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Abstract

Purpose: Dissolution behavior of dry powder inhaler (DPI) antibiotic formulations in the 

airways may affect their efficacy especially for poorly-soluble antibiotics such as azithromycin. 

The main objective of this study was to understand the effects of surface composition on the 

dissolution of spray dried azithromycin powders by itself and in combination with colistin.

Methods: Composite formulations of azithromycin (a poorly water-soluble molecule) and 

colistin (a water-soluble molecule) were produced by spray drying. The resultant formulations 

were characterized for particle size, morphology, surface composition, solid-state properties, 

solubility and dissolution.

Results: The results demonstrate that surfaces composition has critical impacts on the dissolution 

of composite formulations. Colistin was shown to increase the solubility of azithromycin. For 

composite formulations with no surface colistin, azithromycin released at a similar dissolution rate 

as the spray-dried azithromycin alone. An increase in surface colistin concentration was shown to 

accelerate the dissolution of azithromycin. The dissolution of colistin from the composite 

formulations was significantly slower than the spray-dried pure colistin. In addition, FTIR 

spectrum showed intermolecular interactions between azithromycin and colistin in the composite 

formulations, which could contribute to the enhanced solubility and dissolution of azithromycin.
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Conclusions: Our study provides fundamental understanding of the effects of surface 

concentration of colistin on azithromycin dissolution of co-spray-dried composite powder 

formulations.
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INTRODUCTION

Lower respiratory tract infections (or lung infections) are common and associated with high 

mortality and morbidity (1, 2). Excessive airway inflammation and damage of lung function 

are the primary causes of death from respiratory tract infections (3). Infections can also 

cause the worsening of lung function in respiratory tract disorders such as cystic fibrosis 

(CF), bronchiectasis and chronic obstructive pulmonary disease (COPD) (4, 5). For some 

antibiotics such as colistin, traditional oral/parenteral antibiotic therapies are not effective 

against such infections as only a very small proportion of the administrated drug reaches the 

site of infection i.e., the deep lungs (6). Exposure to such sub-optimal concentrations of 

antibiotics increases the risk of emergence of resistance; while administration of higher 

doses via the systemic routes may lead to severe adverse effects (7, 8).

Inhalation enables delivery of drugs directly to the lungs, which can achieve high drug 

concentrations in the airways at relatively low dose (9, 10). Inhaled colistin has been shown 

to be effective against respiratory tract infections (11). However, there has been a rise in the 

incidence of colistin-resistant Gram-negative infections (12, 13). Additionally, colistin 

exhibits limited effectiveness against the biofilm mucoid planktonic bacterial cells (14, 15). 

Thus, there is a need to develop novel colistin inhalation therapies to address challenges in 

bacterial biofilm and emerging resistance.

Combination therapy could be a practical approach to target the resistant strains and 

biofilms. Azithromycin is a promising candidate for combination therapy with colistin as it 

exerts an excellent antibacterial action (16). Macrolide antibiotics can also disrupt the 

protective biofilm integrity (17, 18) and reduce mucus secretion and sputum viscoelasticity 

(19). Clinical studies have shown that azithromycin therapy can facilitate significant 

improvements in the lung function attributable to its anti-inflammatory action (20, 21). 

Combinations of azithromycin and colistin have also been shown to exhibit synergistic 

antibacterial action against some multidrug resistant (MDR) Gram-negative bacterial strains 

(22, 23). Thus, azithromycin could be a suitable candidate for combination with colistin for 

improved inhalation antibiotic therapy.

Dry powder inhalers (DPIs) are becoming more popular than their liquid counterparts due to 

better chemical stability, greater portability, and ease of use (24–27). Since only the 

dissolved fraction of antibiotics is typically available to exert therapeutic action, it is vital 

that the constituting drugs dissolve after deposition in the lungs for optimal efficacy (28). 

Importantly, drug dissolution in the airway is affected by several factors including the low 

volume of epithelial lining fluid (10–20 mL/100 m2) (29) and the presence of mucus 
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especially in the diseased state. Moreover, the time available for the particles to dissolve is 

limited as undissolved particles can be cleared by pulmonary clearance mechanisms (30). 

For instance, azithromycin binds to the 50S ribosomal subunit of susceptible 

microorganisms and interferes with bacterial protein synthesis (31). The deposited 

azithromycin particles should dissolve and produce relatively high drug concentrations at the 

infection sites so that drugs can enter the bacterial cells. However, azithromycin is a poorly 

water-soluble drug (~0.2 mg/mL) (32), and its slow dissolution could be a limiting factor in 

achieving optimal antimicrobial activities for pulmonary delivery.

Our early study has shown that spray drying azithromycin with L-leucine improved the 

solubility and dissolution of azithromycin DPI formulations due to the molecular 

interactions and low pH microenvironment (33). Recently, the combination of two or more 

active components (typically referred as co-amorphous drug delivery systems) have been 

shown to effectively improve the solubility and dissolution of poorly water-soluble drugs 

(34). These studies have indicated that the dissolution of poorly water-soluble drug depends 

on the solubility of co-former drug, where the co-former with higher solubility allows poorly 

soluble drug to dissolve faster (34). It has been shown that colistin is a water-soluble 

molecule with surfactant-like character, which may increase the solubility of azithromycin 

(35). Our previous study also showed that when colistin was co-spray-dried with 

hydrophobic azithromycin, azithromycin tends to enrich on the composite particle surface, 

which prevented moisture-induced agglomeration of colistin at elevated humidity (36). 

However, there may be a concern that surface enrichment of hydrophobic azithromycin may 

retard the wetting and hence the dissolution of colistin. Thus, the main objective is to 

understand the effects of surface composition on the dissolution of poorly water-soluble 

azithromycin.

In this study, azithromycin and colistin were spray-dried to produce combination powder 

formulations for inhalation. The resultant formulations were characterized for aerodynamic 

particle size distribution, morphology, solid-state character, moisture sorption behavior and 

in-vitro aerosolization. The surface composition was characterized by X-ray photoelectron 

spectroscopy (XPS). The equilibrium solubility and in-vitro dissolution were determined to 

understand the effects of surface composition on the solubility and dissolution of the 

composite powder formulations.

MATERIALS AND METHODS

Materials

Azithromycin dihydrate and colistin sulphate were purchased from BetaPharma (Shanghai) 

Co. Ltd (Wujiang City, JiangSu Province, China). Acetonitrile (HPLC grade) was purchased 

from Merck (Fair Lawn, New Jersey, USA). Potassium dihydrogen phosphate, sodium 

hydroxide, sodium sulfate, methanol are all from Fischer Scientific (Fair Lawn, New Jersey, 

USA) and ethanol is from Decon Laboratories, King of Prussia, PA, USA.
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Spray drying

Dry powder formulations were produced by employing a Büchi 290 spray dryer (Büchi 

Labortechnik AG, Falwil, Switzerland). Briefly, azithromycin and colistin were weighed and 

dissolved separately in equal volumes of ethanol and water, respectively. After obtaining a 

clear solution, the colistin and azithromycin solutions were combined and mixed. To 

produce composite powders, the solutions consisting of colistin and azithromycin with 

varying molar composition (1:4, 1:2, 1:1 and 2:1, as shown in Table 1) were spray-dried. 

The spray-drying conditions were as follows: inlet temperature 80 °C; outlet temperature 48 

± 2 °C; aspirator 35 m3/h; atomizer setting 700 L/h; feed rate 2 mL/min (36). The spray-

dried product was stored in a desiccator with silica gel at 20 ± 3 °C. The total solid load of 

the spray feed solutions was kept constant (10 mg/mL) amongst different formulations (36).

Scanning electron microscopy (SEM)

A field emission scanning electron microscope (NOVA nanoSEM, FEI Company, Hillsboro, 

Oregon, USA) was used to examine the morphology of spray-dried particles. Briefly, 

adhesive carbon tape was placed on the stainless-steel stub and then a small amount of 

spray-dried powder was scattered over it and the excess powder was removed with the help 

of pressurized air. The stubs were then coated with platinum using a sputter coater (208 HR, 

Cressington Sputter Coater, England, UK) at 40 mA for 1 min, which corresponds to coating 

thickness of approximately 10 – 30 nm. The particles mounted on the coated stubs were 

visualized under the SEM and the images were captured at an acceleration voltage of 5 kV.

Particle size distribution

Particle size was measured using the scanning electron microscopy images (as described 

above) with the help of ImageJ software (37, 38). Martin’s diameter of ~150 randomly 

selected particles was determined in a fixed downwards direction from three different SEM 

images and D10, D50 and D90 were calculated from the size distribution data.

Specific surface area

The specific surface area of the powder formulations was determined following the 

Brunauer–Emmett–Teller (BET) method of nitrogen adsorption/desorption under 77 K using 

a Micromeritics TriStar II 3020 apparatus (Norcross, GA). Before each BET measurement, 

the sample powders were degassed for at least 4 h using a FlowPrep 060 degasser 

(Micromeritics, Norcross, GA).

X-ray powder diffraction (XPRD)

The crystallinity of the selected powder formulations was determined by X-ray diffraction 

with a Rigaku Smartlab™ diffractometer (Rigaku Americas, Texas, USA). The instrument 

was equipped with a Cu-Kα radiation source and a highly sensitive D/tex ultra-detector. The 

powders were placed on glass sample holders and x-ray diffraction was acquired from 5 to 

40° 2θ at a scan speed of 5°/min and a step size of 0.02°. The voltage and current used were 

40 kV and 44 mA, respectively.
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Water vapor sorption isotherm

A dynamic vapor sorption (DVS-Intrinsic, Surface Measurement Systems Ltd., London, 

UK) was used to evaluate the moisture sorption behavior. Each formulation (15 ± 5 mg) was 

placed on the pan, which was equilibrated to 0% relative humidity (RH) to provide a 

baseline. The experimental cycle consisted of a sorption cycle followed by a desorption 

cycle. The sorption cycle involved equilibrating powders to RH ranging from 0 to 90% at 

10% RH increments; while desorption cycle involved equilibrating the resultant powders to 

RH decreasing from 90 to 0% at 10% RH. Powders were considered to reach equilibrium, 

when the change in mass with respect to time i.e., dm/dt was less than 0.002% per minute.

Attenuated total reflectance Fourier-transform infrared spectroscopy (FTIR) spectroscopy

The powder formulations were analyzed using an FTIR with attenuated total reflectance 

(ATR) (Cary 600 series FTIR spectrometer, Agilent Technologies, Santa Clara, CA, USA). 

A small amount of powder was carefully placed onto the ATR crystal, and the pressure valve 

was used to improve the uniformity of contact between the sample and the ATR crystal of 

the instrument. Samples were analysed at a resolution of 1 cm−1 with 128 numbers of scan 

in the range on 400–4000 cm−1. The peaks of spectra were analyzed using ResolutionPro 

(Version 5.2.0, Agilent Technologies, Santa Clara, CA, USA) with sensitivity of 8.

X-ray photoelectron spectroscopy (XPS)

Surface concentrations of colistin and azithromycin were determined using X-ray 

photoelectron spectroscopy (XPS) (AXIS Ultra DLD spectrometer, Kratos Analytical Inc., 

Manchester, UK) with monochromic Al Kα radiation (1486.6 eV) at pass energy (PE) of 20 

and 160 eV for high-resolution and survey spectra, respectively. A commercial Kratos 

charge neutralizer was used to avoid non-homogeneous electric charge and to achieve better 

resolution. Typical instrument resolution for PE of 20 eV is ~0.35 eV. Binding energy (BE) 

values refer to the Fermi edge and the energy scale was calibrated using Au 4f7/2 at 84.0 eV 

and Cu 2p3/2 at 932.67 eV. Powder samples were scattered on a double-sided sticking Cu 

tape mounted on a stainless-steel sample holder bar. The C-C component of the C 1s peak 

was set to a binding energy of 284.8 eV to correct for charge on each sample and the data 

were analyzed. Curve-fitting was performed following a Shirley background subtraction 

using model peaks obtained from pure compounds. Atomic concentrations of the element in 

the near-surface region were estimated after a Shirley background subtraction considering 

the corresponding Scofield atomic sensitivity factors and inelastic mean free path (IMFP) of 

photoelectrons using standard procedures in the CasaXPS software assuming homogeneous 

mixture of the elements within the information depth (~10 nm).

Drug quantification

Concentrations of azithromycin and colistin were determined using a validated HPLC 

method (36). The HPLC system consisted of G1311C (1260 Quat Pump VL) pump, G1330B 

(1290 Thermostate) thermostate, G1329B (1260 ALS) autosampler, G1316A (1260 TCC) 

thermostated column compartment, G1314F (1260 VWD) variable wavelength detector, and 

an Agilant Eclipse Plus, 5 μm C18 150 × 4.60 mm column (all from Agilant, Waldbronn, 

Germany).
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For azithromycin, the mobile phase consisted of 20 mM potassium dihydrogen phosphate 

(adjusted to pH 7 with 10 % w/v sodium hydroxide) (A) and methanol (B). The isocratic 

elution program used for azithromycin detection was 20% A and 80% B v/v for 15 min at 

the flow rate of 1.0 mL/min with retention time at ~10 min at 210 nm. The calibration curve 

prepared using water and ethanol (1:1 v/v) as the solvent system in the concentration range 

of 0.5 – 0.01 mg/mL was linear (r 2 > 0.999). For colistin, the mobile phase consisted of 30 

mM sodium sulfate (adjusted to pH 2.5 with H3PO4) (A) and acetonitrile (B). The isocratic 

elution program used for colistin detection was 76% A and 24% B v/v for 7 min at the flow 

rate of 1.0 mL/min. Colistin peaks were observed at ~3 and ~5 min (for colistin A and 

colistin B) and a calibration curve in the range of 0.5 – 0.01 mg/mL was linear (r2 > 0.999).

Equilibrium solubility

Equilibrium azithromycin solubility of the raw azithromycin, the spray-dried azithromycin, 

physical mixtures (at the same molar composition as spray-dried formulations in Table 1) of 

azithromycin and colistin as well as the spray-dried composite formulations was determined 

(33). Briefly, an excess of azithromycin (i.e., 5 mg/mL equivalent of azithromycin of each 

formulation) was added to 5 mL of phosphate buffer saline (PBS, pH 7.4) maintained at 

room temperature (22 ± 2 °C) and 37 ±1 °C. The resultant suspensions were constantly 

stirred at 500 rpm (VWR International, Arlington Heights, IL, USA) with the help of a 

magnetic bar (12 mm diameter and 5 mm diameter, VWR International, Arlington Heights, 

IL, USA). After 24 h the suspensions were filtered using a 0.45 µm nylon syringe filter 

(VWR International, Arlington Heights, IL, USA) and the concentrations of azithromycin 

and colistin were determined by the validated HPLC method.

In-vitro aerosol efficiency

In-vitro aerosol performance was measured by a next-generation impactor (NGI, Apparatus 

X, USP X, Copley, Nottingham, UK) with a USP induction port. The collection plates of all 

the stages were coated with silicone oil before each testing to minimize particle bouncing. 

Powder weighing 10 ± 2 mg was filled (unless stated otherwise) in the capsules (size 3 

hydroxypropyl methylcellulose capsules, Qualicaps, Whitsett, NC, USA). Since the optimal 

dose for each formulation should be determined by future animal and clinical studies, a fixed 

dose was used here to evaluate interfacial effects on the In-vitro aerosol efficiency of the 

composite formulations.

The resultant capsules were used in a low-resistance RS01 DPI device (similar design to 

Osmohaler, Plastiape S.p.A., Osnago, Italy), with 4 L of air passing through the inhaler at an 

airflow of 100 L/min for 2.4 s, with a pressure drop of approximately 4 kPa (39). Drugs 

retained in the capsule, inhaler device, USP throat and Stage 1–8 of the impactor were 

collected using 20 mL of a co-solvent consisting of 1:1 v/v of 20 mM potassium dihydrogen 

phosphate (adjusted to pH 5 with 10 % w/v sodium hydroxide) and methanol. Fine particle 

fraction (FPF) was calculated as the fraction of drugs with an aerodynamic diameter < 5 μm 

over the recovered dose.
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In-vitro dissolution studies

The dissolution kinetics of selected powder formulations were investigated using two 

different methods: beaker methods and Franz diffusion cell using the protocol described 

previously with minor modifications (33, 40). The dissolution of powder was carried out 

using aerosolized particles with aerodynamic diameter smaller than 5 µm (41). Briefly, a 

filter disk (Whatman® Grade 2, pore size 5 μm, GE Healthcare, Parramatta, Australia) was 

placed under the nozzle of Stage 4 of NGI to collect the aerosolized particles.

Phosphate buffer saline (20 mL at pH 7.4) has been used widely as dissolution media in 

inhalation studies consistent with the existing literature (41, 42). An aliquot of 0.2 mL 

sample was drawn at predetermined time intervals (2, 5, 10, 15, 20, 30, 45, 60, 90, 120, 150 

and 180 min), which was replaced with 0.2 mL of fresh medium immediately after sample 

collection. Total amount of drug loaded on the filter disc was determining by adding 5 mL 

ethanol at the end of dissolution studies to dissolve all solids. Drug released was calculated 

by dividing the amount of drug released by the total amount of drug deposited on the filter 

disk.

In the Franz diffusion method, Franz cell (V6B, PermeGear Inc., Hellertown, PA, USA) 

reservoirs were filled with 20 mL PBS (pH 7.4) maintained at 37 ± 1°C. The dissolution 

media was stirred constantly at a pre-set fixed speed of 600 rpm (6-station Franz Cell stirrer, 

PermeGear Inc., Hellertown, PA, USA) with the help of a magnetic bar (12.5 mm diameter 

and 3 mm wide). The aerosol powder collected on the filter disk from NGI was placed on 

the top of the Franz cells while ensuring that the air bubble is not trapped underneath, and 

samples were collected at predetermined time intervals.

In the beaker method, the filter disk was gently placed in a 100 mL jacketed beaker (4.7 mm 

internal diameter × 8.5 cm high, Vineland, NJ, USA) with 20 mL PBS (pH 7.4) maintained 

at 37 ± 1 °C. The dissolution media was constantly stirred at a fixed speed of 500 rpm with a 

magnetic stirrer (VWR International, Arlington Heights, IL, USA) and a magnetic bar (12 

mm diameter and 5 mm diameter, VWR International, Arlington Heights, IL, USA).

Statistical analysis

Results are expressed as mean ± standard deviation (SD) and the statistical analysis was 

performed via one-way analysis of variance (ANOVA) with Tukey–Kramer post-hoc tests 

using a GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS

SEM

Figure 1 shows the representative SEM images of the spray-dried formulations. 

Azithromycin-SD appeared as near-spherical particles with slightly rough surfaces. The 

SEM image of Colistin-SD showed spherical dimpled, or occasionally smooth but hollow 

particles. Interestingly, morphology and surface roughness of the composite formulations 

was different considerably from both Colistin-SD and Azithromycin-SD. Apparently, the 

surface roughness increased with increasing colistin feed concentration up to the 1:1 ratio. 

Mangal et al. Page 7

Pharm Res. Author manuscript; available in PMC 2019 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The surfaces of Colistin-Azithromycin_2–1 particles (Figure 1E) appeared to be less 

wrinkled when compared with Colistin-Azithromycin_1–1 (Figure 1D). A previous study 

has shown that the surface roughness decreased at higher colistin to azithromycin ratio when 

colistin concentration in the formulations exceeds a threshold (36).

Particle sizing and specific surface area

Table 2 shows the particle sizes of spray-dried formulations. Our results indicated that 

physical diameters of majority of the formulations were < 4 µm. Azithromycin-SD has the 

lowest D50 of 0.9 ± 0.1 µm; while Colistin-Azithromycin_1–1 has the largest D50 of 2.0 

± 0.4 µm.

Both spray dried pure azithromycin and colistin formulations have relatively lower specific 

surface area compared to those composite formulations. The Colistin-Azithromycin_1–1 

formulation has the highest specific surface area of 19.56 ± 0.10, which is in agreement with 

the most corrugated morphology shown in the SEM images.

XPS

Table 3 compares the theoretical formulation concentrations of colistin and azithromycin in 

the composite formulation with their surface concentrations as determined by XPS. The 

results show that colistin was not detected at the surfaces of Colistin-Azithromycin_1–4 and 

Colistin-Azithromycin_1–2. The surfaces of Colistin-Azithromycin_1–1 and Colistin-

Azithromycin_2–1 showed some colistin but azithromycin was dominant at the surfaces of 

all the composite formulations. The surface concentrations of azithromycin were higher than 

its theoretical formulation compositions indicating azithromycin enrichment at the surfaces 

of composite particles, which are in agreement with our previous findings (36).

XPRD

XPRD was used to evaluate the solid-state properties of the samples (Figure 2). The XPRD 

diffractogram of raw azithromycin showed sharp peaks indicating crystallinity (Figure 2A). 

In contrast, PXRD diffractogram of Azithromycin-SD showed the amorphous halos 

indicating the lack of long-range molecular order. In the spray drying process here, the 

drying rate is very rapid and hence the time for solutes to re-arrange into a crystal lattice is 

not sufficient, and such conditions typically leading to formation of amorphous solids.

All composite formulations showed no sharp peaks indicating their amorphous nature. 

Studies have shown that the surface enrichment of poorly water-soluble molecules in the 

spray drying may be a result of their crystallization, as crystals exhibit slower diffusion, then 

these molecules accumulate at the surfaces (43, 44). The XPRD pattern clearly indicates that 

surface enrichment of azithromycin was not a result of its crystallization. We also 

investigated the physical stability of the spray-dried formulations stored at 55% RH and 75% 

RH for 3 months (Figure 2B and 2C); the formulations showed no sharp peaks indicating 

absence of moisture-induced crystallization. This highlights the robust physical stability of 

our spray-dried formulations.
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Water vapor sorption isotherm

As indicated by the water sorption data, Colistin-SD absorbed substantial amounts water at 

high relative humidity (Figure 3). In contrast, Azithromycin-SD absorbed relatively smaller 

amount of water (~5% w/w) compared with the other spray dried formulations. The amount 

of water uptake increased with increasing proportion of colistin in the composite 

formulations. The water uptake in the composite formulations was also completely 

reversible indicating the absorbed water did not result crystallization. This agrees with our 

XPRD data, which indicated no change in solid-state properties of the formulation following 

storage at the elevated humidity.

Attenuated Total Reflectance–FTIR spectroscopy

FTIR spectroscopy was used to identify potential chemical interactions between colistin and 

azithromycin in the composite formulations (Figure 4). The two spectral regions between 

900 – 1900 cm−1 and 2600 – 4000 cm−1 were chosen for the analysis. The spray dried 

azithromycin showed distinguishable characteristic peaks at 3480, 1726 and 1050 cm−1 

attributable to the O-H stretching, lactone carbonyl C=O stretching and asymmetric C-O-C 

stretching, respectively (45). FTIR spectra of colistin showed peaks at 3257 cm−1 and 3048 

cm−1 corresponding to the characteristic of amide A and B, respectively, due to N–H stretch 

in resonance with amide II overtone. In addition, the distinguishable peaks from the 

stretching vibrations of amide I C=O stretching, amide II N-H bending, and C-N stretching 

were observed at 1642, 1523 and 1064 cm−1, respectively (46). Various C–H stretching 

vibrations of azithromycin and colistin were observed at around 2900 cm−1. In the 

composite formulations of azithromycin and colistin, there were remarkable changes in the 

IR spectra compared to each spray dried pure azithromycin and colistin. The IR peaks of 

Colistin-Azithromycin_1–4 that correspond to the amide I C=O stretching and amide II N-H 

bending of colistin were shifted to higher wavenumbers of 1651 and 1537 cm−1, 

respectively, with decreased intensity (Table 4). It can be seen that the degree of change in 

these two peaks becomes larger as the ratio of azithromycin to colistin increases. 

Correspondingly, other two peaks of amide A and B were also shifted to higher 

wavenumber, and almost disappeared in the spectrum of Colistin-Azithromycin_1–4. In 

addition, the stretching vibration peak of C-N in the amide structure of colistin was changed 

from 1064 cm−1 to 1074 cm−1. The changes in peaks corresponding to azithromycin, were 

also observed very remarkably (Table 4). In particular, the peak corresponding to the 

stretching vibrations of O-H in Colistin-Azithromycin_1–4 was shifted from 3480 cm−1 to 

3457 cm−1 with increased intensity and broadening of peak. This change was more 

pronounced as the ratio of colistin to azithromycin increased and this peak was not detected 

in the spectrum of Colistin-Azithromycin_1–1. In addition, the azithromycin C-O-C 

stretching vibrations of Colistin-Azithromycin_2–1 was shifted from 1050 and 1054 cm−1. 

In contrast, there was no change in the stretching vibration peak of C=O.

In-vitro aerosolization efficiency

Figure 5 shows the FPF of the spray-dried formulations. Our results showed that 

Azithromycin-SD had a relatively high FPF of 65.8 ± 2.2 %; while Colistin-SD had a 

substantially higher FPF 78.0 ± 2.1 % as compared with Azithromycin-SD (Figure 5). 
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Composite formulations i.e., Colistin-Azithromycin_1–4 and Colistin-Azithromycin_1–2 

showed no change in the FPF when compared with Azithromycin-SD. However, the FPF of 

Colistin-Azithromycin_1–1 and Colistin-Azithromycin_2–1 was substantially higher when 

compared with Azithromycin-SD suggesting that colistin could improve the aerosolization 

of azithromycin. This may be attributed to an increase in the particle surface roughness of 

composite formulations. A change in surface composition as well as surface roughness could 

lower inter-particulate cohesive forces (47, 48). The FPF of Colistin-Azithromycin_1–1 and 

Colistin-Azithromycin_2–1 was comparable to that of Colistin-SD.

Equilibrium solubility

Figure 6 shows the solubility of azithromycin as a function of colistin concentration. The 

results clearly indicated that the azithromycin solubility (raw or spray-dried) was low. The 

solubility of azithromycin in physical mixture increased linearly as a function of colistin 

concentration (Figure 6B). This is in line with previous findings that colistin can 

substantially increase the solubility of azithromycin (35). The solubility of azithromycin in 

the spray-dried formulation increased with an increase in the colistin concentration (Figure 

6A). We proposed that azithromycin being dominant molecule at the surface of composite 

particle governs the dissolution of particles. For instance, when azithromycin solubility is 

higher, more colistin can release into the solution. This effect was not observed in physical 

mixture as colistin and azithromycin exist as separate particles. Further studies are warranted 

to confirm this hypothesis.

In-vitro dissolution studies

Franz diffusion method—Figure 7 shows the dissolution of azithromycin from the 

spray-dried formulations. The Franz dissolution studies indicated that ~70 % of 

azithromycin dissolved after 120 minutes and the maximum azithromycin released was 

~80% after 180 min for Azithromycin-SD. The dissolution rate of azithromycin in Colistin-

Azithromycin_1–4 and Colistin-Azithromycin_1–2 was similar to that of Azithromycin-SD; 

the surfaces of these two composite formulations showed no colistin. In contrast, the 

formulations (Colistin-Azithromycin_1–1 and Colistin-Azithromycin_2–1), which showed 

colistin at the particle surface, had a much faster azithromycin dissolution when compared 

with Azithromycin-SD. The dissolution rate of Colistin-Azithromycin_2–1 was faster when 

compared with Colistin-Azithromycin_1–1, which likely be attributed to an increase in 

surface colistin concentration.

We also analyzed the dissolution kinetics of colistin in these samples (Figure 8). The results 

indicated that Colistin-SD showed a rapid release with >80 % released within 30 min. The 

rate of colistin release for Colistin-Azithromycin_2–1 and Colistin-SD was similar. A 

significant drop in the dissolution of colistin was observed with increasing proportion of 

azithromycin in the composite formulations. This is most likely attributed to the enrichment 

of azithromycin at the surface of composite formulations, which can substantially hinder the 

release of colistin.

Beaker method—In case of Azithromycin-SD, ~ 70% of azithromycin was dissolved in 

30 min (Figure 9A). Colistin-Azithromycin_1–4 and Colistin-Azithromycin_1–2 showed 
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similar azithromycin release profiles as compared with Azithromycin-SD, which is 

consistent with the Franz cell data. In contrast, Colistin-Azithromycin_1–1 and Colistin-

Azithromycin_2–1 showed faster azithromycin release with > 80% being released within 

first 5 min.

We also investigated the dissolution of colistin in these formulations and compared it with 

Colistin-SD (Figure 9B). The results indicated that colistin showed a burst release behavior 

with >80% of drug was dissolved in the first 10 min. The similar burst release of colistin 

was also observed in case of Colistin-Azithromycin_1–1 and Colistin-Azithromycin_2–1 

with >80 colistin released in first the 10 min. Interestingly, the rate of colistin release was 

slower in case of Colistin-Azithromycin_1–4 and Colistin-Azithromycin_1–2. These results 

agree with those dissolution data using the Franz diffusion method. The dissolution rate was 

higher in the beaker method when compared with the corresponding formulations in the 

Franz diffusion methods. This is attributed to direct contact of the powder with the solvent in 

the beaker method (40).

DISCUSSION

Inhalation of large doses can be accompanied with local adverse events, which may cause 

concerns in patient adherence (6). Therefore, it is recommended to minimize the use of 

excipient in powders for inhalation, especially in the case of high dose formulations. Co-

spraying with colistin was shown to improve the aerosolization, solubility and dissolution of 

azithromycin in this study. Such formulation augmentation is of special interest in case of 

inhalable powders as this may obviate the need of significant excipients loading, thus 

reducing the overall powder load and improving patient tolerance and adherence (49). 

Another advantage of composite antibiotic DPI formulation over physical mixture is that the 

two or more drugs are contained within one particle and are more likely to deposit together 

at the site of infection. Thus, the potential synergistic effect of combination antibiotic is 

ensured to a greater degree, when compared with the corresponding physical mixture.

Studies have shown that the combination of azithromycin and colistin may exhibit 

synergistic activity against Gram-negative infections (50, 51). The anti-biofilm (17, 18), 

anti-inflammatory (20, 21) and muco-regulatory (19) effects of azithromycin could further 

complement the in vivo efficacy when co-administered with colistin. Spray drying is a 

popular strategy to produce combination antibiotic powder formulations for inhalation (52). 

The surface compositions may have heterogeneous distributions due to varying solubility 

and diffusion of the components (43, 44). Such heterogeneous surface distributions may 

have significant impact on dispersion behavior due to changes in particle density, 

morphology and surface energy, which have been investigated extensively.(48, 53–55) This 

study focuses on effects of such heterogeneous surface distributions on dissolution behavior 

of composite particles. Since wetting and dissolution of particles begin at the surface of the 

particles; the surface composition can have a dominating effect on the dissolution of the 

particle formulation (56). However, understanding of the effect of surface composition on 

the dissolution of spray-dried composite formulation is rarely reported. In this study, we 

investigated the effect of surface composition on the dissolution of colistin and azithromycin 

dry powder formulations.
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In composite formulations, the dissolution rate of the poorly water-soluble component 

typically depends on the water solubility of the co-former (57, 58). Our results also showed 

that colistin (a highly water-soluble molecule) improved the dissolution of poorly water-

soluble azithromycin; however, this increase was only shown for those formulations with the 

presence of surface colistin (i.e., Colistin-Azithromycin_1–1 and Colistin-Azithromycin_2–

1). The rate of dissolution also increased with increasing colistin surface concentrations. In 

contrast, colistin release was slower in the formulations with high surface azithromycin (i.e., 

Colistin-Azithromycin_4–1 and Colistin-Azithromycin_1–2). Furthermore, there are not 

clear correlations between dissolution and particle size/specific surface area results in this 

study. These findings indicate that surface composition played a dominating role in 

governing the dissolution of azithromycin and colistin from the composite formulations. 

More hydrophilic colistin on the surface can improve the wettability of the particles in the 

aqueous media, thus enhance the dissolution.

In our previous study, we have shown azithromycin was enriched on the surface of co-spray 

dried particles with colistin (36). Such enrichment of azithromycin was likely due to the 

lower solubility in the spray drying feed solution as compared with colistin(43). Boraey et 

al. demonstrated such solubility of varying components in the feed solution had significant 

impact on surface composition and dispersion (54). Therefore, the solvent system for the 

feed solution is critical to determine the surface composition of co-spray dried particles.

Previous studies have shown that colistin is a surfactant-like molecule, which can improve 

the solubility of azithromycin (35, 59). Our results also indicated that the solubility of 

azithromycin increased with increasing colistin concentration in the co-sprayed formulations 

as well as in the physical mixture. This may be attributed to the nature of composite 

formulations, where the constituting components are imbedded/packed in a matrix-like 

system, thus the dissolution of one component is dependent on the dissolution of the 

secondary component. However, this phenomenon was not observed in case of physical 

mixture, where the dissolution of colistin was independent of the dissolution of azithromycin 

as well as temperature. These suggest the molecular interactions measured by FTIR between 

azithromycin and colistin in the composite particle play a critical role in the solubility.

It was proposed that colistin improves the solubility of azithromycin by forming micelles 

which follow a ‘closed association’ model (35). This means that a discrete (fixed) number of 

colistin monomers are required to form a micelle. If micelle formation was the only 

mechanism of increased dissolution, the number of colistin molecules will typically be 

higher than the number of azithromycin. Our studies showed that both drugs release in 

synchronized fashion i.e., one molecule of azithromycin was released for every single 

molecule of colistin in Colistin-Azithromycin_1–1 formulation (Appendix A1). This 

indicates that micelle formation may not be the primary and/or only mechanism of 

azithromycin dissolution enhancement, as indicated by the different solubility behavior 

between composite and physical mixture formulations.

Intermolecular interactions between the drugs are proposed to explain the improved 

solubility. The most notable peaks among the many changes of FTIR spectra are O-H 

stretching of azithromycin and Amide I C=O stretching of colistin. As mentioned above, the 
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peak that corresponds to the amide I C=O stretching of colistin was shifted to higher 

wavenumbers with decreased intensity as the ratio of azithromycin to colistin increases. In 

addition, the peak due to the O-H stretching vibrations of azithromycin was shifted to lower 

wavenumber with increased intensity and broadening of peak as the ratio of colistin 

increased. This change in O-H peak can be attributed to the lengthening and weakening of 

O-H bond due to its attraction to hydrogen acceptor. This kind of hydrogen bond is called 

red-shifting hydrogen bond, which is very typical type of hydrogen bond (60). This FTIR 

pattern change is very similar to the result of previous literatures which showed the O-H of 

azithromycin is involved in hydrogen bond as a hydrogen donor (61). These spectral changes 

suggested that the O-H of azithromycin and Amide I C=O of colistin could participate in 

hydrogen bonding as hydrogen donor and acceptor, respectively. When the C=O group 

bonded to N-H is involved in hydrogen bond as a hydrogen acceptor, the amide II N-H 

bending can be shifted to higher wavenumber with decreased intensity even if hydrogen 

atom of N-H is not involved in an interaction with other hydrogen acceptor. This is called 

blue shifted bond which further substantiate the hydrogen bonding between azithromycin 

and colistin (54). It has been reported that the hydrogen bond can be formed between the 

carbonyl group of a water-soluble material and a hydrogen donor of a poorly water soluble 

material such as hydroxyl or amine group (62). The change in stretching band of axial C-O-

C, which acts as a bridge connecting the lactone ring and the sugar substituents in chemical 

structure of azithromycin, indicates that the hydrogen bond between colistin and 

azithromycin influences the conformational change of azithromycin structure.

CONCLUSIONS

In this study, we have investigated the effects of surface composition and intermolecular 

interaction on the dissolution of individual drug from a range of colistin-azithromycin 

composite formulations. The results highlight that the surface composition of the composite 

particles and intermolecular interactions could substantially affect solubility and dissolution 

of the constituting components. The findings provide a new insight and greater fundamental 

understanding on the dissolution behavior and interfacial effects of composite formulations.
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Appendix

Appendix A1: 
Dissolution rate of colistin and azithromycin (in nm) measured by the Franz diffusion 

method (A) or beaker method (B).
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Appendix A2:

MMAD and GSD of spray dried formulations

Formulations MMAD (µm) GSD (µm)

Azithromycin Colistin Azithromycin Colistin

Azithromycin-SD 1.5 0.06 - - 2.2 0.01 - -

Colistin-Azithromycin_1–4 1.6 0.04 1.6 0.09 2.0 0.09 2.0 0.06

Colistin-Azithromycin_1–2 1.8 0.14 1.9 0.14 1.8 0.06 1.9 0.10

Colistin-Azithromycin_1–1 2.2 0.02 2.2 0.02 1.9 0.06 1.8 0.09

Colistin-Azithromycin_2–1 1.5 0.01 1.6 0.03 2.0 0.15 2.1 0.15

Colistin-SD - - 1.7 0.16 - - 3.1 0.22
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Figure 1: 
Representative scanning electron microscopy images of Azithromycin-SD (A), Colistin-

Azithromycin_1–4 (B), Colistin-Azithromycin_1–2 (C), Colistin-Azithromycin_1–1 (D), 

Colistin-Azithromycin_2–1 (E) and Colistin-SD (F). Scale bars represent 500 nm.
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Figure 2: 
X-ray diffraction patterns of raw Azithromycin and freshly spray-dried formulations (A), 

spray-dried formulations stored at 55% RH for 3 months (B), and spray-dried formulations 

stored at 75% RH for 3 months (C).
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Figure 3: 
Dynamic water sorption behavior of the spray-dried formulations. The solid and dotted lines 

indicate changes in mass in sorption and desorption cycles, respectively.
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Figure 4: 
Infrared spectra of spray-dried formulations at specific spectral ranges of (A) 2600 – 4000 

cm−1 and (B) 900 – 1900 cm−1 ; (a) Azithromycin-SD, (b) Colistin-Azithromycin_1–4, (c) 

Colistin-Azithromycin_1–2, (d) Colistin-Azithromycin_1–1, (e) Colistin-Azithromycin_2–1, 

(f) Colistin-SD (ν: stretching, νas: asymmetric stretching, δ: bending).
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Figure 5: 
Fine particle fraction (FPF) of selected spray-dried formulations. The data are presented as 

mean ± SD (n=4).
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Figure 6: 
Azithromycin solubility as a function of colistin concentration in PBS (pH 7.4) for (A) 

spray-dried formulations and (B) physical mixtures determined at ambient temperature and 

37 C. The data are presented as mean ± SD (n=4).
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Figure 7: 
The release of azithromycin cumulative % of total from selected spray-dried formulations as 

a function of time (min) as determined using the Franz diffusion method. The data are 

presented as mean ± SD (n=4).
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Figure 8: 
The release of colistin cumulative % of total from selected spray-dried formulations as a 

function of time (min) as determined using the Franz diffusion method. The data are 

presented as mean ± SD (n=4).
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Figure 9: 
The release of azithromycin (A) and colistin (B) cumulative % of total from selected spray-

dried formulations as a function of time (min) as determined using the beaker method. The 

data are presented as mean ± SD (n=4).
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Table 1:

Compositions of spray-dried formulations.

Formulations Colistin (% w/w) Azithromycin (% w/w)

Azithromycin-SD 0 100

Colistin-Azithromycin_1–4 28.8 71.2

Colistin-Azithromycin_1–2 44.7 55.3

Colistin-Azithromycin_1–1 61.8 38.2

Colistin-Azithromycin_2–1 73.2 26.8

Colistin-SD 100 0
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Table 2:

Particle size and specific surface area resultsof the spray-dried powder formulations. The data are presented as 

mean ± SD (n=3).

Formulations
Particle Size (µm) Specific Surface Area

(m2/g)
D10 D50 D90

Azithromycin-SD 0.6 ± 0.1 0.9 ± 0.1 1.4 ± 0.2 6.13 ± 0.06

Colistin-Azithromycin_1–4 0.6 ± 0.1 1.0 ± 0.1 1.5 ± 0.1 8.57 ± 0.33

Colistin-Azithromycin_1–2 1.0 ± 0.1 1.4 ± 0.1 1.9 ± 0.2 9.78 ± 0.18

Colistin-Azithromycin_1–1 1.5 ± 0.5 2.0 ± 0.4 3.4 ± 0.8 19.56 ± 0.10

Colistin-Azithromycin_2–1 0.9 ± 0.1 1.5 ± 0.2 2.3 ± 0.0 11.64 ± 0.06

Colistin-SD 0.9 ± 0.1 1.4 ± 0.1 2.0 ± 0.2 8.37 ± 0.66
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Table 3:

Theoretical formulation and surface compositions of the selected spray-dried formulations as measured by 

XPS.

Formulations
% Theoretical Composition % Surface Composition

Colistin Azithromycin Colistin Azithromycin

Colistin-Azithromycin_1–4 25.5 74.5 0.0 100.0

Colistin-Azithromycin_1–2 40.6 59.4 0.0 100.0

Colistin-Azithromycin_1–1 57.8 42.2 8.4 91.6

Colistin-Azithromycin_2–1 73.2 26.8 27.5 72.5
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Table 4:

FTIR band assignments for the spray dried formulations.

Band assignment

Wavenumber (cm−1)

Azithromycin
Azithromycin : Colistin

Colistin
4:1 2:1 1:1 1:2

O-H stretching 3480 3457 3423

Amide A 3268 3264 3257

Amide B 3058 3057 3048

C-H stretching

2971 2971 2970 2968

2953 2956

2878 2877 2878 2874 2872 2872

C=O stretching 1726 1727 1727 1726 1726

Amide I C=O stretching 1651 1647 1644 1644 1642

Amide II N-H bending 1537 1531 1530 1528 1523

C-N stretching 1074 1073 1073 1073 1064

Asymmetric
C-O-C stretching 1050 1052 1053 1054 1054
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