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RESEARCH ARTICLE

Dry powder formulation of azithromycin for COVID-19 therapeutics

Stefanie Ho Yi Chana , Khalid Sheikha, Mohammed Gulrez Zariwalab and Satyanarayana Somavarapua

aDepartment of Pharmaceutics, UCL School of Pharmacy, London, United Kingdom; bCentre for Nutraceuticals, School of Life
Sciences, University of Westminster, London, United Kingdom

ABSTRACT
Azithromycin is an antibiotic proposed as a treatment for the coronavirus disease 2019 (COVID-
19) due to its immunomodulatory activity. The aim of this study is to develop dry powder for-
mulations of azithromycin-loaded poly(lactic-co-glycolic acid) (PLGA) nanocomposite micropar-
ticles for pulmonary delivery to improve the low bioavailability of azithromycin. Double
emulsion method was used to produce nanoparticles, which were then spray dried to form
nanocomposite microparticles. Encapsulation efficiency and drug loading were analysed, and
formulations were characterised by particle size, zeta potential, morphology, crystallinity and in-
vitro aerosol dispersion performance. The addition of chitosan changed the neutrally-charged
azithromycin only formulation to positively-charged nanoparticles. However, the addition of chi-
tosan also increased the particle size of the formulations. It was observed in the NGIVR data that
there was an improvement in dispersibility of the chitosan-related formulations. It was demon-
strated in this study that all dry powder formulations were able to deliver azithromycin to the
deep lung regions, which suggested the potential of using azithromycin via pulmonary drug
delivery as an effective method to treat COVID-19.
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1. Introduction

First discovered in late 2019, the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) has caused
a worldwide pandemic – the coronavirus disease 2019
(COVID-19). Since the pandemic first started, there
have been several potential treatments in various
stages of development. These can be broadly divided
into three categories – antivirals (Barnabas et al. 2021,
Hung et al. 2020, Rizzardini 2020, ANTICOV 2021,
Shoumann et al. 2021, Arnold 2022, Gottlieb et al.
2022, Hammond et al. 2022, Cairns et al. 2022),
immune modulators and others involving diverse
mechanistic actions (Declercq et al. 2020, Smieszek
et al. 2021, Ezer et al. 2021, Mantero et al. 2021,
Bramante et al. 2022, Clemency et al. 2022, Profact Inc.
2022, Santoro et al. 2022, Wilkinson et al. 2020).
Immune modulators being investigated include azith-
romycin (Cavalcanti et al. 2020, Furtado et al. 2020,
Hinks et al. 2021, Oldenburg et al. 2021), brensocatib
(University of Dundee 2021), dexamethasone (The
COVID STEROID 2 Trial Group 2021, The RECOVERY
Collaborative Group 2021), etesevimab (Eli Lilly and

Company 2022, p. 4), otilimab (GlaxoSmithKline 2022),
ravulizumab (McEneny-King et al. 2021), risankizumab
(National Institute of Allergy and Infectious Diseases
(NIAID) 2022) and tofacitinib (Guimar~aes et al. 2021).

Currently, there are four COVID-19 treatments
approved by the Medicines and Healthcare products
Regulatory Agency (MHRA) and available within the
National Health Service (NHS) – molnupiravir
(Lagevrio), nirmatrelvir combined with ritonavir
(Paxlovid), remdesivir (Veklury), and sotrovimab
(Xevudy) (National Institute for Health and Care
Excellence 2022). Molnupiravir, nirmatrelvir combined
with ritonavir, and remdesivir are all antivirals, while
sotrovimab is an immune modulator. Both molnupira-
vir and the combination of nirmatrelvir and ritonavir
are approved for oral delivery, whereas remdesivir and
sotrovimab are delivered intravenously. Pulmonary
delivery is also being investigated as an alternative
route of administration since COVID-19 affects the
respiratory system, and therefore treatments focusing
on the lung may be more beneficial (Ruan et al. 2022).
The spike protein on the surface of SARS-CoV-2 cells
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binds specifically to the cellular receptor target, angio-
tensin-converting enzyme 2 (ACE2), present on the
type 2 pneumocytes in the alveoli in the lungs. As
ACE2 is largely present on the mucosal lining of the
nose and lungs, it hugely facilitates the entry and
infection of the respiratory tract as the host cell pro-
teases cleave the spike protein of SARS-CoV-2. The
virus enters the host cell by either endocytosis or dir-
ect cell entry through membrane fusion (Kumar et al.
2021). There is on-going research on dry powder for-
mulation of remdesivir by various methods, including
jet-milling and thin-film freezing (Sahakijpijarn et al.
2020, Vartak et al. 2021, Ruan et al. 2022).

Azithromycin is an antibiotic being used as a treat-
ment for COVID-19 due to its immunomodulatory
activity, which decreases production and pro-inflam-
matory cytokines and inhibits neutrophil activation
(Kanoh and Rubin 2010, Echeverr�ıa-Esnal et al. 2021).
In-vitro studies and in-silico drug screens had sug-
gested azithromycin as a potential candidate against
COVID-19 (Touret et al. 2020, Oliver and Hinks 2021).
However, several clinical trials had found there was no
significant difference in efficacy with the use of azith-
romycin (Cavalcanti et al. 2020, Furtado et al. 2020,
Sekhavati et al. 2020). A randomised clinical trial
(NCT04332107) suggested that a single dose of oral
azithromycin (1.2 g) did not show significant benefits
compared to that of placebo at day 14 (Oldenburg
et al. 2021). Another study (NCT04381962) suggested
that the use of oral azithromycin (500mg once daily
orally for 14 days) combined with standard care did
not reduce the risk of subsequent hospital admission
or death in patients with mild to moderate COVID-19
(Hinks et al. 2021). The UK-based RECOVERY trial
showed no significant clinical benefit from the use of
azithromycin (500mg by mouth, nasogastric tube, or
intravenous injection once a day for 10 days or until
discharge, if sooner) for hospitalised patients with
severe COVID-19 (Abaleke et al. 2021), while the
PRINCIPLE trial had found no significant benefit for
the routine use of azithromycin (500mg daily for three
days) for reducing recovery time or risk of hospitalisa-
tion for people with suspected COVID-19 in the UK
community (Butler et al. 2021). A possible explanation
for the low efficacy might be due to the known issues
related to azithromycin’s poor pharmacokinetic profile
(Lode 1991). Azithromycin has poor gastric stability
and a low oral bioavailability of approximately 37%,
and its incomplete absorption in blood may account
for its relatively poor efficacy (Luke and Foulds 1997).
To improve its bioavailability, its solubility and dissol-
ution behaviour need to be increased. This can be

done by reducing the particle size to the nanometre
range (M€uller and Jacobs 2002), which would cause an
increase in surface area and augmented dissolution
velocity (Keck and Muller 2006).

Delivering azithromycin via the pulmonary route has
several advantages over oral drug delivery
(Garcia-Contreras and Hickey 2002) – (1) aerosolised
azithromycin treats pulmonary infections in a targeted
manner without diffusing to other non-specific sites in
the body, thus resulting in a high therapeutic concentra-
tion locally in the lung, especially in the epithelial lining
fluid, with the added benefit of dose reduction (Hickey
et al. 2006); (2) side effects can be minimised as systemic
exposure is minimised, and the drug can also avoid first-
pass metabolism (Hayes et al. 2010); (3) there is a poten-
tial for developing inhaled azithromycin for controlled
release systems, hence reducing the frequency of drug
administration and increasing patients compliance
(Rogueda and Traini 2007); and (4) it can minimise the
aerosolisation of lung secretions, thus reducing the risk
of spreading the virus to healthcare professionals (Sun
2020). Previous studies had demonstrated the develop-
ment of inhalable dry powder formulations of azithromy-
cin with other excipients, including co-spray dried
azithromycin with mannitol (Li et al. 2014a, Young et al.
2015) and co-spray dried azithromycin with L-leucine
(Mangal et al. 2018). Poly(lactic-co-glycolic acid) (PLGA) is
a biodegradable polymer that is often used as it is com-
mercially available as well as FDA-approved (Sharma
et al. 2016). Its drug release rate can be easily modified
with the molecular weight of PLGA as well as its poly-
merisation ratio of lactide to glycolide (Mittal et al. 2007,
Gentile et al. 2014). It can also improve colloidal stability.
PLGA decomposes to lactic acid and glycolic acid in the
body and is then excreted as CO2, thus proving it to be
safe to use (Danhier et al. 2012, G€unday T€ureli et al.
2016). Therefore, this study was aimed at formulating
and characterising spray-dried powder of azithromycin-
loaded-PLGA nanocomposite microparticles that are suit-
able for pulmonary drug delivery as an alternative deliv-
ery route to promote bioavailability.

High pressure homogenisation is one of the most
common methods to produce nanoparticles (M€uller
and Peters 1998). In order to maximise its effect, dou-
ble emulsion method was used alongside homogen-
isation in this study. To avoid particles from
aggregating, a surfactant, i.e., PVA, was used to cover
the surface of the particles, supporting the electro-
static repulsion and/or steric stabilisation between par-
ticles (Grau et al. 2000). The emulsion formulated was
then lyophilised into powder form to enhance stability
(Kocbek et al. 2006).
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Although there are a lot of advantages of using
nanoparticles in dry powder inhalation (DPI) delivery,
such as higher drug loading capacity, increased cellu-
lar uptake, longer retention and higher chances of
mucus penetration, there are several challenges that
need to be overcome – (1) prevent aggregation of the
particles in inhaler, (2) efficient redispersion of drug in
lung fluid, (3) maintaining the particles in dry state
until delivery, and (4) preservation of the particles and
the corresponding biological activity of the drug
throughout manufacturing stages. Therefore, particle
engineering is introduced to produce particles of
desired characteristics with lesser expense (Han et al.
2002). Commonly used particle engineering techni-
ques include (1) make of large hollow nanoparticles
for deep lung deposition, (2) make of effervescent par-
ticles to improve dispersion, (3) surface modification
to improve nanoparticle characteristics as a delivery
vehicle, and (4) encapsulating nanoparticles within
microparticles to prevent particle aggregation.

2. Materials and methods

2.1. Materials

Azithromycin dihydrate (AZI), C38H72N2O12�2H2O
(Tokyo Chemical Industry Co. Ltd) was used as the
drug under investigation. Poly(vinyl alcohol), 87–89%
hydrolysed from Sigma-Aldrich (Dorset, U.K.) was used
as surfactant. Poly(D,L-Lactide-Co-Glycolide) crystals of
ratio 50:50 were purchased from Alkermes plc (Ohio,
U.S.A). Chitosan oligosaccharide lactate was purchased
from Sigma-Aldrich (Dorset, U.K.). Potassium dihydro-
gen orthophosphate and sodium hydroxide were pur-
chased from Fisher Scientific Ltd. (Loughborough,
U.K.). HPLC grade methanol and dichloromethane
were purchased from Fisher Scientific Ltd.
(Loughborough, U.K.) and Sigma-Aldrich (Dorset, U.K.)
respectively.

2.2. Methods

2.2.1. Preparation of azithromycin-loaded-PLGA
nanoparticles by double emulsion method
Azithromycin dihydrate-loaded 50:50 poly(lactic-co-gly-
colic acid) (PLGA) nanoparticles were prepared by
double emulsion method. 100mg of PLGA and 10mg
of azithromycin dihydrate were dissolved in 10ml of
dichloromethane (DCM). 1ml of 2% polyvinyl alcohol
(PVA) solution was then added. This solution was emulsi-
fied for two minutes using a homogeniser (IKA Ultra-
Turrax T-25 Digital Homogeniser) with 24,000 rpm to
form the primary emulsion. This primary emulsion was

added into 25ml of the 0.5% PVA solution (for azithro-
mycin only formulation) or 12.5ml of 0.5% PVA solution
and 12.5ml of 0.1% chitosan oligosaccharide lactate
solution (for azithromycin and chitosan formulation), and
then emulsified by a homogeniser for five minutes. This
secondary emulsion was then homogenised with a
diluted (0.1%) PVA solution for a further fiveminutes.
The emulsion was then left to stir at a temperature
range of 40 �C – 45 �C for up to four hours to remove
the solvent. Blank nanoparticles were prepared under
the same conditions but with absence of the drug. For
optimisation purposes, three different types of chitosan,
i.e., chitooligosaccharide (CO), chitosan hydrochloride
(CH), chitosan oligosaccharide lactate (COL), were used;
and COL was chosen to be used in the formulations pre-
sented in this study.

2.2.2. Characterisation of azithromycin-loaded-PLGA
nanoparticles
2.2.2.1. Particle size and zeta potential measure-
ment by dynamic light scattering (DLS). The size dis-
tribution and zeta potential of nanoparticles were
obtained as ZAve hydrodynamic diameter, polydisper-
sity index (PDI) and zeta potential (§) using Zetasizer
Nano ZS (Malvern Instruments, UK). 1ml of the sample
was pipetted directly into the zeta potential DTS1070
folded capillary cell (Malvern Panalytical, UK). Samples
that were measured after filtration were filtered with a
0.45 mm filter membrane. Zeta potential was calculated
from electrophoretic mobility using the Helmholtz-
Smoluchowski equation by the Malvern data analysis
software. Measurements were performed three times;
the mean value and standard deviation (SD) of the
particle size, PDI and zeta potential were then
calculated.

2.2.2.2. Encapsulation efficiency and drug loading
by high-performance liquid chromatography
(HPLC). Samples were placed in a centrifuge tube
(size: 14ml) and centrifuged at 9500 rpm (angle rotor
19777-H) for 30min at 4 �C in a refrigerated centrifuge
(Sigma Laborzentrifugen, Germany). The supernatants
were then extracted and injected into high-perform-
ance liquid chromatography (HPLC) vials ready for
analysis. HPLC with UV/Vis detector (Agilent 1200
Series, USA) at wavelength 205 nm was used to quan-
tify azithromycin dihydrate in preparations, using a
validated method with minor modifications (Al-Rimawi
and Kharoaf 2010). The analytical column, C18
reversed-phase 250� 4.6mm was selected as the sta-
tionary phase. Separation was carried out using a
mobile phase 90:10 (by volume) of methanol and
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buffer of pH 7.54 [Phosphate buffer was prepared by
dissolving 4.50 g of potassium dihydrogen orthophos-
phate in 1000ml of water (0.3M), adjusted to pH 7.54
with 10% sodium hydroxide solution]. The injection
volume used was 20 mL at 1ml/min flowrate.

Encapsulation efficiency was calculated from
Equation (1) while drug loading was calculated using
Equation (2).

Entrapment efficiency %ð Þ

¼ðTotal concentration of AZI � Concentration of unentrapped AZIÞ
Total concentration of AZI

�100%

[1]

Drug loading %ð Þ

¼Total weight of entrapped azithromycin
Total weight of all raw materials used

� 100%

[2]

2.2.2.3. Morphology of nanoparticles by transmis-
sion electron microscopy (TEM). The morphology of
the nanoparticles was determined using transmission
electron microscopy (TEM; Philips/FEI CM120 Bio Twin,
FEI Netherlands). Samples were placed on copper
grids for viewing and excess droplets were wicked
away with filter paper. After two minutes, a drop of
1% phosphotungstic acid was placed onto the copper
grid for negative staining. The grid was dried at room
temperature and observed using TEM.

2.2.3. Preparation of azithromycin-loaded-PLGA
nanocomposite microparticles by spray drying
50ml of all four nanocomposite formulations (azithro-
mycin formulation without centrifugation, azithromycin
formulation with centrifugation, azithromycin and chito-
san formulation without centrifugation, and azithromy-
cin and chitosan formulation with centrifugation) were
spray dried using a mini laboratory spray dryer, model
B-290 (B€uchi Labortechnik, Switzerland) in an open-loop
mode configuration using compressed air as the drying
gas. For the two formulations that required centrifuga-
tion, formulations were placed in a centrifuge tube
(size: 50ml) and centrifuged at 9500 rpm (angle rotor
19776-H) for 30min at 4 �C in a refrigerated centrifuge
(Sigma Laborzentrifugen, Germany) prior to spray dry-
ing. The spray drying process was done under the fol-
lowing conditions: inlet temperature (Tin) at 120 �C,
corresponding to an outlet temperature (Tout) at 42 �C;
aspirator rate at 50%; spray gas flow: 536 L/h, pump
rate at 5%. The spray-dried powder was then collected
from several vessels of the spray dryer.

2.2.4. Characterisation of azithromycin-loaded-PLGA
nanocomposite nanoparticles
2.2.4.1. Yield and quality of formulations. The yield
of the spray-dried formulations were accurately
weighed using an electronic weighing scale and the
appearance of the formulations were documented.

2.2.4.2. Morphology of nanocomposite micropar-
ticles by scanning electron microscopy (SEM).
Scanning electron microscopy (SEM) was used to exam-
ine the surface morphology of produced powders.
Samples were prepared by placing a small amount of
freshly prepared spray-dried powder on to 12.5mm alu-
minium specimen pin stubs covered with double-sided
adhesive black carbon tabs (Agor Scientific, UK). The
sample was sputter-coated with gold (Quorum Q150R;
Quorum Technologies Ltd., Sussex, UK) prior to observa-
tion under SEM (FEI Quanta 200 F SEM; FEI, Eindhoven,
Netherlands) at an acceleration voltage of 5 kV.

2.2.4.3. Particle size by laser diffraction analysis
(LDA). The particle size distribution of the powder was
determined using a Sympatec HELOS BF laser diffrac-
tion analyser (Sympatec GmbH, Clausthal-Zellerfeld,
Germany) with RODOS/M dry powder disperser. The
sample was loaded into a sealed sample tube and the
tube was inserted into the micro-dosing device –
ASPIROS. Sufficient sample was loaded to obtain an
obscuration of >1 and each sample was measured in
triplicate at an air pressure of 4 bar. Results were ana-
lysed using Windox 5 (version 5.7.0.0) software.

Results were analysed based on Mie Evaluation
Extended (MIEE) algorithm for spherical, isotropic and
homogenous particles, which transferred the scattered
light data into particle size information. The complex
refractive index value used in the analysis was 1.550,
with air as continuous phase. Results were expressed
as the volume mean particle size and percentage
undersize at 10% (X10), 50% (X50) and 90% (X90) and
volume mean diameter (VMD).

VMD is the first moment of a q3(x) (particle volume
over particle size) distribution and was calculated as
follows. (Ref: 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)

VMD ¼ M1, 3 ¼
Xn

i�1
xi � q3 xið Þ � xu, i � xl, ið Þ [3]

(where n ¼ number of particle size intervals, xi ¼
arithmetic mean value of particle size interval i, xu,i ¼
upper limit of particle size interval i, xl,i ¼ lower limit
of particle size interval i)
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The width of distribution was expressed as Span
according to the following equation:

Span ¼ X90 � X10ð Þ=X50 [4]

2.2.4.4. Fourier-transform infra-red spectroscopy
(FTIR). FTIR analysis was undertaken using a Spectrum
100 FTIR spectrometer (Perkin Elmer, Massachusetts,
USA). Spectra were recorded over the range 4000–
650 cm�1 with a resolution of 4 cm�1 and scanning
speed of 0.2 cm/s.

2.2.4.5. Differential scanning calorimetry (DSC).
Thermal analysis was performed on accurately weighed
5mg samples using hermetically sealed aluminium
pans (Tzero pans), a Q seriesTM DSC auto-sampler and
TA DSC Q2000 (TA instruments-Waters LLC, New Castle,
DE, USA). The melting point (Tm) of samples was
recorded under a 20ml/min dry nitrogen gas purge at
a flow rate of 50ml/min. The samples were heated at a
rate of 10 �C/min from 20 �C to 120 �C to remove any
water particles, then they were equilibrated at 20 �C
before being heated at a rate of 10 �C/min from 20 �C
to 300 �C. Calibration of the instrument was performed
routinely using indium as the calibrant.

2.2.4.6. X-ray powder diffraction (XRD). XRD analysis
of samples was performed using Rigaku Mini-Flex 600
(Rigaku, Tokyo, Japan). X-ray tube was operated at a
generator voltage of 40 kV and a current of 15mA.
Diffraction patterns were recorded over diffraction
angle (2h) of 3�–60�, a scanning rate of 5˚(2h)/min
and scan step of 0.05� (2h).

2.2.4.7. In-vitro aerosol dispersion performance by
Next Generation Impactor (NGIVR ). The aerosol prop-
erties of the dry powders were evaluated using the
NGIVR (Copley Scientific Limited, Nottingham, UK) con-
ducted under pharmacopoeial conditions (Apparatus
E, European Pharmacopoeis, Chapter 2.9.18). Air flow
through the apparatus was adjusted to be at
60 ± 3 L/min using vacuum pump and two-way solen-
oid valve timer. The air flow rate was tested using a
flow metre (DFM2000, Copley Scientific Limited,
Nottingham, UK) prior to the testing.

The central cup of the pre-separator insert was
filled with 15ml of methanol and the impaction cups
were coated with 1% v/v silicone oil in hexane before
analysis. Powder samples (20 ± 1mg) were accurately
weighed and filled into no. 3 hard gelatine capsules
and were individually loaded into the dosage chamber
of an AerolizerVR device (Novartis, Surrey, UK). The cap-
sule was pierced and the AerolizerVR was inserted into

a mouth-piece adaptor. The powder was drawn into
the NGIVR and tested for 4s at 60 L/min. This was car-
ried out using three capsules for each sample. After all
three actuations, powder in capsules, device, mouth-
piece, induction port, and stages 1–8 of the NGIVR were
collected with thorough rinsing using methanol into
separate volumetric flasks. The solutions were mixed
in a bath sonicator for one hour and left at room tem-
perature overnight to allow azithromycin to be fully
dissolved in methanol prior to azithromycin determin-
ation using HPLC.

Under these conditions, the cut-off diameter
according to Apparatus E, European Pharmacopoeia,
Chapter 2.9.18 for each NGIVR stage are as follows:

Stage 1: 8.06mm, Stage 2: 4.46mm, Stage 3:
2.82 mm, Stage 4: 1.66mm, Stage 5: 0.94 mm, Stage 6:
0.55 mm, Stage 7: 0.34mm and Stage 8 as terminal
Micro-Orifice Collector (MOC)

The aerosolisation parameters, including fraction
recovered (FR), emitted dose (ED), fine particle dose
(FPD) and fine particle fraction (FPF) were calculated
as follows:

FR ¼ Mass of azithromycin from capsule to Stage 8
Initial mass of azithromycin loaded into the capsule

�100%

[5]

ED ¼ Mass of azithromycin from device to Stage 8
Mass of azithromycin from capsule to Stage 8

�100%

[6]
FPD ¼ Mass of azithromycin on Stage 2 to Stage 8

[7]

FPF ¼ Fine particle dose
Initial mass of azithromycin loaded into the capsule

�100%

[8]

Mass median aerodynamic diameter (MMAD) is
determined as particle size at the 50% of cumulative
fraction by mass for the aerosolised powders. It was
calculated from the graph of cumulative fraction
against effective cut-off diameter on log probability
axes. Geometric standard deviation (GSD) is a measure
of the width of an aerodynamic particle size distribu-
tion. It was calculated using the same plot as for cal-
culation of MMAD using following formula:

GSD ¼ d84=d16ð Þ1=2 [9]

2.2.5. Statistical analysis
One-way ANOVA statistical analysis was carried out
using IBM SPSS Statistics Data Editor. The sum of
squares, df, mean square, F-value and p values were
determined by the programme. For all analyses, differ-
ences were considered statistically significant when
p� 0.05.
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3. Results and discussion

3.1. Preparation of azithromycin-loaded-PLGA
nanoparticles by double emulsion method

Particle size was the first-line parameter used to deter-
mine which formulation(s) should be formulated as a
dry powder for pulmonary drug delivery at a later
stage. Different processes such as filtration, increasing
PVA concentration in the primary emulsion, volume of
DCM used in the organic phase, ultrasonic disruption,
duration of the homogenisation process and the inclu-
sion of dilution phase were carried out to optimise
the particle size. In general, it was observed that the
longer the homogenisation process in the dilution
phase, the smaller the particle size; and that the larger
the ratio of secondary emulsion to dilution phase, the
larger the particle size.

PLGA 50:50 ratio of lactic and glycolic acid was
used as it was proved to have faster hydrolytic activ-
ities than those of other ratios (Gentile et al. 2014,
Mittal et al. 2007). However, the surface of PLGA nano-
particles is believed to be negatively-charged, which
might affect the mucosal adsorption. Therefore, in this
study chitosan was also used, aiming to modify the
surface charge of the nanoparticles (Dasankoppa et al.
2017). The physiochemical properties of chitosan are
dependent on its degree of polymerisation, average
molecular weight and the degree of deacetylation,
hence different types of chitosan have different
physiochemical properties. Three different types of chi-
tosan, i.e., chitooligosaccharide (CO), chitosan hydro-
chloride (CH), chitosan oligosaccharide lactate (COL),
were used for optimisation. CO was first used, how-
ever the zeta potential obtained was not as high as
desired even the concentration of CO was 1.6%. In
both CH and COL, it was observed that both the par-
ticle size and surface charge increased as the concen-
tration of chitosan increased. This contradicted data
presented by Perez et al. and Lertsutthiwong et al,
who previously suggested that zeta potential and/or
surface charge were not dependent on the nature of
the active substance, concentration of polymer or sta-
biliser (Perez et al. 2001).

3.2. Characterisation of azithromycin-loaded-PLGA
nanoparticles

3.2.1. Particle size and zeta potential measurement
by dynamic light scattering (DLS)
Both formulations were proven to be monodisperse/
uniform as the PDI obtained were greater than 0.2,
ranging from 0.4 to 0.6. However, the addition of

chitosan increased the particle size of the formulation.
It was demonstrated in this study that the addition of
chitosan altered the neutrally-charged drug formula-
tions to positively-charged nanoparticles. Previous stud-
ies also proved the electrostatic interaction between
positively-charged chitosan and neutrally-charged or
negatively-charged nanoparticles (Fonte et al. 2011).

Formulation which contained chitosan was posi-
tively-charged, hence this electrostatic charge on the
particles will induce an opposing charge on the walls
of the respiratory tract, which results in attraction
between particles and walls, potentially causing the
formulations to stay exactly where they are delivered
on the lung. In addition, chitosan can also possibly be
used as the matrix for controlled drug delivery sys-
tem. Therefore, the use of chitosan could potentially
enhance adhesion performance, resulting in increased
bioavailability as well as improving the elongated dur-
ation of drug release, thus making it effective
for treating local diseases over a prolonged time
and improve patients’ compliance with reduced
dosage.

3.2.2. Encapsulation efficiency and drug loading by
ultraviolet-visible spectroscopy (UV-Vis) and high-
performance liquid chromatography (HPLC)
As stated in Table 1, drug-only formulation showed a
higher encapsulation efficiency than chitosan-related
formulation. Interestingly, the order of drug loading
was in reverse order of encapsulation efficiency, with
chitosan-related formulation having a higher drug
loading.

3.2.3. Morphology of nanoparticles by transmission
electron microscopy (TEM)
From the TEM images (Figure 1), it can be concluded
that the nanoparticles formed in both formulations
were spherical and that demonstrated a nano-range
particle size.

3.3. Preparation of azithromycin-loaded-PLGA
nanocomposite microparticles by spray drying

By optimising parameters such as aspirator rate, air
humidity, inlet temperature, spray air flow, pump
rate, concentration, etc., can cause an impact in areas
like outlet temperature, particle size, yield and
humidity of final product. In most cases, a general
trend is observed in correlation between these
parameters and the quality of final product, e.g.,
increasing aspirator rate will result in increasing
humidity as well as yield. However, there is one
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parameter dependent on the application, i.e., the
relationship between pump rate and the yield
obtained. Therefore, in this study, four pump rates
were used for optimisation and the one which pro-
duced the highest yield was used to spray dry the
remaining formulations.

Pump rates of 5%, 10%, 15%, and 25% were used to
spray dry azithromycin formulation without centrifugation.
The percentage yields of formulations developed for 5%,
10%, and 15% pump rate were 55.5%, 48.6%, and 43.8%
respectively. Liquid was formed instead of powder with
the pump rate of 25%. As 5% pump rate produced the

Table 1. Mean particle size, polydispersity index (PDI), zeta potential, encapsulation efficiency and drug loading of the two
formulations (mean ± SD, n¼ 3).

Formulation name
Particle size

(nm) PDI
Zeta potential

(mV)

Encapsulation
efficiency

(%)
Drug loading

(%)

Azithromycin with 2% PVA solution as primary emulsion, 0.5% PVA
as secondary emulsion and 0.1% PVA as dilution phase
(D/2.0P/0.5P/0.1P)

464.48 ± 19.85 0.60 ± 0.04 �1.38 ± 0.12 90.62 ± 0.31 3.24 ± 0.01

Azithromycin with 2% PVA
solution as primary emulsion, 0.5% PVA and 0.1% COL as secondary
emulsion and 0.1% PVA as dilution phase
(D/2.0P/0.5P0.1COL/0.1P)

639.03 ± 14.79 0.40 ± 0.01 29.0 ± 0.52 85.86 ± 0.33 3.73 ± 0.01

Figure 1. Transmission electron micrographs of nanoparticles of the final two formulations – (a) azithromycin formulation
(33,000� magnification), (b) azithromycin formulation (93,000� magnification), (c) azithromycin and chitosan formulation
(33,000� magnification), (d) azithromycin and chitosan formulation (93,000� magnification).
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highest yield, this was used to spray dry the remaining
formulations.

3.4. Characterisation of azithromycin-loaded-PLGA
nanocomposite nanoparticles

3.4.1. Yield and quality of formulations
White powders were formed for all four formulations.
The mean yield (n¼ 3) of azithromycin formulation
without centrifugation (AZI w/o) and azithromycin and
chitosan formulation without centrifugation (A&C w/o)
were 152.12 ± 17.34mg and 134.63± 15.23mg respect-
ively, while the mean yield (n¼ 3) of azithromycin for-
mulation with centrifugation (AZI w/) and azithromycin
and chitosan formulation with centrifugation (A&C w/)
were 29.94± 8.75mg and 43.31 ± 6.54mg respectively.
It was shown that the yield of formulations without
centrifugation were at least 3-fold than that of its cor-
responding formulation with centrifugation. The differ-
ence in mass was deduced to be the mass of
excessive PVA and/or chitosan that were present in
the supernatants.

3.4.2. Morphology of nanocomposite microparticles
by scanning electron microscopy (SEM)
The micrographs (Figure 2) showed that all four for-
mulations were spherical shaped with smooth and
spongy surface morphology. Spherical particles were
believed to have decreased contact area which then
lead to a reduction in cohesiveness as well as
enhancement in both dispersibility and aerosolisation
(Hassan and Lau 2009). It was shown that the two for-
mulations without centrifugation (Figure 2(a,b,e,f)) had
a relatively smoother surface, suggesting the excess
PVA in the supernatants acted as an external layer to
cover the particles and as a surfactant to prevent par-
ticles from aggregating, hence a lower particle size.
The micrographs for the formulations with centrifuga-
tion provided more insight as to how the nanocompo-
site particles were packed together to form
microparticles, as shown in Figure 2(c,d,g,h). In terms
of smoothness, AZI w/o appeared to be the smooth-
est, followed by A&C w/o, AZI w/ and A&C w/. This
indicated that centrifugation effectively made the par-
ticles surface less smooth and corrugated, and that
chitosan also produced the same effect, explaining
why A&C w/ had the roughest and most corrugated
surface. From previous studies, it was shown that cor-
rugations on the surface of particles further decreased
the contact area between particles and their cohesive-
ness while increasing dispersibility (Bandyopadhyaya
et al. 2004). This finding was in good agreement with

the formulations’ in-vitro aerosol dispersion perform-
ance by NGIVR .

3.4.3. Particle size by laser diffraction analysis
(LDA)
The laser sizing data of all the spray-dried formula-
tions were summarised in Table 2. A uni-modal size
distribution was demonstrated across all four formula-
tions. The span values of all formulations were
between 1.583 and 1.758, which proved a narrow size
distribution. The X50 for all spray-dried powders were
between 2.773 mm and 3.843 mm, which proved them
to be suitable candidates for pulmonary drug delivery.

It was also observed that the particle sizes of for-
mulations with centrifugation were larger than that of
without centrifugation. Besides, the particle sizes of
chitosan-related formulations were larger than that of
drug-only formulations, which were consistent with
the result when they were formulated as
nanoparticles.

3.4.4. Fourier-transform infra-red spectroscopy
(FTIR)
From Figure 3, it was observed that the two formula-
tions without centrifugation shared a similar IR spec-
trum as PVA and/or chitosan, with the additional
peaks at 1754 cm�1, which was originated from PLGA
and azithromycin. However, intensity was not as high
as their raw materials. Besides, the absorption bands
at 2997 cm�1 and 2948 cm�1, corresponding to PLGA,
disappeared in these two formulations, showing the
dominant presence of PVA. From Figure 3, it was
observed that the two formulations with centrifuga-
tion shared an identical IR spectrum as PLGA, includ-
ing same intensity of peaks. This suggested that the
dominant presence of PVA in the other two formula-
tions were reduced after centrifugation and the
removal of supernatant, which then led to PLGA exert-
ing a greater impact on these two structures.

3.4.5. Differential scanning calorimetry (DSC)
All the samples were first heated up to 120 �C to
remove any water molecules present in the samples.
One endothermic peak was observed in the DSC ther-
mograms of azithromycin and COL at 126.08 �C and
224.40 �C respectively (Figure 4). These two peaks
both indicated melting instead of dehydration, as
water was already removed in the first cycle as men-
tioned. According to literature, the melting point of
azithromycin dihydrate is 126 �C which corresponds
with the data obtained in this study. It was also noted
that there was a tiny, broad glass transition at
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Figure 2. Scanning electron micrographs of spray-dried formulations – (a) azithromycin formulation without centrifugation
(10,000� magnification), (b) azithromycin formulation without centrifugation (50,000� magnification), (c) azithromycin formulation
with centrifugation (10,000� magnification), (d) azithromycin formulation with centrifugation (50,000� magnification), (e) azithro-
mycin and chitosan formulation without centrifugation (10,000� magnification), (f) azithromycin and chitosan formulation without
centrifugation (50,000� magnification), (g) azithromycin and chitosan formulation with centrifugation (10,000� magnification), (h)
azithromycin and chitosan formulation with centrifugation (50,000�magnification).
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Figure 3. FTIR spectrum of all raw materials and the four spray-dried formulations.

Figure 4. DSC spectrum of all raw materials and the four spray-dried formulations.

Table 2. X10, X50, X90, VMD and Span value of all four formulations (mean ± SD, n¼ 3).
Formulation name X10 (mm) X50 (mm) X90 (mm) VMD (mm) Span

AZI w/o 1.06 ± 0.03 2.77 ± 0.19 5.70 ± 0.26 3.50 ± 0.42 1.68 ± 0.10
AZI w/ 1.40 ± 0.07 3.46 ± 0.21 7.29 ± 0.35 5.56 ± 0.25 1.71 ± 0.22
A&C w/o 1.11 ± 0.02 3.59 ± 0.28 7.39 ± 0.15 4.78 ± 0.18 1.76 ± 0.11
A&C w/ 1.56 ± 0.03 3.84 ± 0.10 7.64 ± 0.22 5.69 ± 0.27 1.58 ± 0.10
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�127 �C, thus suggesting COL might be slightly
amorphous as well. For PLGA, there was evidence of
glass transition temperature at 42.99 �C. As for PVA,
both behaviours were observed in the thermogram –

a glass transition at 158.41 �C and an endothermic
peak indicating melting at 192.88 �C. From the
thermogram, it can be concluded that azithromycin
was crystalline, COL to a large extent was crystalline
and that PLGA was amorphous. As for PVA, since it
possessed both behaviours, it was of a semi-crystalline
and semi-amorphous structure. The structure of the
two formulations without centrifugation were similar
to that of PVA, while the other two formulations with
centrifugation were similar to that of PLGA, thus
showing they were of a crystallinity similar to PVA and
PLGA respectively.

A broad, asymmetric peak was observed in
Formulation AZI w/o and Formulation A&C w/o at
174.17 �C and 188.33 �C respectively, thus indicating
they were crystalline but impure as expected as they
were of a formulation of multiple compounds. Glass
transition was observed in Formulation AZI w/ and
Formulation A&C w/ at 46.46 �C and 46.19 �C

respectively, thus indicating they were of amorphous
structures.

Since the formulations with centrifugation showed
no signal of PVA, it can be deduced that by removing
the supernatants after centrifugation and redissolving
the pellets in water for spray drying had successfully
removed the excess PVA in the formulation, and that
the presence of excessive PVA overshadowed the
effect of PLGA in the two formulations without centri-
fugation. This possibly explained why the yield of for-
mulations without centrifugation were higher than
that without, as this could be most likely due to the
presence of excessive PVA. Moreover, it was deduced
that azithromycin and/or chitosan were fully encapsu-
lated within PLGA (carrier) as no corresponding peaks of
azithromycin and/or COL were shown in the DSC spec-
trum of all the formulations. If chitosan was fully encap-
sulated as deduced, then the stability issue in the
nanoparticles formulation was solved by spray drying
the formulation. As seen in the thermograms of physical
mixture of azithromycin and PLGA of ratio 1:1, their cor-
responding melting peak or glass transition were
observed. However, in the thermograms of physical

Figure 5. XRD spectrum of all raw materials and the four spray-dried formulations.

Table 3. Aerodynamic parameters of formulations delivered to the NGIVR (mean ± SD, n¼ 3).
Formulation name Fraction recovered (%) Emitted dose (%) FPF (%) MMAD (mm) GSD

AZI w/o 62.53 ± 2.77 80.14 ± 4.30 41.49 ± 5.86 4.14 ± 0.20 1.86 ± 0.20
AZI w/ 71.68 ± 2.99 88.06 ± 5.63 56.02 ± 2.03 4.03 ± 0.26 1.74 ± 0.04
A&C w/o 70.43 ± 2.32 81.28 ± 10.36 48.21 ± 10.22 4.02 ± 0.32 1.83 ± 0.25
A&C w/ 71.48 ± 5.18 91.61 ± 1.67 60.42 ± 6.19 4.21 ± 0.31 1.78 ± 0.09
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mixture of azithromycin and PLGA of ratio 1:10, which
was the actual ratio used in all formulations, only glass
transition of PLGA was observed, there was no sign of
azithromycin. Therefore, besides the possibility that azith-
romycin was fully encapsulated/dispersed uniformly within
the carrier in all formulations, it can also be that the
amount of drug present was lower than that of the
detection limit, so no peak of azithromycin was recorded.

As Formulation AZI w/ and Formulation A&C w/
had a higher glass transition temperature than that of
PLGA, it indicated that it was less amorphous, because
the more amorphous the structure is, the easier the
molecules inside can move around to break out of the
rigid glassy state to the soft rubbery state. This was
deduced to be the effect of azithromycin and COL as
they were crystalline, thus impacted on these two for-
mulations to make it less amorphous.

Previous studies had shown that by spray drying
azithromycin (without the addition of polymer) can
turn its original crystalline structure to amorphous,
with a glass transition value of around 93 �C - 95 �C. It
was observed that the glass temperature decreased
with the increase of pump rates during spray drying
(Li et al. 2014b). However, in this study, endothermic
peaks of spray-dried formulations were not observed,
thus in agreement with the fact that azithromycin was
being encapsulated in the carrier – PLGA.

3.4.6. X-ray powder diffraction (XRD)
Well-defined sharp peaks were shown in the XRD pat-
tern of azithromycin, thus indicating the crystalline
nature of azithromycin, whereas in the XRD pattern of
PLGA, one broad diffusive halo at 2h¼ 20.7� was
shown, therefore proving the amorphous nature of
PLGA (Figure 5). Two broad peaks (not halo) were
observed in the XRD pattern of PVA (at 2h¼ 20.06�

and at 2h¼ 40.92�), as the two peaks were of a com-
bined behaviour, this matched with the DSC data
which suggested that PVA was semi-crystalline and
semi-amorphous. For COL, there was a low intensity
broad diffusive halo at 2h¼ 22.24� and a high inten-
sity well-defined sharp peak at 2h¼ 44.34�. According
to the correlation between the intensity of the peaks
and the degree of crystallinity, it confirmed the results
obtained in DSC that to a large extent COL was crys-
talline, but it was also slightly amorphous. Previous
studies showed that chitosan had a rigid crystalline
structure due to the formation of inter- and intro-
molecular hydrogen bonding owing to its hydroxyl
and amine groups (Seyfarth et al. 2008).

Broad peaks were observed in AZI w/o and A&C
w/o at 2h¼ 19� respectively, thus suggesting their
semi-crystalline and semi-amorphous structure and
that they were under the influence of PVA, whereas
broad diffusion halos were observed in AZI w/ and

Figure 6. NGIVR deposition profile of all four formulations.
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A&C w/ at 2h¼ 19� respectively, thus indicating they
were amorphous and under the influence of PLGA.
Since AZI w/ and A&C w/ were amorphous, they con-
tained a flexible backbone, thus having a greater ionic
diffusivity and higher ionic conductivity compared to
AZI w/o and A&C w/o.

No observable well-defined sharp peaks correspond-
ing to azithromycin were observed in all formulations,
thus showing that complete or almost-complete disso-
lution/encapsulation of azithromycin in the polymer
matrix.

3.4.7. In-vitro aerosol dispersion performance by
Next Generation Impactor (NGIVR )
It can be observed that in both cases (with and with-
out centrifugation), the addition of chitosan produced
a relatively low deposition of azithromycin in the
inhaler and throat regions and that an increase in
deposition from Stage 2 to Stage 8 was observed,
thus indicating an improvement in dispersibility of the
chitosan-related formulations, hence suggesting the
possibilities of using COL as dispersibility enhancers.

All formulations were highly dispersible, as the
emitted dose were all over 80%. The dry powder of all
four formulations were suitable for pulmonary drug
delivery as they all had a MMAD value, as shown in
Table 3 and Figure 6, lower than 5 mm. However, the
MMAD values of all formulations were significantly
higher than that of their corresponding X50 (p� 0.05),
thus suggesting the particles aggregated during aero-
solisation and that they might not be optimally dis-
persed. Moreover, although the X50 and VMD of the
spray-dried powder of the two formulations without
centrifugation were lower than that of with centrifuga-
tion, it was shown that the formulations with centrifu-
gation gave a better FPF, which proved better
dispersibility and aerosolisation. Therefore, it can be
assumed that for AZI w/o and A&C w/o, the excessive
PVA act as a pressure to squeeze the particles closer
together, thus resulting in a lower particle size.
However, upon aerosolisation, the excessive PVA fell
apart and was deposited at early stages.

Lastly, it was shown that all four formulations were
able to deliver the drug to the deep lung regions,
demonstrating their potential application as an effect-
ive method to treat lower respiratory tract infections
such as COVID-19.

4. Conclusion

This study demonstrated the successful preparation of
azithromycin-loaded PLGA nanocomposite microparticles

by using double emulsion and spray drying methods.
The addition of chitosan successfully altered the formula-
tion to positively-charged nanoparticles, and was
sequentially shown to enhance its dispersibility profile.
Through the in-vitro aerosol dispersion performance, it
was proved that formulations with centrifugation gave a
better FPF, which indicated better dispersibility and aero-
solisation. All dry powder formulations were able to
deliver azithromycin to the deep lung regions as they all
had a MMAD value lower than 5mm, which suggested
the potential of using azithromycin via pulmonary drug
delivery as an effective method to treat COVID-19.
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