity at the infection site. The NGI further substantiates this, with the
majority of AZM-MP depositing in stages 2 to 4, corresponding to aerodynamic diameters
of approximately 2.1 pm—4.7 pm. This aerodynamic range is ideal for deposition in the small
conducting airways and terminal bronchioles, where pathogens such as P. aeruginosa and
S. pneumoniae commonly colonize in diseases such as cystic fibrosis and Chronic obstructive
pulmonary disease (COPD) [43-45]. The calculated ED of about 76.73% supports the
effective aerosolization and lung delivery potential of the formulation.

For clinical application, the relationship between epithelial lining fluid (ELF) volume
and drug concentration is crucial for ensuring therapeutic efficacy. ELF constitutes approxi-
mately 0.39% of total lung capacity, with a volume of about 23.4 mL in healthy adults [46,47].
Based on our MBC values (7.81 png/mL against P. aeruginosa and S. pneumoniae), we targeted
a well-above concentration (approximately 40 pg/mL in ELF), providing a safety margin
above the minimum inhibitory concentration while remaining well below concentrations
showing any haemolytic or cytotoxic effects. Considering our drug loading of 2.7% and
FPF of 65.42%, the inhalation of 25 mg of our formulation would deliver approximately
437 pg of AZM to the lungs. Assuming an average ELF volume of 20 mL, this would result
in an estimated concentration of 21.9 pug/mL. The inhalation of two capsules would result
in effective concentrations for P. aeruginosa and S. pneumoniae. The favourable safety profile
of our formulation, with >90% cell viability at concentrations up to 50 ng/mL, supports
the feasibility of this dosing approach for clinical application.

Beyond aerodynamic deposition, the formulation’s fine particle size and surface-
modified morphology are likely to influence its interaction with the lung’s mucosal and
cellular environment. The substantial FPF < 3 um (41.59%) suggests that a significant
portion of the dose may reach alveolar and terminal airway regions, where clearance
mechanisms differ from ciliated airways. In these zones, reduced mucociliary clearance
and lower immune surveillance may enhance drug residence time, potentially extending
the local therapeutic window [48,49]. Moreover, the moderate zeta potential (—20.5 mV)
implies adequate colloidal stability while maintaining surface characteristics that favor
epithelial uptake without triggering aggregation. These attributes, combined with the
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observed reduction in MBC, support the hypothesis that particle design in AZM-MP not
only improves delivery but may also potentially develop localized drug activity at the
infection site.

5. Conclusions

The development of lactose-free dry powder inhalers loaded with AZM represents a
significant advancement in pulmonary drug delivery systems for respiratory infections.
This study successfully demonstrates that mannitol-leucine combinations can effectively
replace lactose as carrier excipients while maintaining excellent aerodynamic performance.
The microencapsulated AZM exhibited enhanced antimicrobial efficacy against bacterial
pathogens such as P. aeruginosa, while maintaining a favorable safety profile. These findings
provide a promising alternative for patients with lactose intolerance and offer potential
therapeutic advantages in targeting resistant pulmonary infections.
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