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Abstract

A dry powder inhaled liposomal azithromycin formulation was developed for the treatment 
of chronic respiratory diseases such as cystic fibrosis and bronchiectasis. Key properties 
including liposome size, charge and encapsulation efficiency powder size, shape, glass 
transition temperature (Tg), water content and in vitro respiratory deposition were 
determined. Antimicrobial activity against cystic fibrosis (CF) respiratory pathogens was 
determined by MIC, MBC and biofilm assays. Cytotoxicity and cellular uptake studies were 
performed using A549 cells. The average liposome size was 105 nm, charge was 55 mV and 
encapsulation efficiency was 75%. The mean powder particle size d[v,50] of 4.54 µm and Mass 
Median Aerodynamic Diameter (MMAD) was 5.23 µm with a mean Tg of 76˚C and water 
content of 2.1%. These excellent physicochemical characteristics were maintained over one 
year. Liposomal loaded azithromycin demonstrated enhanced activity against P. aeruginosa 
clinical isolates grown in biofilm. The formulation was rapidly delivered into bacterial cells 
with >75% uptake in 1 hour. Rapid uptake into A549 cells via a cholesterol-dependent 
endocytosis pathway with no cytotoxic effects apparent. These data demonstrate that this 
formulation could offer benefits over current treatment regimens for people with chronic 
respiratory infection.
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1. Introduction

People with chronic lung diseases such as cystic fibrosis and bronchiectasis often have chronic 
cough, sputum production and frequently develop acute infective pulmonary exacerbations. 
In addition to antibiotic treatment of acute exacerbations, patients are frequently prescribed 
long-term macrolides orally, such as erythromycin and azithromycin, as they have been 
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shown to reduce the frequency of pulmonary exacerbations [1, 2]. Long-term oral 
azithromycin treatment has been shown to be effective in reducing the frequency of 
pulmonary exacerbations in cystic fibrosis (CF), bronchiectasis and chronic obstructive 
pulmonary disease (COPD) [3, 4]. This is thought to be due to the anti-inflammatory activity 
of this antibiotic where it suppresses the activation of NF-kB and the synthesis of 
proinflammatory cytokines IL-6 and IL-8 [4]. However, long-term oral azithromycin 
maintenance therapy may lead to the development of azithromycin resistance among 
respiratory pathogens, and other systemic adverse effects on hearing and liver function in 
addition to prolongation of QTc interval [5, 6]. A major advantage of inhaled therapy is the 
ability to achieve higher concentrations at the site of action compared to oral or intravenous 
doses. Pulmonary delivery of azithromycin may also minimize possible adverse effects 
associated with the oral treatment [7, 8]. Pulmonary delivery requires inhaled particles to be 
of optimum size in order to reach the alveolar epithelium, generally using  particle size less 
than 5 µm to achieve this [9]. Currently approved inhaled antibiotics include tobramycin, 
aztreonam, levofloxacin and colistin which are indicated for the treatment of CF and reduce 
bacterial density in sputum, resulting in stabilisation of lung function. Clinical trials of these 
treatments in patients with CF and bronchiectasis have shown a decrease in Pseudomonas 
sputum bacterial load, but with mixed results in terms of improvement in exacerbation 
frequency or quality of life [10] [11] [12-14].   Macrolides are currently approved for use in 
inhalation and due to their dual anti-inflammatory and antibacterial action would represent 
a clinically relevant new treatment for chronic lung infection. With respect to drug delivery 
systems, cationic liposomes are known to be efficient in delivering drug molecules into 
bacterial cells and mammalian cells [15]. Therefore, formulating a liposomal azithromycin dry 
powder inhaler (DPI) formulation for local azithromycin pulmonary delivery could offer 
benefits over the current long-term oral azithromycin treatment regime in targeting drug to 
the site of action and minimizing possible systemic adverse effects, which would result in 
improved clinical outcomes for people with chronic respiratory infection. Preliminary 
experiments to optimize formulation were performed with clarithromycin before moving to 
azithromycin for further fine-tuning and characterisation. In this paper the development, 
characterization, stability and in vitro lung powder deposition testing of this spray dried 
powder formulation comprising liposomal azithromycin are described including antimicrobial 
activity, bacterial cellular uptake, cytotoxicity and cellular uptake. 

2. Materials and methods

2.1. Materials

Azithromycin was purchased from Dexa-Medica (Palembang, Indonesia). Clarithromycin 
lactobionate powder for infusion (PhEur grade) was purchased from AAH (Bowmed Ibisqus, 
UK). SPC (Lipoid SPC, 100%) was purchased from Lipoid (Steinhausen, Switzerland). 
Ammonium Chloride, D (+) - lactose monohydrate (PhEur grade), L-leucine (PhEur grade), 
TPGS, dimethyl dioctadecyl ammonium bromide (DDAB), glycine, potassium phosphate 
monobasic (Reagent PlusTM, ≥99%), potassium acid phthalate, methanol (HPLC grade, 
≥99.9%), acetonitrile (HPLC grade, ≥99.9%), sodium chloride (PhEur grade), and the 0.20 μm 
membrane filter (Whatman®) were purchased from Sigma–Aldrich. Citric acid monohydrate 
(PhEur grade) and sodium hydroxide pellets were obtained from Merck. Chloroform (99.2%), 
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tris (hydroxylmethyl) methylamine Aanlar (99%), sodium hydrogen carbonate (Ph. Eur grade), 
sodium acetate trihydrate AnalaR NORMAPUR® (Ph. Eur. grade), Sodium carbonate 
anhydrous (ACS grade), calcium chloride dihydrate (Ph. Eur grade), disodium hydrogen 
phosphate and phosophoric acid (85%) were purchased from VWR (Lutterworth, UK). α,α-
Trehalose dehydrate (high purity, low endotoxin, FERRO Pfanstiehl Mayfield Heights, USA). 
Dialysis membrane (Spectra/Por 7: 10 kDa, 1 mL MWCO 10,000 regenerated cellulose 
Spectrum Laboratories, California, USA). Aluminium standard lids and aluminium hermetic 
pans/lids TA instruments – Waters LLC, New Castle, USA). 

P. aeruginosa and S. aureus isolates used in this study were selected from the Halo Research 
Group repository and stored at −80 °C until required. These isolates had been previously 
cultured from airway samples from people with CF. S. aureus ATCC 29213 type strain was 
purchased from Kwik StiksTM (St. Cloud, USA). 

A549 human lung epithelial carcinoma cell lines were authenticated by short tandem repeat 
(STR) profiling carried out by the suppliers and routine testing in our laboratory showing that 
these cells were Mycoplasma-free.

Chlorpromazine hydrochloride (≥ 98%), genistein (≥ 98%), methyl-β-cyclodextrin 
(BioReagent), 4–well chamber slide (Nunc® Lab-Tek® II Chamber Slide™ system 4 wells, glass 
slide, 1.7 cm2/well, sterile), and mounting medium were purchased from Sigma–Aldrich (UK). 
Minimum Essential Medium, Opti-MEM® Reduced Serum Medium, Roswell Park Memorial 
Institute (RPMI) 1640 medium, Fetal Bovine Serum and Gibco® and trypsin enzyme were 
purchased from Life Technologies (UK). CellTiter 96® solution cell proliferation assay was 
purchased from promega (USA). All aqueous solutions were prepared with freshly de-ionized 
water source (Elga, Purelab Maxima, United States).

2.2. Formulation preparation

For the majority of formulations, the mole ratio of liposome composition was SPC: DDAB: 
TPGS is 160:40:1 as described previously and prepared using the commonly-employed thin-
film hydration method [16, 17]. The antibiotic concentration was chosen based on a previous 
study [18]. Lipids and drug were dissolved in chloroform:methanol (9:1, v/v) followed by  
solvent removal using a rotary evaporator (Rotavapor, R210 – BUCHI). The thin film was 
hydrated with 10 mM Tris-HCl buffer pH 7.4 containing the lyoprotectant trehalose dihydrate 
with or without the anti-adherent L-leucine according to the formulation requirements 
(compositions in Table S1) at 60°C with stirring at 500 RPM followed by sonication (10 sec ON, 
5 sec Off, 40% amplitude) for 6 minutes (Fisher Scientific; USA). The drug loaded liposomal 
dispersions were spray dried (Mini-Spray-dryer, Büchi 190; Flawil, Switzerland) with inlet 
temperature 120°C, outlet temperature 85°C, pump setting 3.0 mL/min, nitrogen flow 600–
650 Nl/h, aspirator power of 100%, and a 0.5-mm nozzle [19]. 
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2.3. Physicochemical characterisation

Size and zeta potential were measured before and after spray-drying using a Malvern 
ZetaSizer (Malvern instruments, UK) in triplicate at 25°C. The spray dried liposomal 
formulations were reconstituted with de-ionized water before further dilution and analysis in  
10 mM Tris-HCl buffer of pH 7.4. Values are reported as the Z-average diameter (d. nm), 
polydispersity (PI)  ± sd and ZP (mV) ± sd respectively. 

Drug quantification was determined using reversed phase HPLC analysis (1200 Series, Agilent 
Technologies G1322A Degasser, Agilent Technologies G1311A Quaternary HPLC pump, 
Agilent Technologies G1329A Autosampler, Agilent Technologies G1315A Absorbance 
Detector, Agilent Technologies G1316A Temperature Column Controller; Waldbronn, 
Germany) in conjunction with a Luna C-18 column (100A°, 150 X 4.6 mm 5 mm; Phenomenex, 
Cheshire, UK) at 40 or 50°C for azithromycin or clarithromycin, respectively. All samples were 
quantified at a wavelength of 210 nm and the injection volume was 50.0 μL. Clarithromycin 
samples were analysed in isocratic mode using a mobile phase of (60:40 v/v) methanol: 0.067 
M potassium phosphate buffer of pH 3.5 and at a flow rate of 1.0 mL/min [20]. Azithromycin 
samples were analysed in an isocratic mode using a mobile phase of (80:20 v/v) methanol: 
0.05 M potassium dihydrogen phosphate buffer of pH 7.5 and at a flow rate of 1.3 mL/min 
[21]. Each sample was assayed in triplicate over a run time of 8.0 min. Both azithromycin and 
clarithromycin HPLC calibration curves were made and the HPLC response was found to be 
liner correlated with the active pharmaceutical ingredient (API) concentration over the 
working concentrations range from 4.0 to 900.0 μg/mL.

 

2.4. Encapsulation efficiency (EE%) was determined using the dialysis membrane method 

1.0 mL of the reconstituted liposomal drug formulation was loaded in the dialysis membrane 
and immersed in 40.0 mL of pre-chilled 10 mM Tris-HCl buffer (pH 7.4). The low temperature 
of 8 – 10˚C was chosen to ensure the stability of the liposome lipid membrane structure 
during the test [14].  After 30 min, the amount of free drug in the release medium was 
determined using HPLC in triplicate and compared to total amount of drug placed in the 
dialysis membrane. EE% of the liposomes was determined using the following equation:        

EE% = [(At – Af) / At] x 100%                    Equation 1

Where At is the total amount of API loaded in the dialysis bag and Af is the amount of free 
(unencapsulated) API in the medium after 30 minutes.

2.5. in vitro drug release from liposomes  

The study of API release profiles from the spray dried liposomes was performed using the 
dialysis method  to give an indication of rate of drug release from the liposomes when they 
are administered in vivo and to aid comparison with previously reported data in the literature 
[22, 23]. As these formulations are intended to be administered via the pulmonary route, 
their release profiles were evaluated in the simulated lung fluid (SLF, pH 7.4), although the 
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lung of CF patient might well contain different fluids and mucus [24]. SLF was prepared and 
filtered through a 0.2 μm membrane filter prior to be used as a release medium [25]. The 
dialysis membrane with pore size of 2.5 nm was used as previously described (section 2.4). 
0.9 mL portion of reconstituted liposomes were sealed into the dialysis tube and placed inside 
a 100 mL laboratory (DURAN®) bottle containing 40.0 mL of fresh pre-warmed (37°C) SLF in a 
shaking incubator (Incubator, Gallenkamp, UK) at 37°C ± 0.5°C and 40 rpm over 24 hours 
(n=3). Samples (0.4 mL) were drawn periodically and replaced with fresh pre-warmed medium 
to maintain the release volume constant throughout. The similarity factor (f2) was used to 
compare the release profiles of the two formulations and was calculated by using Moore and 
Flanner equation [26].

2.6. Powder particle size analysis

The distribution of particle size for the spray-dried powder was measured by laser light 
diffraction analyzer using the R2 lens which allows measurements in the range of 0.1 µm to 
87.5 µm (HELOS/BR; Sympatec, Clausthal-Zellerfeld, Germany). Approximately 3.0 mg of 
powder was suspended in chloroform in a 50-ml glass cuvette and stirred with a magnetic bar 
at 1000 rpm. A short period of sonication (90 s) at a power of 30 W (Cuvette, 8.5 mm diameter 
ultrasound tip; Sympatec, Clausthal-Zellerfeld, Germany) was used before sizing to ensure de-
aggregation of particles in chloroform [27]. Based on a volume (v) distribution; results were 
reported as particle diameter at D10, D50, and D90 values [28]. The D50 (central particle 
diameter value) is defined as the diameter where 50% of the population is below this 
diameter. To express particle size distribution width, the span value is determined by the 
following equation:

Span= (d[v, 90] - d[v, 10])/d[v, 50])                                                        Equation 2

A low span value is preferred and indicates a good particle size distribution [29]. The values 
were reported as the mean ± sd of five measurements.

2.7. Powder characterisation

Powder size was measured by laser light diffraction analyzer using HELOS/BR; Sympatec, 
Clausthal-Zellerfeld, Germany). Powder was suspended in chloroform [19]. D10, D50, D90 and 
span values are reported as mean ± sd of five measurements. 

Water content was determined using a TGA (Q500; TA instruments, New Castle, PA, USA) by 
heating to 110°C at 10°C/minute under nitrogen. Values are reported as onset values 
determined from the reversing heat flow signal and are mean values of three replicate 
measurements. The glass transition (Tg) was determined using hermetic pans and modulated 
differential scanning calorimetry (MTDSC) (Q100; Differential Scanning Calorimeter, TA 
Instruments, New Castle, PA, USA) by heating at 3°C/min with a modulation of ± 1.0°C over 
40 seconds under a nitrogen atmosphere (50 mL/min) [19]. 
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The surface morphology was observed by SEM microscope (TM3030, Hitachi; Tokyo, Japan). 
Samples were gently spread on the sample holder with double-sided adhesive carbon pad 
and examined under high vacuum. 

A stability study was performed over 12 months as per the international council for 
harmonisation (ICH) stability guidelines [30]. In this manner, two AZI liposomal dry products 
(containing 17% and 18% trehalose with 0.5% L-leucine) were stored at 20˚C for one year in 
the intended final packaging at either 20 °C / ambient humidity (controlled temperature 
room) or at 40 °C and ambient humidity (Genlab MINI/50/DIG incubator, Cheshire, UK). 
Liposome size, PI, ZP, EE%), drug content, water content, Tg, powder particle size and 
morphology were measured on freshly prepared samples and at selected time.

Next generation impactor (NGI) testing of the powders was conducted using an Aerolizer 
device. Results from a previous  breathing study performed across T-326 inhaler device for 96 
CF patients of varying age and disease severity showed that children aged 6–10 years-old 
(n=33) had mean peak flow of 68.7 ± 13.1 L min-1 and inhaled volumes of 1.2 ± 0.39 L while 
young adults (n=24) and adults (n=39) reached 79.3 ± 15.0 L min-1 and 81.1 ± 14.4 L min-1  
respectively, with inhaled volumes of 1.63 ± 0.60 L and 2.06 ± 0.68 L (20). On this basis a 
preliminary study was conducted to determine which DPI device was most suitable (Table S2 
and S3)[31]. Since the Aerolizer inhaler device exhibits very low resistance (Table 3.3) and its 
flow rate at 4.0 KPa pressure drop is 125.2 L min-1 which is greater than the upper limit of NGI 
operation flow rate, NGI tests were performed using the Aerolizer inhaler device at 100 L min-

1 flow rate when the pressure drop is 3.2 KPa as USP guidelines [32, 33]. Three NGI runs were 
performed for each formulation to assess its pulmonary deposition pattern using inhalation 
parameters similar to the inhalation profile in CF patients [34]. The cut-off diameters of NGI 
stages with their related respiratory levels at 100 L min-1 flow rate are reported in Table S3 
[33, 35] The FPF cut-off using these settings was defined as  from stage 2 to filter (<3.42 m). 𝜇
Four capsules (capsule size 3, 4.5 mm x 15.0 mm, each containing 25 mg of a formulation) 
were used per run. The actuation time was 0.9 second at a flow rate of 100.0 ± 1.0 L min-1. 
Two inhalations from each capsule were sampled into the NGI with a total volume of 3.0 L of 
air drawn through the Aerolizer device connected to the NGI using the standard United States 
Pharmacopeia (USP)/European Pharmacopoeia (Ph.Eur) induction port which is roughly 
equivalent to two inhalation volumes of CF patients [36]. After each NGI run, the impactor 
was unlocked and a solvent mixture was used to separately wash and collect the powder from 
each stage of NGI, then filtered (0.22 μm membrane filter) and analysed using the HPLC 
method as described previously for quantification (n=3).  Copley inhaler testing data analysis 
software version 2.0 (Copley Scientific, Nottingham, UK) was used to analyze NGI data. For 
each DPI liposomal formulation, Mass Median Aerodynamic Diameter (MMAD) and Fine 
Particle Fraction or Dose (FPF or FPD) values were determined.

2.8. Microbiological analysis  

2.8.1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) 
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MIC and MBC of free azithromycin were determined for S. aureus ATCC 29213 and CF isolates 
(P. aeruginosa and S. aureus) using the Clinical and Laboratory Standards Institute (CLSI) broth 
microdilution method [37]. The MIC and MBC for the optimised liposomal azithromycin 
formulation after reconstitution in Mueller Hinton Broth to the original volume was 
determined at a range of azithromycin doubling dilutions (256 – 0.5 µg/mL). 

2.8.2. Biofilm studies 

Bacterial cultures, grown in MHB overnight, were adjusted to an optical density (OD) of 0.15-
0.18 which equated to approximately 1 x 108 cfu/mL.  This culture was further diluted 1:100 
using MHB and 160 µL added to the wells of a microtiter tray. After incubation for 24 hours 
at 37˚C, 80 rpm, the media was removed and the wells were gently washed twice with 250 µL 
of sterile PBS followed by addition of 165 µL of liposomal azithromycin reconstituted in 
Mueller Hinton Broth, or free azithromycin solution at different final concentrations: 256, 
128, 64, 32, 16, 8, 4, 2, 1 and 0.5 µg/mL. Following incubation for 24 h at 37˚C, 80 rpm, the 
media was removed, the trays were washed and biofilm formation quantified using the crystal 
violet assay method [38, 39].

At the same range of azithromycin concentrations, the spray dried cationic liposomal 
azithromycin or azithromycin solution were added to the diluted overnight culture broth in a 
96-well tray and incubated for 24 hours (37˚C/80 rpm) to determine the ability of the 
formulation to prevent biofilm formation. 

 2.8.3. Determination of bacterial uptake using flow cytometry (FACS)  

Formulations containing carboxyfluorescein dye (CFD) were tested as dry powders and 
reconstituted dispersions at concentrations corresponding to azithromycin dispersions of 2 
and 256 µg/mL. These were 0.058 µg/mL carboxyfluorescein; 10.8 µg/mL lipid and 7.5 µg/mL 
carboxyfluorescein and 1400 µg/mL lipid. Treatments were added to 5 mL of bacterial 
suspensions in either log or stationary phase before incubation for one hour at 37°C/100 rpm. 
Samples were centrifuged and washed twice using the Eppendorf Centrifuge 5430R 
(Hamburg, Germany) for 5 min at 4°C and 5752 RCF (7000 rpm) and PBS, then re-suspended 
in 5 mL of PBS followed by ten-fold dilution and transferred to the BD flow tube. Fluorescence 
was measured using the BD FACSCalibur flow cytometer (BD Biosciences, USA) at 488 nm 
excitation wavelength. The results were calculated from histograms/dot plot based on the 
measurement of visible and fluorescent light emission of carboxyfluorescein in a population 
of 5 x 104 cells (n=3 per sample). Bacterial uptake value was calculated by comparison to the 
untreated control gated to 1% (Cyflogic software, CyFlo Ltd., Finland). 

2.9. Cell culture

2.9.1. Imaging cellular uptake 
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Uptake in A549 cells was determined after seeding at of 2 x 105 cells/well onto a 4–well 
chamber slide in 1.0 mL of complete growth medium for 24 hours at 37°C. After replacement 
with fresh medium, cells were treated with 0.50 μg/mL CFD solution or liposomal CFD with 
lipid concentration of 9.4 μg/mL and liposomal CFD at ten-time higher concentration. After 
further incubation for one hour, treatments were washed three times with PBS then fixed by 
immersion in paraformaldehyde and mounting onto a cover slide. Cells were observed using 
an EVOS FL Cell Imaging System (Electron Microscopy Sciences, Hatfield, USA) with an 
excitation wavelength 488 nm, and images were captured and saved at 40X magnification.

2.9.2. Determination of cellular uptake using flow cytometry

A549 cells were seeded at a density of 25 x 103 cell/well onto 96-well in 200 µL of the complete 
growth RPMI medium. After twenty-four hours, cells were conditioned for one hour by 
replacing the medium with 100 µL of Opti-MEM reduced medium. Spray dried liposomes 
were reconstituted with Opti-MEM reduced medium prior to testing. After one hour, the 
reconstituted spray dried blank liposomes and spray dried liposomal, fresh liquid liposomal 
CFD and CFD solution were separately added on the cells. The tested dye/lipid concentrations 
were 0.12/23.4 and 8.3/1709 μg/mL. Cells were further incubated at 37°C for one hour then 
washed three times with PBS. The washed cells were detached from the plate by adding 1x 
trypsin solution in PBS. Cells were re-suspended in 400 µL of PBS and gently mixed then cells 
were analyzed for cell-incorporated CFD fluorescence using the flow cytometer BD 
FACSCalibur (BD Biosciences, USA) at 488 nm excitation wavelength. The flow cytometry 
results were calculated from histograms based on the measurements (n=3) of visible and 
fluorescent light emission of CFD in a population of 10,000 cells gated to 1% of the untreated 
control group using Cyflogic software.

2.9.3. Determination of spray dried liposomal azithromycin cytotoxicity 

The cytotoxicity of the spray dried liposomal formulation containing 0.74% (w/v) azithromycin 
and 17% (w/v) trehalose with 0.5% (w/v) L-leucine was determined with A549 human lung 
epithelial cells [40] [40-47]. The cytotoxicity was measured using this colorimetric assay with 
MTS reagent which is bioreduced by cells into a coloured formazan product thus it directly 
proportional to the number of living cells in culture. 

A549 cells were seeded at a density of ~ 2.5 × 104 cells/well onto 96-well tissue culture plates. 
After 24 hours, cells were conditioned for 2 hours in 100 μL of Opti-MEM reduced serum 
medium and then the reconstituted spray dried liposomal azithromycin formulation was 
tested at final azithromycin/lipid concentrations of 36/200, 128/700, 365/2000 and 493/2700 
μg/mL on seeded A549 cells for 6 hours followed by overnight incubation in the complete 
growth culture medium. Then the MTS reagent was applied and the optical density was 
quantified at 490 nm following a shaking step for 1.0 minute (EL808 Microplate Reader, Bio-
Tek Instruments, USA). The measured absorbance values are expressed as a percentage of 
the negative control (untreated cell - 100% viable). values are reported as means (n=3). The 
cell viability below 75% was defined as the cytotoxicity threshold [48]. In order to assure a 



9

higher safety margin of the applied doses, the cell viability below 80% was considered as the 
cytotoxicity limit in this study.

In the same manner, the cytotoxicity of endocytosis inhibitors; including chlorpromazine, 
genistein and methyl-β-cyclodextrin in A549 cells were determined prior to use these 
endocytosis inhibitors to identify the entry pathway of this liposomal formulation into A549 
cell line.  

2.10. Statistical analysis 

Statistical analysis was performed using student’s t-test to compare two groups (Prism 5.0, 
GraphPad Software, CA). One-way analysis of variance (ANOVA) using Student–Newman–
Keuls Post Hoc test was used for comparison of multiple groups.  Significance assigned to p 
values < 0.05. 

3. Results and discussion

3.1. Formulation optimisation

All trehalose concentrations exhibited acceptable liposomal clarithromycin properties prior 
to spray drying (Table 1). The size average of reconstituted liposomes after spray drying was 
intended to be in the range of less than 150 nm to ensure the rapid and efficient liposomes 
interaction with bacterial cells with the PI of less than 0.4 indicating an acceptable range of 
liposome size uniformity in dispersion [49, 50]. The inclusion of DDAB resulted in a surface 
charge of > +50 mV, which was previously found to be desirable for mucosal delivery which 
has been attributed to the ability to maintain repulsive forces among liposomes in a 
dispersion preventing aggregation and/or fusion [51]. EE% greater than 50% for inhaled 
liposomal antibiotic is desirable, as the unencapsulated antibiotic can also be useful in the 
lung [52, 53].  Increasing trehalose concentrations resulted in improvement in liposome 
properties after drying as evidenced by similarity in size pre and post-drying when the 
trehalose content increased, and when  L-leucine was also included (Table 1), which was 
attributed to trehalose’s lyoprotective properties, with the 17% w/v formulation giving the 
highest Tg [19, 54]. Trehalose forms an amorphous material with a high Tg [27]. Liposomes 
plasticize the Tg, with higher liposome concentration lowering the Tg more (Table1).; if the 
dryer outlet temperature surpasses Ts (the sticky point ~ Tg+ 10–20°C ) then particle cohesion  
and adhesion to dryer walls increase [55] This results in unacceptable instability of the 
formulation as seen in the increase in size and PDI of the liposomes formulated at lower 
trehalose concentrations (Table 1).  The liposome size increase during spray drying was 
ameliorated by the inclusion of 0.5% (w/v) L-leucine (Table 1), as we have previously 
described [19]. The size of liposomes is a key characteristic for cell uptake, with studies 
suggesting the size of <150 nm is crucial for rapid uptake by both bacterial and mammalian 
cells [56, 57] the size of 105 nm demonstrated is well below that limit with good PI. DDAB was 
responsible for the positive surface charge [58]. The powder particles demonstrated desirable 
sub-5 d50 of 4.54  and acceptable span (Table 1)[9] . These formulation concentrations 𝜇𝑚 𝜇𝑚
were selected to take forward to manufacture comparable azithromycin formulations. 
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Replacing clarithromycin with azithromycin resulted in powders with similar physicochemical 
characteristics (Table 1). Because 0.74% (w/v) azithromycin loaded liposomal formulation 
containing 17% (w/v) trehalose with 0.5% L-leucine exhibited the best characteristics, it was 
selected for further antimicrobial and cell biology testing.
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Table 1 Properties of liposomal formulations before and after spray drying at 120˚C. Each value represents the mean ± SD and n=3.   

clarithromycin % (w/v) 0.74 0.74 0.74 - 0.74 - -

azithromycin % (w/v) - - - - - 0.74 0.74

L-Leucine % (w/v) - - - 0.5 0.5 0.5 0.5

Trehalose % (w/v) 10 13 17 17 17 17 18

Before spray drying    

Size (nm) 98.2 ± 0.8■ 102.6 ± 1.6 106.1 ± 1.6 103.2 ± 2.2 99.7 ± 0.8 104.3 ± 1.6 103.2 ± 0.1

PI 0.20 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.20 ± 0.01 0.23 ± 0.01 0.21 ± 0.01

Zeta potential (mV) 72.8 ± 2.2 72.3 ± 2.8 74.7 ± 1.6 71.4 ± 2.6 73.0 ± 2.3 53.8 ± 5.6 59.5 ± 2.0

 

After reconstitution

Size (nm) 352.2 ± 10.4*,■ 252.2 ± 11.6*,■ 159.0 ± 2.8*,■ 103.6 ± 2.9 106.5 ± 0.1* 105.0 ± 2.4 104.8 ± 0.6
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PI 0.62 ± 0.04* 0.67 ± 0.13* 0.42 ± 0.02*,■ 0.28 ± 0.02 0.23 ± 0.01* 0.19 ± 0.01* 0.20 ± 0.01*

Zeta potential (mV) 78.6 ± 3.0 79.0 ± 2.5* 77.7 ± 3.8 73.0 ± 1.7 75.1 ± 2.9 55.8 ± 3.3# 63.5 ± 2.6*,^

EE (%) 74.7 ± 2.6■ 80.0 ± 0.1 83.4 ± 0.8 - 76.9 ± 0.3 74.9 ± 0.3 87.3 ± 0.4

 

Powder properties

Water content (%) 3.0 ± 0.1 3.4 ± 0.2■ 3.0 ± 0.1 3.3 ± 0.1 3.0 ± 0.1 2.1 ± 0.1 2.6 ± 0.1^

Tg (˚C) 43.4 ± 4.9 48.0 ± 3.0 63.7 ± 1.5■ 64.2 ± 4.0 64.4 ± 0.6 76.3 ± 4.0 68.3 ± 2.7^

PPS d[v, 50] (μm) (n=5) 4.39 ± 0.04 4.28± 0.01■ 4.43 ± 0.03 4.30 ± 0.01 4.08 ± 0.01# 4.54 ± 0.07# 4.73 ± 0.04^

Span units (n=5) 1.54 ± 0.09 1.55 ± 0.01 1.59 ± 0.01 1.53 ± 0.01 1.55 ± 0.01 1.39 ± 0.02 1.51 ± 0.01^

*P < 0.05 (paired t-test) comparison of liposomes prior to spray-drying and after reconstitution. ■P < 0.05 (One Way ANOVA analysis with                     
Student Newman–Keuls all pairwise multiple comparisons) comparison of all formulations without L-leucine. 

#P < 0.05 (One Way ANOVA analysis with Student Newman–Keuls all pairwise multiple comparisons) comparison of all L-leucine formulations                    
with 17% w/v trehalose. ^P < 0.05 (unpaired t-test) comparison of azithromycin formulations.
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SEM images (Figure 1 and S1) showed that azithromycin and clarithromycin formulations 
exhibit the same typical morphological features of spray dried trehalose powders with low 
rugosity, smooth spherical structures and qualitatively confirmed that powder particles were 
within the inhalable range  [59] with no evidence of crystallisation [60], together with the DSC 
data in Table 1 indicates that the trehalose remained in the amorphous form, optimal for  
protection of the paylpoad. Although the SEM images show a range of particle sizes, 
quantitative powder sizing using the Malvern powder sizer that uses a more representative 
sample size and repeat measurements, confirmed that the  powder size and span were 
acceptable as reported in Table 1. 

 Figure 1 near here

The cumulative drug release from both reconstituted azithromycin liposomes and 
clarithromycin liposomes were 65% and 52%, respectively over 4 hours, and increased to 78% 
and 58%, respectively after 24 hours (Figure 2) compared with 82% by the control. Differences 
in release profiles (f2=46) were attributed to difference in hydrophilicity of the drugs, with 
hydrophobic azithromycin located within the liposome bilayers enabling faster diffusion than 
the hydrophilic clarithromycin located in the aqueous core, which has to become solubilised 
in the lipid bilayers before diffusion. The best correlation of release kinetics was found with 
the Korsmeyer-Peppas model (Table S4). These results indicate excellent drug retention over 
time in vitro release setting indicating a high liposome stability (37˚C/40 rpm in SLF over 24 
hours). 

Figure 2 near here

The preliminary liposomes stability data confirmed that both azithromycin powder 
formulations showed excellent stability after storage at 20˚C for one year (Table 2). 

These products are very stable in terms of their liposome properties with an accepted level 
of variation in water content (17% trehalose product, its container was opened several times 
over the 12 months for sampling) which was associated with a slight Tg decrease but still 
within the intended Tg range, ˃ 50˚C (Table 2). The powder particle size distribution values of 
both products after one year were within the same range (Table 2) and the SEM images 
likewise did not reveal evidence of crystallisation [60]. Since both formulations exhibited 
acceptable stability, the formulation with the lower trehalose concentration contains a higher 
drug loading (3.4% w/w dry powder), so this product was taken forward for further 
evaluation.  
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Table 2 Stability of liposomal azithromycin formulations. Each value represents mean ± SD and n=3.

Freshly spray dried After 12 months at 20°C

Liposome properties

17% Trehalose 18% Trehalose 17% Trehalose 18% Trehalose

Size (nm) 105.1 ± 2.5 104.8 ± 0.6 104.5 ± 1.0 104.1 ± 0.8

PI 0.19 ± 0.01 0.19 ± 0.01 0.18 ± 0.01 0.19 ± 0.01

Zeta potential (mV) 55.9 ± 3.2 63.5 ± 2.6 68.4 ± 2.6 68.1 ± 2.6

EE (%) 74.9 ± 0.3 74.5 ± 0.1 81.7 ± 0.1 79.3 ± 0.3

Powder properties

Water content % 2.1 ± 0.1 2.6 ± 0.1 3.8 ± 0.1 3.0 ± 0.1

Tg °C 76.3 ± 4.0 68.3 ± 2.6 57.2 ± 3.2 68.8 ± 2.4

PPS d[v, 50] μm (n=5) 4.54 ± 0.07 4.73 ± 0.04 4.31 ± 0.01 4.32 ± 0.01

Span unit (n=5) 1.39 ± 0.02 1.52 ± 0.01 1.53 ± 0.01 1.60 ± 0.01

Representative SEM 

images (at X5000) 

3.2. in vitro lung deposition

The mean emitted dose % (n=12 doses) from the Aerolizer at 100 L min−1 inhalation flow were 
within the accepted limit (75 - 125%) for both inhaled powder formulations (Table 3) [34]. The 
clarithromycin formulation exhibited a higher FPF which was attributed to its lower MMAD. 
The GSD for both formulations were similar to marketed inhaled products such as tobramycin 
powder (TOBI® Podhaler™, Novartis), which exhibits  MMAD and GSD of 3.0–4.2 µm and 1.8–
2.4, respectively although these values were obtained under different testing conditions, so 
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caution should be used when comparing data [61]. Both liposomal clarithromycin and 
azithromycin exhibited similar Tg, morphology in SEM images (Table 1) and emitted dose 
(Table 3),  so differences in antibiotic amount delivered to each stage were attributed to the 
smaller powder particle  size and MMAD of the clarithromycin loaded powder. 

Table 3 A summary of NGI data at 100 L min-1 flow rate for spray dried liposomal                    
antibiotic with 17% trehalose and 0.5% L-leucine formulations using the Aerolizer with                                
a nominal powder dose of 25 mg. Each value represents mean ± SD and n=3.

NGI Data Liposomal 
clarithromycin

Liposomal 
azithromycin

Total emitted dose (mg) 21.3 ± 0.7 21.8 ± 1.7

Total emitted dose^ (% of nominal dose) 85.3 ± 2.7 87.3 ± 6.9

Induction port & Pre-separator (mg) 9.5 ± 1.8 12.1 ± 3.5

FPD (mg) 5.5 ± 0.5* 3.6 ± 0.4

FPF (% of nominal dose) 21.9 ± 2.1* 14.4 ± 1.6

FPF (% of the emitted dose) 31.5 ± 2.3* 19.8 ± 2.3

MMAD (μm) 4.20 ± 0.53* 5.23 ± 0.21

GSD 2.93 ± 0.25* 2.17 ± 0.06

Antibiotic amount in NGI stages (µg) 

Stage 1 (Pharynx) 103.8 ± 38.1 95.7 ± 15.0

Stage 2 (Trachea and Primary Bronchi) 108.6 ± 17.1 58.5 ± 10.4

Stage 3 (Secondary Bronchi) 55.2 ± 7.4 40.7 ± 5.2

Stage 4 (Terminal Bronchi) 29.3 ± 3.5 15.7 ± 2.4
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Stage 5 to filter (Alveoli) 47.3 ± 4.4 11.1 ± 2.1

Drug in the intended levels (stage 3 to 
filter) 131.6 ± 14.9 67.7 ± 4.9

^The emitted dose% should be between 75 - 125% of the nominal dose.

*donates P < 0.01 (unpaired t-test) between azithromycin and clarithromycin products.

3.3. Antimicrobial activity

In general, there was no difference in the activity of free or liposomal azithromycin against 
the P. aeruginosa isolates tested (Table S5) with the majority of isolates having MIC and MBC 
values >256 µg/mL, the highest concentration tested. This finding was not unexpected as P. 
aeruginosa is not usually sensitive to macrolide antibiotics including azithromycin [62-64]. 
Moreover, three of the P. aeruginosa isolates were cultured from CF patients prescribed long-
term azithromycin treatment. Similarly, there was no difference in activity against S. aureus 
isolates with 2/5 clinical isolates demonstrating high level resistance to azithromycin. One of 
these isolates had been cultured from a patient prescribed long-term low dose azithromycin 
treatment or had recently received a short course of azithromycin; exposure of bacteria 
present in the airway microbiota to azithromycin has been shown to promote the 
development of resistance amongst S. aureus  [65]. 

The activity of the liposomal formulation against biofilm forming P. aeruginosa isolates was 
subsequently tested. For five of the 6 isolates tested, the liposomal formulation 
demonstrated enhanced activity against formed biofilms with this effect most apparent at 
higher concentrations (Figure S2).  A similar trend was observed for 3/6 isolates when the 
ability of the formulation to prevent biofilm formation was determined (Figure S3). Similar 
findings have been reported by Alhajlan et al. (2013) who demonstrated that a cationic 
liposomal clarithromycin formulation was more potent than free antibiotic treatment in 
eradicating P. aeruginosa biofilms [15]. This may be due to enhanced interaction between the 
cationic liposomal formulation and the negatively charged P. aeruginosa bacterial cells (Figure 
S4) [66]. The data presented demonstrate that neither azithromycin or liposomal 
azithromycin are effective in killing P. aeruginosa isolates in the planktonic mode of growth 
but liposomal azithromycin is more effective in preventing biofilm formation and in 
eradicating the formed biofilm (Fig 4). Azithromycin has been shown to alter P. aeruginosa 
biofilm matrix formation by inhibition of polysaccharide synthesis [67-69]. However, 
azithromycin has been shown to improve lung function, slow disease progression and 
increase time to next exacerbation in bronchiectasis, CF and COPD [70-72]. While the 
mechanism is still unclear, anti-inflammatory effects play a role [69, 73], and azithromycin 
may also have an indirect effect on P. aeruginosa due to interference with production of 
virulence factors and disruption of quorum sensing[74, 75]. 
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3.6. Liposomal uptake by bacterial cells

Both fresh and spray dried liposomal CFD formulations were rapidly up taken by gram-
negative and gram-positive CF clinical isolates in both the log phase and stationary phase 
(Figure 3) demonstrating that spray drying does not affect the liposome properties. 

High uptake was attributed to charge on the liposomes as noted previously [66, 76, 77]. 
Unsurprisingly the formulation containing the low lipid concentration exhibited lower uptake. 
Maximum interaction was observed after one hour, which is considerably faster than 
observations with previous formulations [56, 62].

Figure 3 near here

3.7. Cell uptake and cytotoxicity

Images in Figure 4 show that both low and high dose formulations were taken up by A549 
cells in one hour, with FACS flow data corroborating this. Spray drying had no effect on cell 
uptake (Figure 4 i and j) which is in line with the bacterial uptake findings. This was again 
attributed to the size and charge of the liposomes [78-80].

Figure 4 near here

Following the use of non-cytotoxic concentrations of different endocytosis inhibitors (Figure 
S5), the entry pathway utilized by this liposomal formulation in A549 cell line was found to be 
cholesterol-dependent endocytosis (Figure S6). 

There was no difference in cytotoxicity observed (Figure S7) between treated and control (P 
> 0.40), which is in line with Yusuf's (2014) findings for the same liposomal composition [81]. 
The rapid and efficient interaction of this liposomal formulation with the respiratory epithelial 
cells in vitro demonstrated that this formulation could potentially enhance azithromycin 
uptake in the in vivo setting as well. The final product contained 3.4% w/w azithromycin,  with 

The in vitro results showed that the formulation was capable of delivering 505 µg  
azithromycin following the inhalation of 4 capsules. Available data for oral dosing of 
azithromycin shows availabilities to be 19.3 % and 0.41 % for pulmonary and oral delivery 
respectively in rats, with lower distribution of azithromycin into blood when delivered via 
inhalation [82]. More recently Hughes et al (2020)  showed 10 µg/mL lung from oral delivery 
of 1g of azithromycin, corresponding to 200 µg  azithromycin  delivered to the lung from  a 
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500 mg tablet[83]. Since this regime correlates with reduced exacerbations in long-term 
respiratory disease [84], it is possible that the dose achieved with the current formulation 
would achieve this therapeutic dose if administered as 2 inhalations twice daily. This 
proposed dosing schedule would be in line with those for a number of inhaled therapies 
including the TOBI podhaler. The dosing of tobramycin using this device corresponds to 4 
capsules administered twice daily [85]. 

 The sugar concentration is high but comparable with those used in marketed inhaled 
therapies. Inhaled mannitol used as an add-on maintenance treatment to improve lung 
function in patients with cystic fibrosis is used at a dose of 400 mg comprising 10 capsules of 
40 mg, taken twice daily. Inhaled liposomal amphotericin, used as an off-label treatment for 
Aspergillus lung infection in people with Cystic Fibrosis or Allergic Bronchopulmonary 
Aspergillosis, in pediatric dosing, one dose containing  50 mg drug and 900mg of sucrose is 
diluted with 12 mL water and nebulised. Trehalose is used in a range of inhaled products and 
its safety has been demonstrated [86].  In future work we aim to manufacture the 
formulations using a newer more efficient spray-dryer equipped with a  dehumidifier, that 
could further lower the water content and allow reduction in  trehalose while maintain high 
Tg and allow further increase the drug loading. 

4. Conclusions

An effective and stable respirable liposomal azithromycin powder formulation was developed 
that exhibited excellent physicochemical properties, including size, charge, encapsulation, 
and stability over one year. The in-vitro respiratory deposition data showed that the 
formulation is suitable for bronchial and alveolar delivery. The formulation enhanced activity 
of azithromycin against P. aeruginosa isolates grown in biofilm and exhibited rapid uptake by 
bacterial cells. These findings together with the fast and non-cytotoxic delivery of the 
formulation into mammalian cells suggest that this formulation might be suitable for further 
development, including spray drying with a more modern dryer with a dehumidifier 
attachment to improve the FPF, and lower the amount of trehalose required to achieve an 
acceptable stability. Further in vivo testing is warranted to understand the potential efficacy 
of the formulation for use by people with chronic respiratory infection.

5. Disclosure of competing interest

The authors declare no competing financial or personal interest.

6. Funding

This research did not receive any specific grant from funding agencies in the public, 
commercial, or not-for-profit sectors. 



19

7. Acknowledgements

We would like to thank Ms Kirsty McLaughlin for assistance with the flow cytometry and 
Stephanie J. McGrath for assistance with antimicrobial testing.

 

8. References

1. Wong C, Jayaram L, Karalus N, Eaton T, Tong C, Hockey H, et al. Azithromycin for 
prevention of exacerbations in non-cystic fibrosis bronchiectasis (EMBRACE): a randomised, 
double-blind, placebo-controlled trial. The Lancet. 2012;380(9842):660-7. doi: 
10.1016/S0140-6736(12)60953-2. PubMed PMID: S0140673612609532.

2. Albert RK, Connett J, Bailey WC, Casaburi R, Cooper JAD, Jr., Criner GJ, et al. 
Azithromycin for prevention of exacerbations of COPD. The New England Journal of Medicine. 
2011;365(8):689. PubMed PMID: edsgcl.267371340.

3. Parnham MJ, Erakovic Haber V, Giamarellos-Bourboulis EJ, Perletti G, Verleden GM, 
Vos R. Azithromycin: mechanisms of action and their relevance for clinical applications. 
Pharmacology & therapeutics. 2014;143(2):225-45. doi: 10.1016/j.pharmthera.2014.03.003. 
PubMed PMID: 24631273.

4. Doğru D, Dalgiç F, Kiper N, Ozcelik U, Yalcin E, Aslan AT, et al. Long-term clarithromycin 
in cystic fibrosis: effects on inflammatory markers in BAL and clinical status. The Turkish 
journal of pediatrics. 2009;51 5:416-23.

5. Grinwis M, Sibley C, Parkins M, Eshaghurshan C, Rabin H, Surette M. Macrolide and 
Clindamycin Resistance in Streptococcus milleri Group Isolates from the Airways of Cystic 
Fibrosis Patients. Antimicrob Agents Chemother. 2010;54(7):2823-9. doi: 
10.1128/AAC.01845-09. PubMed PMID: WOS:000278845100011.

6. Ray W, Murray K, Hall K, Arbogast P, Stein C. Azithromycin and the Risk of 
Cardiovascular Death. New Engl J Med. 2012;366(20):1881-90. doi: 
10.1056/NEJMoa1003833. PubMed PMID: WOS:000304083000007.

7. Inchingolo R, Pierandrei C, Montemurro G, Smargiassi A, Lohmeyer FM, Rizzi A. 
Antimicrobial Resistance in Common Respiratory Pathogens of Chronic Bronchiectasis 
Patients: A Literature Review. Antibiotics (Basel). 2021;10(3). Epub 20210320. doi: 
10.3390/antibiotics10030326. PubMed PMID: 33804631; PubMed Central PMCID: 
PMCPMC8003644.

8. Riveiro V, Casal A, Abelleira R, Valdés L. Advances in inhaled antibiotics for 
management of respiratory tract infections. Current Opinion in Pulmonary Medicine. 



20

2023;29(3):160-7. doi: 10.1097/mcp.0000000000000952. PubMed PMID: 
WOS:000967761000005.

9. Chen L, Okuda T, Lu XY, Chan HK. Amorphous powders for inhalation drug delivery. 
Advanced Drug Delivery Reviews. 2016;100:102-15. doi: 10.1016/j.addr.2016.01.002. 
PubMed PMID: WOS:000376544100008.

10. Barker AF, O'Donnell AE, Flume P, Thompson PJ, Ruzi JD, de Gracia J, et al. Aztreonam 
for inhalation solution in patients with non-cystic fibrosis bronchiectasis (AIR-BX1 and AIR-
BX2): two randomised double-blind, placebo-controlled phase 3 trials. Lancet Respiratory 
Medicine. 2014;2(9):738-49. doi: 10.1016/s2213-2600(14)70165-1. PubMed PMID: 
WOS:000341065000021.

11. Bilton D, Henig N, Morrissey B, Gotfried M. Addition of inhaled tobramycin to 
ciprofloxacin for acute exacerbations of <i>Pseudomonas aeruginosa</i> infection in adult 
bronchiectasis. Chest. 2006;130(5):1503-10. doi: 10.1378/chest.130.5.1503. PubMed PMID: 
WOS:000242109800033.

12. Haworth CS, Foweraker JE, Wilkinson P, Kenyon RF, Bilton D. Inhaled Colistin in 
Patients with Bronchiectasis and Chronic <i>Pseudomonas aeruginosa</i> Infection. 
American Journal of Respiratory and Critical Care Medicine. 2014;189(8):975-82. doi: 
10.1164/rccm.201312-2208OC. PubMed PMID: WOS:000334403100015.

13. De la Rosa-Carrillo D, Suárez-Cuartín G, Golpe R, Carro LM, Martinez-Garcia MA. 
Inhaled Colistimethate Sodium in the Management of Patients with Bronchiectasis Infected 
by Pseudomonas aeruginosa: A Narrative Review of Current Evidence. Infection and Drug 
Resistance. 2022;15:7271-92. doi: 10.2147/idr.s318173. PubMed PMID: 
WOS:000933728400001.

14. Guan WJ, Xu JF, Luo H, Xu XX, Song YL, Ma WL, et al. A Double-Blind Randomized 
Placebo- Controlled Phase 3 Trial of Tobramycin Inhalation Solution in Adults With 
Bronchiectasis With<i> Pseudomonas</i> Infection. Chest. 2023;163(1):64-76. PubMed 
PMID: WOS:000940788600001.

15. Alhajlan M, Alhariri M, Omri A. Efficacy and safety of liposomal clarithromycin and its 
effect on pseudomonas aeruginosa virulence factors. Antimicrob Agents Chemother. 
2013;57(6):2694-704-704. doi: 10.1128/AAC.00235-13. PubMed PMID: edselc.2-52.0-
84877855980.

16. Yusuf H, Ali A, Orr N, Tunney M, McCarthy H, Kett V. Novel freeze-dried DDA and TPGS 
liposomes are suitable for nasal delivery of vaccine. Int J Pharm. 2017;533(1):179-86. doi: 
10.1016/j.ijpharm.2017.09.011. PubMed PMID: WOS:000413674200017.

17. Carstens M, Camps M, Henriksen-Lacey M, Franken K, Ottenhoff T, Perrie Y, et al. 
Effect of vesicle size on tissue localization and immunogenicity of liposomal DNA vaccines. 
Vaccine. 2011;29(29-30):4761-70. doi: 10.1016/j.vaccine.2011.04.081. PubMed PMID: 
WOS:000292471900017.



21

18. Wijaya HM. Application of thermoanalytical techniques to the optimization and 
characterization of a freeze-dried formulation [Electronic Thesis or Dissertation]2014.

19. Chen K-H, Mueannoom W, Gaisford S, Kett VL. Investigation into the effect of varying 
l-leucine concentration on the product characteristics of spray-dried liposome powders. 
Journal of Pharmacy and Pharmacology. 2012;64(10):1412-24. doi: 10.1111/j.2042-
7158.2012.01521.x. PubMed PMID: edsovi.01445462.201210000.00007.

20. Convention USP. US Pharmacopoeia. Washington: United States Pharmacopoeia 
Commission. 2012:1-1258.

21. Al-Rimawi F, Kharoaf M. Analysis of Azithromycin and Its Related Compounds by RP-
HPLC with UV Detection. 2010:86-90.

22. Liu X, Sun W, Zhang B, Tian B, Tang X, Qi N, et al. Clarithromycin-loaded liposomes 
offering high drug loading and less irritation. Int J Pharm. 2013;443(1-2):318-27. doi: 
10.1016/j.ijpharm.2013.01.023. PubMed PMID: S0378517313000501.

23. Solomon D, Gupta N, Mulla NS, Shukla S, Guerrero YA, Gupta V. Role of <i>In Vitro</i> 
Release Methods in Liposomal Formulation Development: Challenges and Regulatory 
Perspective. Aaps Journal. 2017;19(6):1669-81. doi: 10.1208/s12248-017-0142-0. PubMed 
PMID: WOS:000415057700013.

24. Kreda SM, Davis CW, Rose MC. CFTR, mucins, and mucus obstruction in cystic fibrosis. 
Cold Spring Harbor perspectives in medicine. 2012;2(9):a009589. doi: 
10.1101/cshperspect.a009589. PubMed PMID: 22951447.

25. Marques MRC, Loebenberg R, Almukainzi M. Simulated Biological Fluids with Possible 
Application in Dissolution Testing. Dissolution Technologies. 2011;18:15-28.

26. Moore JW, Flanner HH. Mathematical comparison of dissolution profiles. 
Pharmaceutical technology. 1996;20:64-74.

27. McGarvey OS, Kett VL, Craig DQM. An investigation into the crystallization of 
alpha,alpha-trehalose from the amorphous state. Journal of Physical Chemistry B. 
2003;107(27):6614-20. doi: 10.1021/jp0262822. PubMed PMID: WOS:000183921300020.

28. for SIO. ISO 9276-2:2014  Representation of results of particle size analysis   Part 2: 
Calculation of average particle sizes/diameters and moments from particle size distributions. 
2019.

29. Horiba. A GUIDEBOOK TO PARTICLE SIZE ANALYSIS. 2022.

30. International Council for Harmonisation. ICH Topic Q 1 A (R2), Stability Testing of New 
Drug Substance and Products UK: 2003.

31. Thalberg K, Berg E, Fransson M. Modeling dispersion of dry powders for inhalation. 
The concepts of total fines, cohesive energy and interaction parameters. International Journal 
of Pharmaceutics. 2012;427(2):224-33. doi: 10.1016/j.ijpharm.2012.02.009. PubMed PMID: 
WOS:000302364500011.



22

32. FDA. Metered Dose Inhaler (MDI) and Dry Powder Inhaler (DPI) Products Quality 
Considerations  Guidance for Industry     Revision 1. 2018.

33. Marple VA, Roberts DL, Romay FJ, Miller NC, Truman KG, Holroyd MJ, et al. Next 
generation pharmaceutical impactor (A new impactor for pharmaceutical inhaler testing). 
Part I: Design. Journal of Aerosol Medicine-Deposition Clearance and Effects in the Lung. 
2003;16(3):283-99. doi: 10.1089/089426803769017659. PubMed PMID: 
WOS:000185572000007.

34. Convention USP. US Pharmacopeial <601> Aerosol/Physical Tests/Apparatus 5 for Dry 
Powder Inhalers. Washington: United States Pharmacopoeia Commission. 2012:1-1258.

35. Carter KC, Puig-Sellart M. Nanocarriers Made from Non-Ionic Surfactants or Natural 
Polymers for Pulmonary Drug Delivery. Current Pharmaceutical Design. 2016;22(22):3324-31. 
doi: 10.2174/1381612822666160418121700. PubMed PMID: WOS:000384723900003.

36. Tiddens H, Geller D, Challoner P, Speirs R, Kesser K, Overbeek S, et al. Effect of dry 
powder inhaler resistance on the inspiratory flow rates and volumes of cystic fibrosis patients 
of six years and older. Journal of Aerosol Medicine-Deposition Clearance and Effects in the 
Lung. 2006;19(4):456-65. doi: 10.1089/jam.2006.19.456. PubMed PMID: 
WOS:000243413300004.

37. CLSI. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow 
Aerobically; Approved Standard, M07-A9. 2012.

38. Stepanovic S, Vukovic D, Hola V, Di Bonaventura G, Djukic S, Cirkovic I, et al. 
Quantification of biofilm in microtiter plates: overview of testing conditions and practical 
recommendations for assessment of biofilm production by staphylococci. Apmis. 
2007;115(8):891-9. doi: 10.1111/j.1600-0463.2007.apm_630.x. PubMed PMID: 
WOS:000248668000001.

39. O'Toole G. Microtiter Dish Biofilm Formation Assay. Jove-Journal of Visualized 
Experiments. 2011;(47). doi: 10.3791/2437. PubMed PMID: WOS:000209212800041.

40. Akkus-Dagdeviren ZB, Arisoy S, Friedl JD, Fürst A, Saleh A, Bernkop-Schnürch A. 
Polyphosphate coated nanoparticles: Enzyme-activated charge-reversal gene delivery 
systems. International Journal of Pharmaceutics. 2023;646. doi: 
10.1016/j.ijpharm.2023.123474. PubMed PMID: WOS:001089159300001.

41. Behrend-Keim B, Castro-Muñoz A, Monrreal-Ortega L, Avalos-León B, Campos-Estrada 
C, Smyth HDC, et al. The forgotten material: Highly dispersible and swellable gelatin-based 
microspheres for pulmonary drug delivery of cromolyn sodium and ipratropium bromide. 
International Journal of Pharmaceutics. 2023;644. doi: 10.1016/j.ijpharm.2023.123331. 
PubMed PMID: WOS:001070405300001.

42. Chan HW, Lee HW, Chow S, Lam DCL, Chow SF. Integrated continuous manufacturing 
of inhalable remdesivir nanoagglomerate dry powders: Design, optimization and therapeutic 
potential for respiratory viral infections. International Journal of Pharmaceutics. 2023;644. 
doi: 10.1016/j.ijpharm.2023.123303. PubMed PMID: WOS:001068211900001.



23

43. Wong SN, Low KH, Poon YL, Zhang XY, Chan HW, Chow SF. Synthesis of the first 
remdesivir cocrystal: design, characterization, and therapeutic potential for pulmonary 
delivery. International Journal of Pharmaceutics. 2023;640. doi: 
10.1016/j.ijpharm.2023.122983. PubMed PMID: WOS:000999848600001.

44. Lechanteur A, Plougonven E, Orozco L, Lumay G, Vandewalle N, Léonard A, et al. 
Engineered-inhaled particles: Influence of carbohydrates excipients nature on powder 
properties and behavior. International Journal of Pharmaceutics. 2022;613. doi: 
10.1016/j.ijpharm.2021.121319. PubMed PMID: WOS:000780209900003.

45. Ye YQ, Ma Y, Zhu J. The future of dry powder inhaled therapy: Promising or 
discouraging for systemic disorders? International Journal of Pharmaceutics. 2022;614. doi: 
10.1016/j.ijpharm.2022.121457. PubMed PMID: WOS:000780824900004.

46. Xu HY, Moon C, Sahakijpijarn S, Dao HM, Alzhrani RF, Wang JL, et al. Aerosolizable 
Plasmid DNA Dry Powders Engineered by Thin-film Freezing. Pharmaceutical Research. 
2023;40(5):1141-52. doi: 10.1007/s11095-023-03473-5. PubMed PMID: 
WOS:000918493200002.

47. Munir M, Kett VL, Dunne NJ, McCarthy HO. Development of a Spray-Dried Formulation 
of Peptide-Dna Nanoparticles into a Dry Powder for Pulmonary Delivery Using Factorial 
Design. Pharmaceutical Research. 2022;39(6):1215-32. doi: 10.1007/s11095-022-03256-4. 
PubMed PMID: WOS:000784844200003.

48. British Standards Institution. ISO 10993-5 Biological evaluation of medical devices. 
Part 5, Tests for cytotoxicity, in vitro methods. London: British Standards Institution; 2009.

49. Karn PR, Cho W, Park HJ, Park JS, Hwang SJ. Characterization and stability studies of a 
novel liposomal cyclosporin A prepared using the supercritical fluid method: comparison with 
the modified conventional Bangham method. International Journal of Nanomedicine. 
2013;8:365-77. doi: 10.2147/ijn.s39025. PubMed PMID: WOS:000317922700035.

50. Andar AU, Hood RR, Vreeland WN, Devoe DL, Swaan PW. Microfluidic Preparation of 
Liposomes to Determine Particle Size Influence on Cellular Uptake Mechanisms. 
Pharmaceutical Research. 2014;31(2):401-13. doi: 10.1007/s11095-013-1171-8. PubMed 
PMID: WOS:000330733200013.

51. Yusuf H, Ali AA, Orr N, Tunney MM, McCarthy HO, Kett VL. Novel freeze-dried DDA 
and TPGS liposomes are suitable for nasal delivery of vaccine. International Journal of 
Pharmaceutics. 2017;533(1):179-86. doi: 10.1016/j.ijpharm.2017.09.011. PubMed PMID: 
WOS:000413674200017.

52. Minic P, Fustic S, Solyom E, Mazurek H, Antipkin Y, Feketeova A, et al. A MULTI-CYCLE 
OPEN LABEL STUDY OF NEBULIZED LIPOSOMAL AMIKACIN (ARIKACE™) IN THE TREATMENT 
OF CYSTIC FIBROSIS PATIENTS WITH CHRONIC <i>PSEUDOMONAS AERUGINOSA</i> LUNG 
INFECTION. Pediatric Pulmonology. 2010:306-. PubMed PMID: WOS:000282988800326.



24

53. Cipolla D, Wu H, Gonda I, Eastman S, Redelmeier T, Chan H-K. Modifying the Release 
Properties of Liposomes Toward Personalized Medicine. Journal of Pharmaceutical Sciences. 
2014;103(6):1851-62. doi: https://doi.org/10.1002/jps.23969.

54. Abdelwahed W, Degobert G, Stainmesse S, Fessi H. Freeze-drying of nanoparticles: 
Formulation, process and storage considerations. Adv Drug Deliv Rev. 2006;58(15):1688-713. 
doi: 10.1016/j.addr.2006.09.017. PubMed PMID: WOS:000243172000007.

55. Maury M, Murphy K, Kumar S, Shi L, Lee G. Effects of process variables on the powder 
yield of spray-dried trehalose on a laboratory spray-dryer. European Journal of Pharmaceutics 
and Biopharmaceutics. 2005;59(3):565-73. doi: 10.1016/j.ejpb.2004.10.002. PubMed PMID: 
WOS:000228005900021.

56. Sachetelli S, Khalil H, Chen T, Beaulac C, Senechal S, Lagace J. Demonstration of a 
fusion mechanism between a fluid bactericidal liposomal formulation and bacterial cells. 
Biochimica Et Biophysica Acta-Biomembranes. 2000;1463(2):254-66. doi: 10.1016/S0005-
2736(99)00217-5. PubMed PMID: WOS:000085469700006.

57. Yang J, Bahreman A, Daudey G, Bussmann J, Olsthoorn RCL, Kros A. Drug delivery via 
cell membrane fusion using lipopeptide modified liposomes. ACS Central Science. 
2016;2(9):621-30-30. doi: 10.1021/acscentsci.6b00172. PubMed PMID: edselc.2-52.0-
85016458819.

58. Samad A, Sultana Y, Aqil M. Liposomal drug delivery systems: an update review. 
Current drug delivery. 2007;4 4:297-305.

59. Ibrahim M, Verma R, Garcia-Contreras L. Inhalation drug delivery devices: technology 
update. Medical Devices-Evidence and Research. 2015;8:131-9. doi: 10.2147/MDER.S48888. 
PubMed PMID: WOS:000213895300015.

60. Vandenheuvel D, Meeus J, Lavigne R, Van den Mooter G. Instability of bacteriophages 
in spray-dried trehalose powders is caused by crystallization of the matrix. International 
Journal of Pharmaceutics. 2014;472(1-2):202-5. doi: 10.1016/j.ijpharm.2014.06.026. PubMed 
PMID: WOS:000340328400024.

61. Meerburg JJ, Andrinopoulou ER, Bos AC, Shin H, van Straten M, Hamed K, et al. Effect 
of Inspiratory Maneuvers on Lung Deposition of Tobramycin Inhalation Powder: A Modeling 
Study. Journal of Aerosol Medicine and Pulmonary Drug Delivery. 2020;33(2):61-72. doi: 
10.1089/jamp.2019.1529. PubMed PMID: WOS:000515310000001.

62. Solleti VS, Alhariri M, Omri A, Halwani M. Antimicrobial properties of liposomal 
azithromycin for Pseudomonas infections in cystic fibrosis patients. J Antimicrob Chemother. 
2015;70(3):784-96-96. doi: 10.1093/jac/dku452. PubMed PMID: edselc.2-52.0-84928194007.

63. Patriquin GM, Banin E, Gilmour C, Tuchman R, Greenberg EP, Poole K. Influence of 
quorum sensing and iron on twitching motility and biofilm formation in Pseudomonas 
aeruginosa. Journal of Bacteriology. 2008;190(1-2):662. PubMed PMID: edsgcl.203134893.

https://doi.org/10.1002/jps.23969


25

64. Imamura Y, Higashiyama Y, Tomono K, Izumikawa K, Yanagihara K, Ohno H, et al. 
Azithromycin exhibits bactericidal effects on Pseudomonas aeruginosa through interaction 
with the outer membrane. Antimicrob Agents Chemother. 2005;49(4):1377-80. doi: 
10.1128/AAC.49.4.1377-1380.2005. PubMed PMID: WOS:000228082500019.

65. Li H, Liu D, Chen L, Zhao Q, Yu Y, Ding J, et al. Meta-Analysis of the Adverse Effects of 
Long-Term Azithromycin Use in Patients with Chronic Lung Diseases. Antimicrob Agents 
Chemother. 2014;58(1):511-7. doi: 10.1128/AAC.02067-13. PubMed PMID: 
WOS:000329581100065.

66. Shephard J, McQuillan A, Bremer P. Mechanisms of Cation Exchange by Pseudomonas 
aeruginosa PAO1 and PAO1 wbpL, a Strain with a Truncated Lipopolysaccharide. Applied and 
Environmental Microbiology. 2008;74(22):6980-6. doi: 10.1128/AEM.01117-08. PubMed 
PMID: WOS:000260789800021.

67. Idris SF, Chilvers ER, Haworth C, McKeon D, Condliffe AM. Azithromycin therapy for 
neutrophilic airways disease: myth or magic? Thorax. 2009;64(3):186-9. doi: 
10.1136/thx.2008.103192. PubMed PMID: WOS:000263793000002.

68. Altenburg J, de Graaff CS, van der Werf TS, Boersma WG. Immunomodulatory Effects 
of Macrolide Antibiotics - Part 1: Biological Mechanisms. Respiration. 2011;81(1):67-74. doi: 
10.1159/000320319. PubMed PMID: WOS:000288207800014.

69. Krempaska K, Barnowski S, Gavini J, Hobi N, Ebener S, Simillion C, et al. Azithromycin 
has enhanced effects on lung fibroblasts from idiopathic pulmonary fibrosis (IPF) patients 
compared to controls. Respiratory Research. 2020;21(1). doi: 10.1186/s12931-020-1275-8. 
PubMed PMID: WOS:000513575800001.

70. Saiman L, Marshall B, Mayer-Hamblett N, Burns J, Quittner A, Cibene D, et al. 
Azithromycin in, patients with cystic fibrosis chronically infected with <i>Pseudomonas 
aeruginosa</i> -: A randomized controlled trial. Jama-Journal of the American Medical 
Association. 2003;290(13):1749-56. doi: 10.1001/jama.290.13.1749. PubMed PMID: 
WOS:000185606100024.

71. Qiu SL, Zhong XN. Macrolides: a promising pharmacologic therapy for chronic 
obstructive pulmonary disease. Therapeutic Advances in Respiratory Disease. 
2017;11(3):147-55. doi: 10.1177/1753465816682677. PubMed PMID: 
WOS:000400742000002.

72. Terpstra LC, Altenburg J, Hoesein FAM, Bronsveld I, Go S, van Rijn PAC, et al. The effect 
of maintenance azithromycin on radiological features in patients with bronchiectasis - 
Analysis from the BAT randomized controlled trial. Respiratory Medicine. 2022;192. doi: 
10.1016/j.rmed.2021.106718. PubMed PMID: WOS:000752427100004.

73. Cuevas E, Huertas D, Montón C, Marin A, Carrera-Salinas A, Pomares X, et al. Systemic 
and functional effects of continuous azithromycin treatment in patients with severe chronic 
obstructive pulmonary disease and frequent exacerbations. Frontiers in Medicine. 2023;10. 
doi: 10.3389/fmed.2023.1229463. PubMed PMID: WOS:001042284900001.



26

74. Swatton JE, Davenport PW, Maunders EA, Griffin JL, Lilley KS, Welch M. Impact of 
Azithromycin on the Quorum Sensing-Controlled Proteome of <i>Pseudomonas 
aeruginosa</i>. Plos One. 2016;11(1). doi: 10.1371/journal.pone.0147698. PubMed PMID: 
WOS:000369527800187.

75. van Delden C, Köhler T, Brunner-Ferber F, François B, Carlet J, Pechère JC. 
Azithromycin to prevent <i>Pseudomonas aeruginosa</i> ventilator-associated pneumonia 
by inhibition of quorum sensing: a randomized controlled trial. Intensive Care Medicine. 
2012;38(7):1118-25. doi: 10.1007/s00134-012-2559-3. PubMed PMID: 
WOS:000305413300005.

76. Rawlinson L, O'Gara J, Jones D, Brayden D. Resistance of Staphylococcus aureus to the 
cationic antimicrobial agent poly(2-(dimethylamino ethyl)methacrylate) (pDMAEMA) is 
influenced by cell-surface charge and hydrophobicity. Journal of Medical Microbiology. 
2011;60(7):968-76. doi: 10.1099/jmm.0.025619-0. PubMed PMID: WOS:000292578700014.

77. Mingeot-Leclercq M, Decout J. Bacterial lipid membranes as promising targets to fight 
antimicrobial resistance, molecular foundations and illustration through the renewal of 
aminoglycoside antibiotics and emergence of amphiphilic aminoglycosides. Medchemcomm. 
2016;7(4):586-611. doi: 10.1039/c5md00503e. PubMed PMID: WOS:000374789600002.

78. Karlsson J, Ungell A, Grasjo J, Artursson P. Paracellular drug transport across intestinal 
epithelia: influence of charge and induced water flux. European Journal of Pharmaceutical 
Sciences. 1999;9(1):47-56. doi: 10.1016/S0928-0987(99)00041-X. PubMed PMID: 
WOS:000083269900008.

79. Roger E, Lagarce F, Garcion E, Benoit J. Lipid nanocarriers improve paclitaxel transport 
throughout human intestinal epithelial cells by using vesicle-mediated transcytosis. J Control 
Release. 2009;140(2):174-81. doi: 10.1016/j.jconrel.2009.08.010. PubMed PMID: 
WOS:000272497900014.

80. Frohlich E. The role of surface charge in cellular uptake and cytotoxicity of medical 
nanoparticles. International Journal of Nanomedicine. 2012;7:5577-91. doi: 
10.2147/IJN.S36111. PubMed PMID: WOS:000310519000001.

81. Yusuf H. The development of freeze-dried liposome formulations as vaccine delivery 
systems [Electronic Thesis or Dissertation]2014.

82. Togami K, Chono S, Morimoto K. Aerosol-based efficient delivery of azithromycin to 
alveolar macrophages for treatment of respiratory infections. Pharmaceutical Development 
and Technology. 2013;18(6):1361-5. doi: 10.3109/10837450.2012.705296. PubMed PMID: 
WOS:000323730700012.

83. Hughes JH, Sweeney K, Ahadieh S, Ouellet D. Predictions of Systemic, Intracellular, and 
Lung Concentrations of Azithromycin With Different Dosing Regimens Used in COVID-19 
Clinical Trials. Cpt-Pharmacometrics & Systems Pharmacology. 2020;9(8):435-43. doi: 
10.1002/psp4.12537. PubMed PMID: WOS:000548342100001.



27

84. Smith D, Du Rand IA, Addy C, Collyns T, Hart S, Mitchelmore P, et al. British Thoracic 
Society guideline for the use of long-term macrolides in adults with respiratory disease. Bmj 
Open Respiratory Research. 2020;7(1). doi: 10.1136/bmjresp-2019-000489. PubMed PMID: 
WOS:000619922800001.

85. Committee JF. Tobramycin medicinal forms. 2023 ed. London: British Medical 
Association and Royal Pharmaceutical Society of Great Britain; 2023.

86. Iskandar AR, Kolli AR, Giralt A, Neau L, Fatarova M, Kondylis A, et al. Assessment of in 
vitro kinetics and biological impact of nebulized trehalose on human bronchial epithelium. 
Food and Chemical Toxicology. 2021;157. doi: 10.1016/j.fct.2021.112577. PubMed PMID: 
WOS:000706111800004.



28



29

CREDIT author statement

Yahya H. Dallal Bashi, Investigation, Writing- Original draft preparation

Ahlam Ali, Investigation,

Yuosef Al Ayoub, Methodology, Resources,

Khaled H. Assi, Methodology, Resources, Writing- Reviewing and Editing

Rachel Mairs, Writing- Reviewing and Editing

Helen O. McCarthy, Resources, Writing- Reviewing and Editing,

Michael M. Tunney, Supervision Conceptualization, Resources, Methodology, 
Project administration, Writing- Reviewing and Editing,

Vicky L. Kett Conceptualization, Methodology, Supervision, Project 
administration, Writing- Reviewing and Editing,

Declaration of interests
 
☒ The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper.



30

 
☐ The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests:

 
 
 


