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A B S T R A C T   

Cystic fibrosis (CF) is an inherited lung disease characterised by the accumulation of thick layers of dried mucus 
in the lungs which serve as a nidus for chronic infection. Pseudomonas aeruginosa is the predominant cause of 
chronic lung infection in cystic fibrosis. The dense mucus coupled with biofilm formation hinder antibiotic 
penetration and prevent them from reaching their target. Mucoactive agents are recommended in the treatment 
of CF in combination with antibiotics. In spite of the extensive research in developing novel drug combinations 
for the treatment of lung infection in CF, to our knowledge, there is no study that combines antibiotic, antibiofilm 
and mucoactive agent in a single inhaled dry powder formulation. In the present study, we investigate the 
possibility of adding a mucoactive agent to our previously developed ciprofloxacinquercetin (antibiotic-anti-
biofilm) dry powder for inhalation. Three mucoactive agents, namely mannitol (MAN), N-acetyl-L-cysteine 
(NAC) and ambroxol hydrochloride (AMB), were investigated for this purpose. The ternary combinations were 
prepared via spray drying without the addition of excipients. All ternary combinations conserved or improved 
the antibacterial and biofilm inhibition activities of ciprofloxacin against P. aeruginosa (ATCC 10145). The 
addition of AMB resulted in an amorphous ternary combination (SD-CQA) with superior physical stability as 
indicated by DSC and nonambient XRPD. Furthermore, SD-CQA displayed better in vitro aerosolization per-
formance (ED ~ 71 %; FPF ~ 49 %) compared to formulations containing MAN and NAC (ED ~ 64 % and 44 %; 
FPF ~ 44 % and 29 %, respectively). In conclusion, a ternary drug combination powder with suitable aero-
solization, physical stability and antibacterial/antibiofilm properties was prepared by a single spray drying step.   

1. Introduction 

Pseudomonas aeruginosa is the main contributor pathogen to the 
morbidity and mortality in adult cystic fibrosis (CF) patients (Bernardy 
et al., 2020). P. aeruginosa is one of the most critical antibiotic-resistant 
pathogens according to the World Health Organization (WHO) (Man-
cuso et al., 2021); it has a multiple virulence factors including biofilm 
formation (Qin et al., 2022) which is the most significant hallmark of 
P. aeruginosa. In chronically infected CF patients, P. aeruginosa encap-
sulates itself in a self-produced extracellular polymeric substances (EPS; 
biofilms) which enables the bacterium to survive under harsh conditions 
such as nutrient deficiency and antibiotics (Liao et al., 2022). The 
treatment of P. aeruginosa lung infection becomes even more challenging 

in CF patients due to the hypersecretion of dehydrated airway mucus 
which impairs the mucociliary clearance system (Hill et al., 2018). 

Ciprofloxacin is a commonly used antibiotic in the treatment of lung 
infections and is one of the most effective antibiotics against 
P. aeruginosa (Thai et al., 2021). Ciprofloxacin is a 
concentration-dependent fluoroquinolone antibiotic whose efficacy de-
pends on delivering sufficient amounts of ciprofloxacin to the site of 
action. However, low concentrations of ciprofloxacin promotes 
P. aeruginosa resistance against ciprofloxacin and cross-resistance to 
other antibiotics such as beta-lactams (Ahmed et al., 2020). Unfortu-
nately, systemic administration of a high dose of ciprofloxacin can result 
in a severe adverse effects; thus developing inhaled ciprofloxacin for 
pulmonary targeted delivery with minimum systemic exposure has a 
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promising role in the treatment of lung infections (Alhajj et al., 2021). 
Quercetin is a flavonol with a promising role in the treatment of CF. 

It has the ability to activate the mucociliary clearance system via stim-
ulating chloride ion secretion and improving ciliary beat frequency 
(Asano et al., 2009; Zhang et al., 2011). Quercetin also shows promising 
activity against P. aeruginosa. It increases the susceptibility of 
P. aeruginosa to antibiotics via damaging the bacterial membrane 
integrity and wall ultrastructure (Wang et al., 2018). Quercetin also 
inhibits several P. aeruginosa virulence factors such as quorum sensation 
and biofilm formation (Ouyang et al., 2016; Paczkowski et al., 2017; 
Vasavi et al., 2016; Vipin et al., 2019). 

Mucoactive agents are used in CF therapy to reduce the viscosity of 
mucus and improve the clearance of sputum. Mucoactive agents are 
usually combined with antibiotics in the treatment of CF lung infection 
in order to improve the penetration of antibiotics through mucus layers 
and hence boost the antimicrobial outcome (Brunaugh et al., 2021). 

In our previous work, we developed a physically stable, fixed-dose, 
inhalable, ciprofloxacin-quercetin dry powder via spray drying 
without the use of excipients (Alhajj et al., 2023, 2022). We found that 
co-spray drying ciprofloxacin and quercetin at a 1:1 molar ratio yielded 
the most promising dry powder with excellent physical stability and 
good aerosolization properties. The present work investigates the pos-
sibility of adding a mucoactive agent to our previously developed 
formulation to form ternary, fixed-dose combinations composed of 
ciprofloxacin (antibiotic), quercetin (antibiofilm) and a mucoactive 
agent. The aim is to develop a formulation that delivers a high dose of 
ciprofloxacin directly to the lung in combination with a mucoactive and 
an antibiofilm agent in order to facilitate its penetration through the 
mucus layers and biofilm towards the bacterium. 

To this end, three mucoactive agents with well-established clinical 
use in CF therapy (Henke and Ratjen, 2007; Ratjen et al., 1985; Vare-
logianni et al., 2013) were selected for this investigation. The selected 
mucoactive agents are mannitol (MAN; a hyperosmotic agent), N-ace-
tyl-L-cysteine (NAC; a mucolytic agent) and ambroxol hydrochloride 
(AMB; a mucokinetic agent) (Tarrant et al., 2019). MAN, NAC and AMB 
vary in their molecular weights, hydrophilic/hydrophobic properties 
(logP values are -3.7, -0.71 and +2.65, respectively) and water/ethanol 
solubility. Thus, they are expected to exhibit different behaviour during 
the spray drying process and subsequently different influences on the 
physicochemical characteristics of the dried particles. 

In this work, dry powders of ciprofloxacin, quercetin, ciprofloxacin- 
quercetin binary combination and ciprofloxacin-quercetin-mucoactive 
ternary combinations were prepared via spray drying. The solid state 
and the moisture sorption behaviour of the powders was investigated as 
well as other powder properties such as particle size, morphology, 
density, cohesion, and residual moisture content. The dissolution pro-
files and aerodynamic performance of ciprofloxacin and quercetin were 
investigated from their unary, binary and ternary formulations. Finally, 
the antibacterial and antibiofilm activities of the antibiotic and its 
combinations were studied. 

2. Method 

2.1. Materials 

Ciprofloxacin hydrochloride monohydrate (CIP), anhydrous quer-
cetin (QUE) and ambroxol hydrochloride (AMB) were obtained from 
Carbosynth Limited (Berkshire, U.K.). N-acetyl-L-cysteine was obtained 
from ThermoFisher (Kandel, Germany) and mannitol from Fisher Sci-
entific (Loughborough, UK). Buffered Saline Tablets (Sigma-Aldrich 
Ireland Limited, Arklow, Ireland) were used to prepare phosphate buffer 
solution (PBS) pH 7.4. All other solvents were of analytical grade. 

2.2. Preparation of spray dried powders 

Spray-dried powders were prepared using a Pro-CepT 4M8-TriX 
spray dryer (Zelzate, Belgium). Separate solutions were prepared by 
dissolving CIP and QUE in water and ethanol, respectively. The CIP 
solution was then added gradually to the QUE solution under continuous 
stirring. For the ternary feedstock solutions, MAN and NAC were dis-
solved in the CIP aqueous solution while AMB was dissolved in the QUE 
ethanolic solution. The aqueous solutions were added gradually to the 
ethanol solution under continuous stirring. The total solid content of the 
feedstocks was 3000 mg dissolved in 300 ml of co-solvent (water: 
ethanol 25:75 v/v) resulting in a total solid concentration of 1 % w/v. 
The compositions of the different formulations are presented in Table 1. 

The spray drying was performed under the following processing 
condition: nozzle orifice diameter 0.4 mm, air flow 0.3 m3/min, differ-
ential pressure over cyclone 50 mbar, solution flow rate 4.5 g/min (100 
% pump speed), atomizing air flow rate 8.5 L/min, and inlet tempera-
ture 100◦C. Screw-capped glass scintillation vials were used for col-
lecting the dried powder which were then stored in a desiccator over 
silica gel at room temperature until further use. The process yield was 
calculated from the total solid mass of the sprayed feedstock and the 
mass of the spray-dried powder recovered. 

2.3. Particle morphology 

The morphology of the spray-dried particles was investigated using a 
scanning electron microscope (SEM). A TM4000 SEM (Hitachi High- 
Technologies, UK) was used to capture particle images at an acceler-
ating voltage of 10 kV. The spray-dried powders were fixed onto a metal 
stub using double-sided carbon adhesive tape and then sputter coated 
with a thin layer of gold (approximately 20 nm) under vacuum using an 
Emitech K550 sputtering instrument (Emitech, UK). 

2.4. Particle size distribution 

The particle size distribution of the powders was determined using 
laser diffraction. A Scirocco 2000 powder dispersion unit attached to a 
Mastersizer 2000 laser diffraction instrument (Malvern Instruments, 
UK) was used to take the measurements at a dispersive air pressure of 1 
bar and a vibration rate between 25 and 50 % which achieved an 
obscuration of between 0.5 and 6 %. A refractive index of 1.572 and an 

Table 1 
The mass content and molar ratio of the solid ingredients in the feedstocks  

Formulation CIP (mg) QUE (mg)  Mucoactive Agent  CIP:QUE:Mucoactive Solvent    
MAN (mg) NAC (mg) AMB (mg) (molar ratio)  

SD-CIP 3000 - - - - 1:0:0 Ethanol 75 % v/v 
SD-QUE - 3000 - - - 0:1:0 Ethanol 75 % v/v 
SD-CQ 1682.21 1317.79 - - - 1:1:0 Ethanol 75 % v/v 
SD-CQM 1330.07 1041.93 628.00 - - 1:1:1 Ethanol 75 % v/v 
SD-CQN 1359.72 1065.16 - 575.12 - 1:1:1 Ethanol 75 % v/v 
SD-CQA 1292.76 1012.71 - - 694.53 1:1:0.5 Ethanol 75% v/v 

Note: SD means spray-dried; CIP and QUE mean ciprofloxacin and quercetin; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin- 
mannitol, ciprofloxacin-quercetin-N-acetylcysteine, ciprofloxacin-quercetin-ambroxol combinations, respectively. 
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absorption of 0.01 were used for SD-CIP powder while a refractive index 
of 1.823 and an absorption of 0.10 were used for SD-QUE and the spray- 
dried combinations. 

The particle size was expressed as volume based geometric diameters 
D(v,10), D(v,50), and D(v,90), and the size distribution was expressed as the 
span values: 

Span value =
D(v, 90) − D(v, 10)

D(v, 50)
(Eq. (1))  

2.5. Powder density 

The bulk (ρb) and tapped (ρt) densities were measured using a 1 ml 
tuberculin syringe (de Castro et al., 2020). Briefly, powder was poured 
under gravity to fill the syringe to 0.5 ml mark (bulk volume) and the 
mass of the powder was taken. Then the syringe was tapped vertically on 
a level bench-top surface from a height of 5 cm until no further reduction 
in the volume was observed (tapped volume). The bulk (ρb) and tapped 
(ρt) densities were calculated by dividing the powder mass by the cor-
responding volume. Carr’s index was calculated from the bulk and 
tapped densities using the following equations: 

Carr′s index (100) =
(

1 −
(

bρ
tρ

))

× 100 (Eq. (2))  

2.6. Powder cohesion 

The cohesion (C) of the powders was determined using an FT4 
powder rheometer (Freeman Technology Ltd., UK). A 1 ml shear cell 
module was filled with 500 mg powder and a vented piston was used to 
condition the sample under a normal stress of 9 kPa. A shear head was 
used to measured the shear stress under normal stresses of 3, 4, 5, 6 and 
7 kPa. The yield loci, under a given normal stress, is the maximum shear 
stress that the bed can support. Cohesion is the yield loci at zero normal 
stress which is calculated as (Mangal et al., 2019b): 

C = τ − σtanη (Eq. (3))  

where τ is the shear stress, σ is the normal stress and η is the angle of 
friction. 

2.7. Residual moisture content 

The residual moisture content of the powders was measured using a 
Q50 TGA Thermogravimetric Analyzer (TA instruments, UK). Between 5 
and 10 mg powder was loaded onto a platinum pan and heated at a rate 
of 10◦C min− 1 from 25◦C to 500◦C. The measurement was performed 
under a nitrogen atmosphere with a purge gas flow rate of 50 ml min− 1. 
The residual moisture content of the samples was calculated based on 
the percentage of weight loss with increasing temperature between 25◦C 
and 100◦C using TRIOS software (TA instruments, UK). 

2.8. Dynamic vapour sorption (DVS) 

The moisture sorption behaviour of the powders was investigated 
using dynamic vapor sorption (DVS-Intrinsic, Surface Measurement 
Systems Ltd., UK). A mass of 10 to 15 mg was initially equilibrated at 0 
% relative humidity (RH) until a steady dry reference mass was recor-
ded. The RH was changed from 0 to 90 % and the reverse for desorption 
in 10 % RH steps at 25◦C. The end of each stage was taken as the point 
where dm/dt was ≤ 0.002 % mg min− 1 over 10 min. 

2.9. Differential scanning calorimetry (DSC) 

The thermal properties of the powders were assessed using a differ-
ential scanning calorimeter Q2000 DSC (TA Instruments, UK) calibrated 
using an indium calibration standard (TA Instruments, UK). A sample of 

3 to 5 mg was crimp-sealed in TzeroTM Hermetic sample pans with three 
pin holes. The sample was scanned between 0◦C to 400◦C at a rate of 
10◦C min− 1 under a nitrogen gas flow of 50 ml min− 1. In order to aid the 
detection of the glass transition temperature (Tg), powders were sub-
jected to modulated differential scanning calorimetry (mDSC) (Kar-
agianni et al., 2018). A sample prepared as above was scanned between 
0 and 400◦C at a heating rate of 2◦C min− 1 with a modulation amplitude 
of ±1◦C and a modulation period of 60 s. TRIOS software (TA in-
struments, UK) was used for analysing the thermograms. 

2.10. X-ray powder diffraction (XRPD) 

The crystallinity of the powders was determined using a Bragg- 
Brentano diffractometer (D8 Advance, Bruker). Samples were irradi-
ated with monochromatized CuKα radiation (1.5406 Å) and scanned 
between 5 and 50◦ (2θ). The patterns were recorded under the following 
conditions: voltage, 40 kV; current, 40 mA; constant, 1 s; angular step 
0.02◦. Measurements under ambient condition were conducted using a 
flip-stick stage and an anti-scatter screen. Environmental XRD was 
performed using an Anton-Paar (CHC plus+) non-ambient stage to study 
the evolution of phases at different humidities or temperature. To 
investigate the influence of humidity, the RH was increased from 0 to 90 
% in 10 % RH steps at 25◦C; the samples were scanned at each RH point 
after a delay of 3 h, in accordance with the DVS isotherms. To investigate 
the effect of temperature, the powders were heated with a heating ramp 
rate of 2◦C min− 1 and the measurements were taken at predetermined 
temperature points based on their corresponding mDSC curves. 

2.11. Fourier transform infrared (FTIR) spectroscopy 

Infrared spectra were recorded using an FTIR Spectrometer (Varian 
660-IR, Australia) between 400 and 4000 cm− 1 at a resolution of 4 cm− 1. 
The sample was mixed with dry KBr at a mass ratio of 2:98, respectively, 
in an agate mortar. The blend was pressed into a self-supporting disc at 3 
tons for 3 min using a pellet die (diameter 13 mm) and a hydraulic pellet 
press (Specac Ltd., UK). 

2.12. X-ray photoelectron spectroscopy (XPS) 

The elemental composition at the particle surface of the spray-dried 
single drug and drug combination powders was determined using XPS. A 
Kratos AXIS ULTRA spectrometer (Kratos Analytical, Manchester, UK) 
connected to a monochromatized AlKα X-ray (1486.58 eV) source at a 
power of 300 W (20 mA, 15 kV) was used to collect the spectra. Each of 
the powder samples were loaded into shallow well sample holders, and 
the spectra were collected using an analysis area of 1 mm2. The charge of 
the irradiated samples was neutralized using an electron flood gun 
combined with a magnetic immersion lens. A reference binding energy 
(BE) of 285.0 eV for C1s was used for the correction of any remaining 
offsets due to charge neutralization. The low-resolution survey spectra 
were collected at a constant analyser pass energy of 160 eV and subse-
quently narrow high-resolution spectra were acquired for the individual 
peaks at 20 eV with 0.05 eV steps. The data were processed using Casa 
XPS software. Peak areas were converted to atomic concentrations and 
normalized to a total concentration of 100 %. 

2.13. In vitro aerosolization by next generation impactor (NGI) 

The aerosolization performance of the powders was determined 
using a next generation impactor (NGI; Copley Scientific Ltd., UK) 
equipped with Copley HCP5 vacuum pump and Copley TPK 2000 crit-
ical flow controller. A Copley DFM 2000 electronic digital flow meter 
was used to verify the air flow rate. All NGI cups were coated with 1 ml 
of a Span 80:Methanol solution (2:98, v/v, respectively) and left untill 
fully dried before running the test. A powder sample of 20 mg was filled 
into a size 3 hard gelatine capsule for DPI (Capsugel, Germany) and 
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inserted into a Cyclohaler® inhaler device. The Cyclohaler® with a 
punctured capsule was connected into a stainless steel induction port 
(IP) through a mouthpiece (MP) adaptor. The dispersion was carried out 
at a flow rate of 60 L/min for 4 s (Srichana et al., 1998). At this flow rate, 
the cut-off diameters of the individual stages from 1 to 7 were 8.06, 4.46, 
2.82, 1.66, 0.94, 0.55, 0.34 µm, respectively. After actuation, the pow-
ders which were deposited on the MP, IP, all NGI stages and 
micro-orifice collector (MOC) in addition to the powders retained in the 
capsule shell and the inhaler device were collected, dissolved in mobile 
phase and samples were analysed using HPLC. 

The aerodynamic parameters were calculated as follow: the total 
recovered dose (RD) was the sum of the drug collected from all parts (i.e. 
capsule shell, inhaler device, MP, IP, all NGI stages and MOC); the 
recovered dose percentage (RD%) is the RD expressed as percentage of 
the amount of drug introduced into the capsule; the emitted dose (ED) 
was the subtraction of the retained powders in capsule shell and inhaler 
device from the total recovered dose; the emitted dose (ED%) is the ED 
expressed as percentage of the RD; the fine particle dose (FPD) was the 
sum of the powders deposited from stage 3 to MOC; the fine particle 
fraction (FPF) is the FPD expressed as a fraction of the RD. The mass 
median aerodynamic diameter (MMAD) and the geometric standard 
deviation (GSD) were obtained by interpolation from the aerodynamic 
particle size distribution plot. 

2.14. In-vitro dissolution study 

The dissolution profiles of as-received ciprofloxacin, quercetin and 
the spray-dried formulations were measured under sink conditions in 
phosphate buffer saline (PBS) with 0.1 % w/v tween 80 at pH 7.4 and 
37◦C. Accurately weighed quantities of each sample (equivalent to 2.5 
mg ciprofloxacin and 1.96 mg quercetin) were added to 45 ml of 
dissolution medium maintained at 37◦C and shaken at 100 rpm in an 
orbital shaker-Incubator Grant bio ES-20 (Grant Instruments, UK). A 
sample of 2 ml was taken at 5, 10, 15, 30, 60, 90, 120, and 240 min time 
intervals and immediately replaced by 2 ml fresh medium. The per-
centage of drug released was calculated based on the drug content of the 
dry powder. Each experiment was carried out in triplicate and the results 
averaged. Considering that there is no regulatory guideline on the for-
mula of lung simulated fluid, PBS has been widely used as a simple 
dissolution media for inhalation formulations which reflects the buff-
ering capability of the lung fluid (Mangal et al., 2019a; Eedara et al., 
2022). Tween 80 has been used in different dissolution media, including 
media for pulmonary formulations, to maintain the sink conditions of 
drugs with very poor water solubility (Bhagwat et al., 2017; Son et al., 
2010). 

2.15. In vitro antibacterial activity 

The minimum inhibitory concentration (MIC) of as-received CIP and 
the spray-dried formulations against P. aeruginosa (ATCC 10145) was 
determined by the broth microdilution method in accordance with the 
Clinical and Laboratory Standards Institute (CLSI) guidelines (Wayne, 
2010). Both CIP and the formulations were initially dissolved in DMSO 
and subsequently diluted using Luria-Bertani medium (LB) to the 
desired ciprofloxacin concentrations. Two-fold dilutions were prepared, 
with final ciprofloxacin concentrations of 0.125, 0.25, 0.5, 1, 2, 4, 8 and 
16 μg/mL and DMSO concentration of 2 %. To obtain the treated group, 
100 μL of the treatment sample and 100 μL of the overnight bacterial 
culture suspension (optical density OD600 = 0.05) were mixed in 96-well 
plates (Corning Incorporated, Corning, USA) which resulted in a final 
ciprofloxacin concentration of 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, and 8 
μg/mL with 1 % DMSO. Wells containing bacteria treated with only 1 % 
DMSO served as negative control and wells containing uninoculated 
media served as positive control. Treated and non-treated bacteria were 
incubated for 24 h at 37 ◦C. The ODs were measured using an Epoch 
microplate reader (BioTek Instruments Inc., USA). The MIC was defined 

as the lowest concentration that reduced OD600 by ≥ 95 % (Lababidi 
et al., 2019). 

In addition, the bacterial inhibition potential of CIP and the spray- 
dried combinations was determined according to the method reported 
by Lababidi et al. (2020). Briefly, an overnight culture of P. aeruginosa 
(ATCC 10145) in the exponential growth phase was diluted to a final 
OD600 of 0.2 in LB broth. 100 μL of bacterial suspension was added into 
96-well plates and 100 μL of the treatment sample was added resulting 
in ciprofloxacin concentration range as the above-mentioned protocol. 
Positive and negative controls and the treated culture were incubated for 
24 h at 37 ◦C. OD600 was measured using an Epoch microplate reader 
(BioTek Instruments Inc., USA). Bacterial inhibition was calculated as: 

Bacterial inhibition (%) =

(

1 −
OD600 treated sample

OD600 untreated control

)

× 100

(Eq. (4))  

2.16. In vitro antibiofilm activity 

2.16.1. Inhibition of biofilm formation 
Determination of the effects of as-received CIP and the spray-dried 

formulations on the formation of P. aeruginosa (ATCC 10145) biofilm 
was performed using the crystal violet (CV) assay according to proced-
ures reported by Merritt et al. (2011) with slight modifications. 100 μL 
of overnight bacterial culture (OD600 = 0.6) was added to a 96-well plate 
(Corning Incorporated, Corning, USA). 100 μL solution of CIP and the 
spray-dried combinations in LB (DMSO 2 %) were add to the wells to 
give 4 concentrations of ciprofloxacin for each sample (i.e. ½ MIC, 1 
MIC, 2 MIC and 4 MIC). Wells containing bacteria treated with only 1 % 
DMSO served as a negative control and wells containing uninoculated 
media served as the positive control. After 24 h incubation at 37 ◦C, the 
growth medium containing floating cells was discarded from the plate. 
The wells were rinsed twice with sterile distilled water and then stained 
with 200 μL of CV 0.1 % (w/v) and kept for 30 min at room temperature. 
CV was removed and the wells were rinsed twice with sterile distilled 
water to remove excess CV. Stained biofilms were dissolved in absolute 
ethanol and the biomass was measured at OD590 using an Epoch 
microplate reader (BioTek Instruments Inc., USA). The percentages of 
biofilm formation were expressed in relation to the untreated control. 
Each assay was carried out in triplicate. 

Biofilm formation (%) =
treated sample

untreated control
× 100 (Eq. (5))  

2.16.2. Disruption of pre-formed biofilms 
P. aeruginosa (ATCC 10145) biofilm was formed according to the 

method reported by Chang et al. (2019), with slight modification. 
Briefly, ATCC 10145 strain was grown in LB medium for 24 h at 37◦C. 
Then 100 μL of overnight bacterial culture (OD600 = 0.6) was added to 
100 μL of LB into 96-well plates (Corning Incorporated, Corning, USA) 
and incubated at 37◦C for 48 h. Biofilm was washed with sterile distilled 
water and then treated with 200 μL of the treatments at ½ MIC, 1 MIC, 2 
MIC and 4 MIC of ciprofloxacin and incubated at 37◦C for 24 h. The 
biofilm was washed twice using sterile distilled water. Biofilm biomass 
was measured by crystal violet as per above protocol. Three replicates 
were performed for each condition. The percentage of the biofilm 
remaining after the disruption test was expressed in relation to the un-
treated control according to Eq. (5). 

2.17. Quantification by HPLC 

The quantitative determination of ciprofloxacin and quercetin in the 
powders was conducted using an isocratic reverse-phase HPLC system 
(Agilent Technologies series 1200 HPLC consisting of an auto-sampler, 
binary pump, column oven, and DAD detector) equipped with a 
Kinetex-C18 column (150 mm × 4.6 mm, internal diameter 5 μm, 
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Phenomenex, UK). The mobile phase consisted of water and acetonitrile 
(45:55, %v/v), adjusted to pH 2.1 by adding 0.1 % v/v trifluoroacetic 
acid (TFA). The injection volume was 20 µl and the flow rate was 1 ml/ 
min with a run time of 5 min at 35◦C. The wavelength for detection was 
258 nm. The calibration curves were linear (R2 = 0.999) over the con-
centration range of 0.5–96 µg/ml for each drug with a retention time of 
1.5 and 2.1 min for ciprofloxacin and quercetin, respectively. 

2.18. Statistical analysis 

Minitab (Minitab Inc., Version 20, State College, PA, USA) was used 

to conduct the statistical analysis. One-way analysis of variance 
(ANOVA) with post hoc Tukey test was carried out to compare differ-
ences between groups. Dunnett’s multiple comparison test was used in 
the in vitro antibacterial and antibiofilm studies to compare the spray- 
dried combinations to CIP. 

3. Result and discussion 

The process yield of the spray dried powders ranged between 63.6 
and 77.7 % (Table 2). 

The lowest process yield was of SD-QUE followed by SD-CIP. The 

Table 2 
Yield, residual moisture content, volume based geometric diameters and powder properties of spray-dried formulations (mean ± SD, n = 3).  

Formulations Yield (%) RMC (%) D(v,10)(μm) D(v,50)(μm) D(v,90)(μm) ρb (g/ml) ρt (g/ml) Carr’s Index(%) Cohesion (kPa) 

SD-CIP 70.8 4.91±0.02 1.09 ± 0.11 4.24 ± 0.14 13.19 ± 0.7 0.20±0.01 0.47±0.05 57.12±2.56 4.01 ± 0.37 
SD-QUE 63.6 3.98±0.16 1.07 ± 0.07 2.48 ± 0.08 5.30 ± 0.18 0.25±0.01 0.57±0.04 55.19±3.03 3.49 ± 0.15 
SD-CQ 73.9 2.90±0.16 0.88 ± 0.03 2.34 ± 0.02 5.10 ± 0.18 0.31±0.02 0.64±0.04 52.00±3.46 3.35 ± 0.11 
SD-CQM 74.5 2.89±0.33 0.87 ± 0.03 2.10 ± 0.02 4.61 ± 0.16 0.36±0.03 0.65±0.05 44.67±2.31 3.20 ± 0.13 
SD-CQN 77.5 2.31±0.21 0.75 ± 0.01 1.94 ± 0.02 4.01 ± 0.33 0.40±0.02 0.82±0.06 51.33±2.31 3.32 ± 0.03 
SD-CQA 77.7 3.47±0.16 1.09 ± 0.04 2.46 ± 0.09 5.31 ± 0.52 0.36±0 0.57±0.04 36.67±5.03 2.77 ± 0.07 

Note: RMC means residual moisture content; D(v,10), D(v,50) and D(v,90) mean volume based geometric diameters at 10 %, 50 % and 90 %, respectively; ρb and ρt mean 
bulk density and tapped density, respectively; SD means spray-dried; CIP and QUE mean ciprofloxacin and quercetin; CQ, CQM, CQN and CQA mean ciprofloxacin- 
quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine, ciprofloxacin-quercetin-ambroxol combinations, respectively. 

Fig. 1. SEM images of: A) SD-CIP; B) SD-QUE; C) SD-CQ; D) SD-CQM; E) SD-CQN; F) SD-CQA; SD means spray-dried; CIP and QUE mean ciprofloxacin and quercetin; 
CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine, ciprofloxacin-quercetin- 
ambroxol combinations, respectively. 
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comparatively low yield of these formulations was caused by the powder 
depositing on the walls of the spray dryer rather than reaching the 
collector as discussed in our previous work (Alhajj et al., 2022). Table 2 
shows that co-spray drying CIP and QUE together in the binary and 
ternary systems improved the process yield compared to spray-drying 
CIP or QUE individually. The average content of CIP and QUE in the 
spray-dried combinations was calculated based on their theoretical 
content and found to be between 94 and 105 % (Table S1). 

3.1. Size and morphology 

Apart from SD-CIP, all spray dried powders had favourable particle 
size distributions for pulmonary delivery with D(v,50) and D(v,90) of < 2.5 
μm and < 5.5 μm respectively. Among the spray-dried combinations, SD- 
CQM and SD-CQN both had significantly lower D(v,50) than other com-
binations (p < 0.05 and p < 0.001, respectively). It is noteworthy that 
these two formulations include small hydrophilic mucoactive molecules 
i.e. MAN and NAC, respectively, which are expected to have a higher 
diffusion rate during the drying process and hence a reduced Péclet 
number resulting in lower particle sizes compared to SD-CQ and SD- 
CQA. 

Fig. 1. presents SEM images of the spray-dried formulations. SD-CIP 
particles were spherical in shape with smooth surfaces while SD-QUE 
particles were collapsed spheres which can be attributed due to the 
hydrophobic nature of quercetin (Alhajj et al., 2022). The binary com-
bination SD-CQ particles displayed a hemispherical shape with smooth 
surfaces. The addition of a hydrophobic third agent (in SD-CQA) pro-
duced spherical particles with occasional wall depressions while the 

addition of a hydrophilic third drug (SD-CQM or SD-CQN) resulted in 
the formation of particles with more perfect sphericity. 

3.2. Residual moisture content 

The residual moisture content of the spray-dried powders was 
calculated as the weight loss of the sample when heated from room 
temperature to 100◦C using TGA (Fig. S1). All spray-dried powders had a 
residual moisture content below 5 %. The residual moisture content of 
SD-CQ was lower than the single drug powders at 2.90 %. The ternary 
combinations, showed no significant difference in their residual mois-
ture content compared to the binary formulation. In conclusion, the 
residual moisture content of SD-CIP was significantly reduced (p < 0.05) 
when co-spray-dried with quercetin alone or with the addition of a third 
ingredient. 

3.3. Dynamic vapour sorption (DVS) 

The moisture sorption isotherms of the spray-dried combination 
powders are presented in Fig. 2. For individually spray-dried drugs 
(Fig. S2), the moisture sorption isotherms of SD-CIP and SD-QUE showed 
a significant mass increase due to their amorphous phase transition to a 
crystalline form (Alhajj et al., 2022). 

It is clear that the ternary combinations exhibited different sorption 
isotherm behaviour compared to SD-CQ. The SD-CQM exhibited two 
crystallization events at 60 and 80 % RH. The change during the sorp-
tion cycle was irreversible since the desorption isotherm did not return 
to its initial value, showing a mass increase of ~2 % at the end of the 

Fig. 2. Moisture sorption isotherms of spray-dried powders; SD means spray-dried; CIP and QUE mean ciprofloxacin and quercetin; CQ, CQM, CQN and CQA mean 
ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine, ciprofloxacin-quercetin-ambroxol combinations, respectively. 
Triangles are for the sorption branch and squares for the desorption branch of the isotherms. 
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desorption cycle. The SD-CQN powder absorbed 5.83 % (w/w) water 
between 0 and 80 % RH followed by a decrease in mass beyond 80 % RH 
which indicates a crystallization event. The desorption isotherm showed 
hysteresis but returned to 0 % w/w value by the end of the desorption 
cycle. The SD-CQA sorption isotherm showed a prominent mass increase 
at 80 % RH followed by a decrease in mass at 90 % RH. At the end of the 
desorption cycle, the SD-CQA suffers a mass loss of about 0.98 % 
compared to its initial mass which is most probably due to AMB hy-
drolysis, similar to SD-AMB, Fig. S2. (Jelić et al., 2021). 

For better understanding of the events observed in DVS isotherms, 
the samples were also analysed by XRPD at different humidities between 
0 and 90 % RH to understand the solid state changes occurring in the 
samples at elevated humidity (Section 3.7 XRDP). 

3.4. Thermal behaviour 

The thermal behaviour of spray-dried single drugs and spray-dried 
drug combinations are presented in Fig. 3 and Table 3. 

For individually spray-dried drugs (Fig. 3A), the thermogram of SD- 
CIP and SD-QUE exhibited exothermic peaks at 182.77◦C and 124.25◦C, 
respectively, indicating a phase transition of amorphous CIP and QUE to 
crystalline forms which subsequently started melting at 315.9◦C and 
325.04◦C, respectively (Alhajj et al., 2022). Similarly, the thermogram 
of SD-AMB shows a phase transition of amorphous AMB to a crystalline 

form with an exothermic peak onset at 141.85◦C followed by a melting 
peak at 241.45◦C and a sharp exothermic peak at 260◦C due to thermal 
degradation (Md et al., 2021). The thermal behaviour of SD-AMB is in 
good agreement with the work reported by Tewes et al. (2013). The 
thermograms of SD-MAN and SD-NAC show no exothermic peaks but 
endothermic peaks at 166.03◦C and 109.73◦C, respectively, corre-
sponding to their melting points (Mancini et al., 2023) indicating the 
crystalline nature of these materials (as confirmed by XRPD). 

Fig. 3B presents the DSC thermal behaviour of the spray-dried drug 
combinations. The binary combination SD-CQ showed no evidence of 
any exothermic peaks or a sharp endothermic peak indicating the 
absence of any crystallization or melting events and suggesting a stable 
co-amorphous formulation. Among the ternary combinations, SD-CQA 
powder exhibited the most stable thermal behaviour without any 
prominent exothermic or endothermic peaks. SD-CQA shows only a very 
low enthalpy (ΔH = 1.64 J/g) exothermic peak onset at 255.00◦C. 
However, SD-CQM shows prominent exothermic and endothermic peaks 
with onset at 195.04◦C and 242.83◦C, respectively, indicating crystal-
lization and melting events. SD-CQN did not exhibit any exothermic or 
endothermic peaks, but it showed a degradation pattern over 170◦C 
which is due to the degradation of NAC (Figs. S1 and S5). For better 
understanding of the phase transition observed by DSC, samples were 
subjected to XRPD at different temperatures (Section 3.7 XRDP). 

Unfortunately, the DSC thermograms were not able to detect a glass 

Fig. 3. DSC thermograms of (A) spray-dried single drugs and (B) spray-dried drug combinations; SD means spray-dried; CIP, QUE, MAN, NAC and AMB mean 
ciprofloxacin, quercetin, mannitol, N-acetylcysteine and ambroxol, respectively; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin- 
mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, respectively. 

Table 3 
Thermal properties of the single and combination spray-dried drugs (mean ± SD, n = 3).  

Sample Crystallization Melting Tg (◦C)  
onset (◦C) ΔH (J/g) onset (◦C) ΔH (J/g) Experimental (mDSC) Predicted (Fox equation) 

SD-CIP 182.77±1.80 52.92±0.87 315.9±1.25 226.44±15.35 86.7* - 
SD-QUE 124.25±1.48 29.31±6.01 325.04±0.53 132.66±1.23 79.51* - 
SD-MAN - - 166.03±0.52 283.36±4.34 12.6* - 
SD-NAC - - 109.73±0.13 182.28±12.65 6.9* - 
SD-AMB 141.85±0.47 49.42±0.26 241.45±0.17 138.84±8.69 87* -        

SD-CQ - - - - 148.26 84.16 
SD-CQM 195.04±0.37 26.53±0.46 242.83±3.32 37.28±0.92 76.12 28.99 
SD-CQN - - - - 73.45 17.75 
SD-CQA 255.00±0.12 1.64±0.21 263.19±2.09 39.91±6.46 136.64 83.73 

Note: SD means spray-dried; CIP, QUE, MAN, NAC and AMB mean ciprofloxacin, quercetin, mannitol, N-acetylcysteine and ambroxol, respectively; CQ, CQM, CQN and 
CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, 
respectively; 

* experimental Tg values of amorphous CIP, QUE, MAN, NAC and AMB were taken from the literature (Lababidi et al., 2019; Mesallati et al., 2016; Sormunen et al., 
2019; Tewes et al., 2013; Yu et al., 1998); experimental Tg values of spray-dried CQ, CQM, CQN and CQA were measured using mDSC. 

N. Alhajj et al.                                                                                                                                                                                                                                   



European Journal of Pharmaceutical Sciences 192 (2024) 106654

8

transition temperature (Tg) for the single drug or the ternary combi-
nation powders. For better detection and measurement of glass transi-
tions, the samples were subjected to mDSC. However, the Tgs of the 
amorphous single drug powders were still not detectable. The Tgs of 
amorphous CIP, QUE, MAN, NAC and AMB were taken from the litera-
ture (Mesallati et al., 2016; Sormunen et al., 2019; Yu et al., 1998; 
Lababidi et al., 2019; Tewes et al., 2013) to calculate the predicted Tgs 
of the combination systems based on Fox equation (Table 3). The Tgs of 
the combination formulations were detectable as can be seen in the 
reversing heat flow signal of the mDSC thermogram (Fig. 4). 

All spray-dried combinations displayed a single Tg suggesting a 
molecular dispersion of the respective drugs in single co-amorphous 
systems. For the binary combination SD-CQ, Tg was observed at 
148.26◦C showing a large positive deviation from the predicted Tg as 
calculated by Fox equation (i.e. 84.16◦C) which suggests a strong mo-
lecular interaction between the CIP and QUE molecules. For the ternary 
combination SD-CQA, a similar positive deviation between the 
measured Tg (136.64◦C) and the calculated Tg (83.73◦C) was observed. 
The ternary systems SD-CQM and SD-CQN exhibited lower Tgs of 
76.12◦C and 73.45◦C which can be attributed to the low Tg values of the 
mucoactive agents included in these ternary combinations (the Tg of 
MAN and NAC are 12.6◦C and 6.9◦C, respectively). Nevertheless, the 
measured Tgs of SD-CQM and SD-CQN are still much higher than the 

Fig. 4. mDSC thermograms (reversing heat flow) of the spray-dried combina-
tions; SD means spray-dried; CQ, CQM, CQN and CQA mean ciprofloxacin- 
quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N- 
acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, 
respectively. 

Fig. 5. X-ray diffractograms of spray-dried combinations at 25◦C under different relative humidity conditions; SD means spray-dried; CQ, CQM, CQN and CQA mean 
ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, 
respectively. 
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Fig. 6. A) X-ray diffractograms of the spray-dried powders under vacuum at different temperature; B) mDSC thermograms of the spray-dried powders showing the 
temperatures at which non-ambient XRPD was performed on each sample; SD means spray-dried; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, cipro-
floxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, respectively. 

Fig. 7. FTIR spectra related to A) CQ; B) CQM; C) CQN; D) CQA; SD means spray-dried; PM means physical mixture; CIP, QUE, MAN, NAC and AMB mean cip-
rofloxacin, quercetin, mannitol, N-acetylcysteine and ambroxol, respectively; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin- 
mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, respectively. 
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predicted values, Table 3. The calculated and measured Tgs for the 
ternary combinations confirm the superior thermal stability of SD-CQA 
over SD-CQM and SD-CQN. 

3.5. Powder crystallinity by X-ray powder diffraction (XRPD) 

The X-ray diffractograms of the as-received drugs and their indi-
vidually spray-dried powders are presented in Fig. S3. 

All as-received materials were crystalline in form as indicated by the 
sharp XRD Bragg peaks in their diffractograms (Fig. S3). After being 
spray dried individually, CIP, QUE and AMB all showed a diffuse halo, 
characteristic of amorphous materials, while MAN and NAC presented 
sharp peaks but with different patterns compared to their starting ma-
terials. The pronounced difference between as-received and spray-dried 
MAN is the disappearance of the peak at 23.27 2θ◦ and the appearance of 
the peak at 17.25 2θ◦ in spray-dried sample. The diffractograms of as- 
received and spray-dried MAN are in agreement with the diffracto-
grams of β and α MAN polymorphs, respectively, as reported by Care-
s-Pacheco et al. (2014). Spray drying NAC resulted in the formation of a 
different polymorph characterized by a reduction in intensity of the 
peaks at 14.17 and 28.57; the disappearance of the peak at 35.05 2θ◦; 
and the appearance of a peak at 21.22 2θ◦. Aguiar et al. (2017) reported 
similar changes in the diffractograms of raw NAC after micronization by 
supercritical fluid. 

Fig. S4 shows the X-ray diffractograms of the co-spray-dried com-
binations. All samples were in the amorphous form as indicated by the 
diffuse halo and the absence of any sharp peak in their respective X-ray 
diffractograms. 

Fig. 5 presents X-ray diffractograms of the co-spray-dried combina-
tions taken at 25◦C under several relative humidity points, between 10 
and 90 % RH. 

Increasing the relative humidity of the samples resulted in changes in 
the diffractograms of two of the samples: SD-CQM and SD-CQN. SD- 
CQM exhibited a halo between 10 and 50 % RH. At 60 % RH, low in-
tensity peaks started appearing on the halo at 9.57, 20.28, 35.98 and 
40.29 2θ◦ (Fig. 5). Interestingly, these are characteristic peaks for MAN δ 
polymorph (Cares-Pacheco et al., 2014). At higher RH, these peaks 
increased in intensity and additional peaks, characteristic of the MAN β 
polymorph, appeared at 14.47, 16.67, 18.66 and 23.28 2θ◦. This 
observation can explain the DVS sorption isotherm (Fig. 2) which 
showed a crystallization event at 60 % followed by another crystalli-
zation event at 80 % RH which is due to the formation of the MAN δ 
polymorph followed by the formation of the β polymorph. It should be 
noted that these peaks were superimposed on top of an amorphous halo 
and no peaks were identified for CIP or QUE. This suggests that both CIP 
and QUE remain in an amorphous form and only MAN crystallised. The 

diffractogram of SD-CQN maintained a diffuse halo between 10 and 80 
% RH. At 90 % RH, the halo disappeared and several sharp peaks 
appeared suggesting that all three components of SD-CQN recrystallized 
out of the amorphous phase. By comparison, the X-ray diffractograms of 
formulations SD-CQ and SD-CQA remained as a diffuse halo at all RH 
points which indicates the stability of the amorphous state of these 
formulations under the experimental conditions. 

The influence of temperature on the solid state properties of the 
spray dried combinations was investigated by taking X-ray diffracto-
grams of the samples under vacuum at several temperature points. The 
temperature points were selected based on the events observed on the 
mDSC thermograms of each sample, which was recorded at the same 
heating rate i.e. 2◦C/min (Fig. 6). 

Fig. 6 shows that SD-CQ and SD-CQA remained amorphous when 
heated up to 220◦C and 200◦C, respectively, which is in agreement with 
their mDSC thermograms. Even at higher temperatures, the X-ray dif-
fractogram maintained the halo shape with a small peak centered about 
25 2θ◦ which suggests that the sample was still predominantly amor-
phous. SD-CQN maintains its amorphous state when was heated to 
145◦C, but it shows a degradation pattern at 185◦C which can be 
ascribed to the degradation of NAC (Fig. S4). SD-CQM was amorphous 
up to 160◦C and crystallized at 200◦C in agreement with the mDSC 
thermogram. SD-CQM diffractogram shows peaks which can be assigned 
to CIP, QUE and the α MAN polymoph (Fig. 6). This is in contrast to the 
impact of elevated humidity on SD-CQM which led to the crystallization 
of only MAN (Fig. 5), whereas high temperature resulted in the crys-
tallization of all three components. 

3.6. Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra were collected for the single drugs, the spray-dried 
combinations i.e. SD-CQ, SD-CQM, SD-CQN and SD-CQA, and their 
corresponding physical mixtures of individually spray-dried drugs i.e. 
PM-CQ, PM-CQM, PM-CQN and PM-CQA (Fig. 7). 

Fig 7A shows differences between the physical mixture and spray 
dried combination of CIP and QUE indicating a molecular interaction 
between CIP and QUE which is discussed further in the previous work 
(Alhajj et al., 2022). 

MAN-related FTIR spectra are shown in Fig.7B. The FTIR spectra of 
MAN and SD-MAN are in good agreement with the reported FTIR spectra 
of β and α mannitol, respectively, as reported in the literature (Burger 
et al., 2000; Cares-Pacheco et al., 2014). This indicates that MAN un-
derwent a transition from form β to form α during spray drying as 
confirmed by the XRPD data (Fig. S3). The FTIR spectrum of the ternary 
physical mixture PM-CQM show a pronounced peak at 2939 cm − 1 

ascribed to mannitol C-H stretching. This peak flattened and 

Table 4 
Surface elemental composition and molar drug fraction of the spray-dried combinations.  

Powder  Elemental composition (%)  Molar fraction (%)   
C O Cl N F S Br Total  CIP QUE MAN NAC AMB 

SD-CQ Theoretical 69.97 20.7 1.65 5.79 1.89 - - 100  50.00 50.00 - - -  
Experimental 74.36 19.11 1.31 4.01 1.21 - - 100  32.01 67.99 - - -           

Ex/Th% 64.02 135.98 - - - 
SD-CQM Theoretical 64.11 29.67 1.1 3.86 1.26 - - 100  33.33 33.33 33.33 - -  

Experimental 71.16 22.52 1.12 3.94 1.26 - - 100  33.33 n/a n/a - -           
Ex/Th% 100.00 n/a n/a - - 

SD-CQN Theoretical 64.34 22.64 1.1 7.02 1.26 3.64 - 100  33.33 33.33 - 33.33 -  
Experimental 71.48 20.18 1 4.89 1.35 1.1 - 100  35.71 54.21 - 10.07 -           

Ex/Th% 107.14 162.65 - 30.21 - 
SD-CQA Theoretical 69.72 18.01 2.16 6.67 1.51 - 1.93 100  40.00 40.00 - - 20.00  

Experimental 73.25 16.61 1.86 5.31 1.03 - 1.94 100  27.25 52.59 - - 20.17           
Ex/Th% 68.13 131.48 - - 100.85 

Note: C, O, Cl, N, F, S and Br represent carbon, oxygen, chlorine, nitrogen, fluorine, sulphur and bromine; Ex/Th%: the ratio (%) between the experimental and 
theoretical molar ratios of a drug; SD means spray-dried; CIP, QUE, MAN, NAC and AMB mean ciprofloxacin, quercetin, mannitol, N-acetylcysteine and ambroxol, 
respectively; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin- 
quercetin-ambroxol combinations, respectively. 
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disappeared in SD-CQM spectrum. Also, the C-O stretching peaks shift 
from 1020 cm− 1 in PM-COM to 1032 cm− 1 in SD-CQM. These differ-
ences between the FTIR spectra of the physically mixed and the 
co-spray-dried combinations may indicate the involvement of mannitol 
in intermolecular interactions in the ternary co-spray-dried system. 

Fig. 7C presents the FTIR spectra related to NAC. SD-NAC shows a 
similar FTIR spectrum with slight changes. The peaks at 1716 cm− 1 

(carboxylic group) and 1581 cm− 1 (amide I) in NAC were broadened and 
reduced in intensity and shifted to 1718 cm− 1 and 1587 cm− 1, respec-
tively. These changes in the FTIR peaks might be due to the formation of 
a new polymorph of NAC as confirmed by XRPD (Fig. S3). The distinc-
tive peaks of NAC at 3374 and 2547 cm− 1 (N–H stretching bands and 
S–H stretching bands, respectively) can be observed in the spectrum of 
the physical mixture PM-CQN. However, these peaks disappeared in SD- 
CQN spectrum which suggests the involvement of these groups in a 

chemical interaction in the ternary co-amorphous system. 
The FTIR spectra of AMB-related samples are presented in Fig. 7D. 

The AMB spectrum is in good agreement with the AMB spectrum re-
ported by Roy et al. (2020). The peaks at 3280 cm− 1 (N-H stretching of 
aromatic amine), 3228 cm− 1 (stretching of aliphatic amine N-H) and 
3193 cm− 1 (stretching vibration of aromatic C-H) in AMB were broaden 
and shifted to 3286 cm− 1, 3230 cm− 1 and 3197 cm− 1 in the SD-AMB. 
This may be due to the transition of AMB from the crystalline to the 
amorphous form in SD-AMB. In the spectrum of PM-CQA physical 
mixture, in the region 3300–3500 cm− 1, several peaks of AMB, CIP and 
QUE overlapped and a large, broad peak can be seen. However, two low 
intensity peaks at 3404 cm− 1 and 3300 cm− 1 can be observed in this 
region in the PM-CQA spectrum while no peaks can be found in the 
spectrum of SD-CQA. 

Based on the findings from the FTIR data and the positive deviation 

Fig. 8. In vitro dissolution rate profiles of A) CIP and B) QUE from their as-received (As), individually spray-dried (SD) powder and spray-dried combination powders; 
SD means spray-dried; CIP and QUE mean ciprofloxacin and quercetin; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, 
ciprofloxacin-quercetin-N-acetylcysteine, ciprofloxacin-quercetin-ambroxol combinations, respectively. 
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of the Tgs from the theoretical values, it can be assumed that molecular 
interactions exist between all components of the formulation in the bi-
nary and ternary co-amorphous systems. However, the strength of these 
interactions differ among the different co-amorphous systems as indi-
cated by the differences in the physical stability of these systems under 
elevated humidity and temperature. 

SD-CQ and SD-CQA exhibited the most stable amorphous states 
which were maintained under both elevated RH and temperature. MAN 
crystallised out of SD-CQM at RH values between 60 and 90 % but the 
system remain predominantly amorphous, while at high temperature all 
three components crystallised out of the SD-CQM system. In SD-CQN all 
three components crystallised at 90 % RH while at high temperature >
170◦C NAC degraded. 

3.7. Outer surface characterization by X-ray photoelectron spectroscopy 
(XPS) 

The surface elemental composition and drug molar fraction of the 
spray-dried powders are presented in Table 4. 

The theoretical elemental composition of the spray-dried powders 
was calculated based on the elemental composition of the spray-dried 
single drug (Table S2) by assuming that all drugs were distributed on 
the particle surface according to their formulation molar ratios. The 
experimental relative molar percentages of a drug in the top 5–10 nm 
layer of the spray-dried powders was calculated based on the molar 
percentage (derived from the XPS peak area) of its distinguishing 
element. The ratio (%) between the experimental and theoretical molar 
ratios of a drug (Ex/Th%) was calculated to compare the drug surface 
enrichment in different spray-dried formulations (Table 4). A value of 
Ex/Th% above or below 100 % suggests an over- or under-abundance of 
the drug on the particle surface. CIP, NAC and AMB have F, S and Br as 
distinguishing elements, respectively. The absence of a distinguishing 
element for QUE and MAN makes it impossible to calculate the QUE and 
MAN molar ratios in formulation SD-CQM. 

In the binary formulation SD-CQ, the theoretical molar ratio of CIP 
and QUE is 50:50, however, XPS data shows that the top surface of SD- 
CQ particles were depleted of CIP and enriched with QUE (Ex/Th% =
64.02 % and 135.98 %, respectively). Since the difference between CIP 
and QUE molecular weights is small (331.35 g/mol vs 302.24 g/mol, 
respectively), this observation can be attributed to the higher hydro-
phobic properties of QUE compared to CIP (logP: 2.16 vs -0.86, 
respectively). During spray draying, ethanol evaporates faster from the 
water-ethanol solvent mixture due to its higher volatility and hence QUE 
precipitates more than CIP on the top surface of the remaining aqueous 
phase and the dried particles thereafter. Similarly, QUE showed a higher 
experimental molar ratio at the top surface of SD-CQN particles (Ex/Th 

% = 162.65 %). However, the addition of NAC in SD-CQN resulted in an 
increase in the percentage of CIP at particle surfaces compared to the 
binary combination SD-CQ. The Ex/Th% value of CIP increased from 
64.02 % in SD-CQ to 107.14 % in SD-CQN while NAC resided prefer-
entially below the particle surface (Ex/Th%= 30.21 %). Since CIP and 
NAC have similar hydrophilicity properties (logP values of -0.86 and 
-0.71, respectively), this observation could be due to the difference in 
their molecular weights. NAC has a smaller molecular weight than CIP 
(163.19 g/mol vs 331.346 g/mol) which results in higher diffusion rate 
for NAC. Therefore NAC molecules can move faster to the core of the 
drying droplets leaving less molecules at the surface. 

Regarding SD-CQM, it is difficult to fully understand the surface 
composition because both QUE and MAN have no distinguishing ele-
ments. However, CIP has similar Ex/Th% values in SD-CQM and SD- 
CQN, 33.33 % and 35.71 %, respectively. Also, both MAN and NAC 
are hydrophilic molecules with small molecular weight (182.172 g/mol 
and 163.19 g/mol, respectively). Hence, it could be postulated that MAN 
has a similar impact to NAC, resulting in a similar enrichment of CIP at 
the particle surface. 

The addition of AMB to the binary formulation had much less effect 
on changing the Ex/Th% values of CIP and QUE compared to NAC 
(Table 4). The experimental molar percentage of AMB at the surface was 
equal to its theoretical percentage, Ex/Th% of 100.85 %. This is could be 
attributed to the fact that it is equally soluble in both water and ethanol 
(~5 mg/ml (Ambroxol Hydrochloride | 23828-92-4, 2012)) which 
might result in a homogeneous distribution of AMB molecules 
throughout the drying droplets and within the dried particles thereafter, 
unlike NAC and MAN which have higher solubility in water than 
ethanol. 

In conclusion, XPS data showed that for the binary system, QUE (a 
hydrophobic molecule) dominates the particle top surface at the expense 
of CIP (a hydrophilic molecule). The addition of a smaller second hy-
drophilic molecule i.e. NAC resulted in increasing the amount of CIP on 
the particle surface probably due to the higher diffusion rate of NAC. 
However, the addition of a second hydrophobic molecule which is 
equally soluble in both water and ethanol has a negligible impact on the 
distribution of CIP and QUE on the particle surface compared to their 
binary system. 

3.8. In-vitro dissolution study 

The in vitro dissolution profiles of CIP, QUE and their spray dried 
formulations were obtained in phosphate buffer solution with 0.1 % w/v 
tween 80 at pH 7.4 and 37◦C (Fig. 8). 

CIP (crystalline) and SD-CIP (amorphous) powders exhibited a 
similar burst release dissolution profile with about 80 % of ciprofloxacin 

Table 5 
In vitro aerodynamic parameters of the spray dried powders (mean ± SD, n = 3).    

MMAD (µm) GSD ED (mg) FPD (mg) ED (%) FPF (%) 

SD-CIP CIP 4.94 ± 0.4 2.06 ± 0.07 11.55 ± 2.65 4.41 ± 1.54 56.68 ± 5.29 21.37 ± 4.23         

SD-QUE QUE 3.77 ± 0.45 1.93 ± 0.04 8.49 ± 1.50 4.38 ± 0.19 44.77 ± 9.07 23.07 ± 1.68         

SD-CQ CIP 2.19 ± 0.01 2.05 ± 0.01 7.48 ± 0.20 6.18 ± 0.21 67.28 ± 2.92 55.64 ± 2.64  
QUE 2.32 ± 0.02 1.85 ± 0.05 5.62 ± 0.22 4.74 ± 0.17 68.28 ± 4.92 57.60 ± 3.84         

SD-CQM CIP 3.10 ± 0.20 2.04 ± 0.01 5.28 ± 0.43 3.61 ± 0.12 63.86 ± 1.31 43.69 ± 2.58  
QUE 3.06 ± 0.27 1.77 ± 0.01 4.18 ± 0.23 3.16 ± 0.19 63.93 ± 0.91 48.41 ± 4.18         

SD-CQN CIP 2.96 ± 0.16 2.46 ± 0.05 4.14 ± 0.20 2.74 ± 0.19 44.01 ± 1.84 29.07 ± 1.51  
QUE 2.98 ± 0.18 1.93 ± 0.03 2.85 ± 0.20 2.00 ± 0.18 42.09 ± 2.24 29.47 ± 1.23         

SD-CQA CIP 2.84 ± 0.10 2.28 ± 0.07 6.58 ± 0.42 4.54 ± 0.31 70.94 ± 3.30 48.98 ± 2.57  
QUE 2.98 ± 0.05 1.90 ± 0.02 4.39 ± 0.25 3.17 ± 0.15 70.95 ± 3.09 51.23 ± 2.78 

Note: SD means spray-dried; CIP and QUE mean ciprofloxacin and quercetin; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin- 
mannitol, ciprofloxacin-quercetin-N-acetylcysteine, ciprofloxacin-quercetin-ambroxol combinations, respectively. 
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dissolved in 10 min and about 95 % dissolved by the end of the exper-
iment (240 min). It is noteworthy that CIP is a hydrochloride mono-
hydrate form which has higher solubility than ciprofloxacin base. The 
binary SD-CQ formulation released only 47 % of the ciprofloxacin in the 
first 10 min and 96 % by the end of the experiment. The ternary com-
binations showed even lower ciprofloxacin release profiles: between 40 
% and 50 % ciprofloxacin was released within the first 10 min and be-
tween 70 % and 80 % was released by 240 min. 

It has been found that ciprofloxacin is rapidly absorbed after pul-
monary administration and pulmonary concentration of free ciproflox-
acin rapidly equilibrates with the plasma free concentration (Brillault 
et al., 2017). Thus, the observed lower release profiles of ciprofloxacin 
from the combination formulations may help to prolong its in vivo 
half-life. 

The as-received QUE (anhydrous quercetin) powder exhibited both 

the lowest extent and the slowest rate of drug dissolution. Its highest 
dissolved amount was 7 % reached within 5 min and then the dissolved 
amount decreased to 2.5 % by the end of the experiment. SD-QUE 
reached its highest dissolved amount of 31 % in the first 10 min fol-
lowed by a sharp decrease in the next 5 min to 21 %. The value then 
remained at around 20 % till the end of the experiment. The reduction in 
the amount of dissolved quercetin could be due to the rapid recrystal-
lization and precipitation of quercetin. 

The binary and ternary systems exhibited enhanced quercetin 
dissolution rates compared to QUE and SD-QUE. During the first 15 min, 
the dissolved amounts of quercetin ranged between 33 % and 43 % for 
these systems, which was significantly higher than QUE i.e. 3 % (P <
0.0001), and SD-QUE i.e. 21 % (P < 0.05). However, there were no 
significant differences between quercetin dissolution profiles from the 
binary and ternary systems. 

Fig. 9. The mass of (A) ciprofloxacin (B) quercetin collected from the capsule, inhaler, mouthpiece, induction port and NGI stages and filter; SD means spray-dried; 
CIP and QUE mean ciprofloxacin and quercetin; CQ, CQM, CQN and CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N- 
acetylcysteine, ciprofloxacin-quercetin-ambroxol combinations, respectively. 
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These results indicate that the presence of quercetin (a poorly-water 
soluble drug) and a drug with a higher water solubility i.e. ciprofloxacin 
in a co-amorphous system was effective in improving the solubility of 
quercetin. This might be attributed to the higher water-solubility of the 
ciprofloxacin molecules which changes the microenvironment of the 
dissolution surface of the co-amorphous solid bringing more dissolution 
media into contact with quercetin molecules. A similar effect was re-
ported by Lee et al. (2014) whereby ciprofloxacin was found to improve 
the water solubility of beclomethasone dipropionate from a drug-drug 
co-amorphous formulation. 

3.9. Powder flow properties and cohesion 

The low bulk density of SD-CIP and SD-QUE compared to the co- 
spray dried powder can be explained by differences in their particle 
sizes and shapes. SD-CIP and SD-QUE exhibited large particle sizes and 
irregular shapes respectively, while co-spray drying the two drugs 
together resulted in small spherical particles and hence increased bulk 
density (Changmai and Purkait, 2021; Ridgway and Rupp, 1969). Carr’s 
index was between 36.7 % (SD-CQA) and 57.1 % (SD-CIP). Carr’s index 
shows a positive correlation with particle cohesion measured by the 
shear cell apparatus (Pearson correlation = 0.90; p = 0.016). 

In spite of having larger particle size, SD-CIP exhibited the highest 
cohesion value (p < 0.05). Interestingly, a positive correlation was found 
to exist between the molar percentage of CIP on the particle surface of 
the spray-dried combinations, measured by XPS (Table 4), and particle 
cohesiveness (Table 2) (Pearson correlation = 0.90; p = 0.04) which 
confirms the role of the co-spray dried material in reducing the particle 
cohesion by reducing the percentage of hygroscopic CIP at the particle 
surface. 

3.10. Aerosolization performance 

The aerosolization parameters of the spray dried powders were 
calculated for both CIP and QUE, and are presented in Table 5. 

It is noteworthy that the loaded powder mass for the in vitro aero-
solization test in this study is 20 mg which is double the amount used in 
our previous study (Alhajj et al., 2022). For SD-CQ, increasing the 
loaded powder from 10 mg to 20 mg reduced the ED% from 86.93 % and 
80.24 % to 56.68 % and 44.77 %, for CIP and QUE respectively. How-
ever, the FPDs from the 20 mg SD-CQ were 6.18 mg and 4.74 mg, for CIP 
and QUE respectively, which is much higher than previously achieved 

from the 10 mg i.e. 2.67 mg and 2.32 mg, respectively. 
Considering the ternary combinations, SD-CQA achieved the highest 

ED% which could be due to its comparatively low Carr’s index and 
cohesion values (Table 2) which resulted in better flowability and 
dispersion. SD-CQN exhibited the lowest ED% among all spray-dried 
combinations (p < 0.01) which could be for several reasons. Firstly, 
SD-CQN has a comparatively high Carr’s index and cohesion values 
compared to the other ternary combinations. However, SD-CQN 
exhibited a lower ED% than SD-CQ although the Carr’s index and 
cohesion values of SD-CQ are not different from SD-CQN. It seems that 
the presence of NAC on the surface of SD-CQN particles increased the 
powder adhesion on the capsule and the inhaler device as seen in Fig. 9. 

For the combination formulations, the mass ratios between cipro-
floxacin and quercetin in the recovered powder from the cascade and 
their mass ratios in the powder collected from stages 1–5 were in good 
agreement with the nominal mass ratios. This indicates that no sub-
stantial segregation occurred during storage, handling, aerosolization 
and deposition of the powders. 

3.11. In vitro antibacterial activities against P. aeruginosa 

To investigate whether the addition of quercetin and/or the 
mucoactive agents modulate the antibacterial activity of as-received CIP 
against P. aeruginosa, the minimum inhibitory concentration (MIC) of 
CIP and the spray-dried combinations was determined against 
P. aeruginosa (ATCC 10145) using the broth microdilution method. The 
MIC of CIP was found to be 0.5 µg/ml which is in the EUCAST break-
points (European Committee on Antimicrobial Susceptibility Testing 
[EUCAST], 2022) for CIP against P. aeruginosa and in good agreement 
with the MIC of CIP against P. aeruginosa (ATCC 10145) obtained by 
Arauzo et al. (2021). The MIC of all spray-dried combinations were 
similar to CIP i.e. 0.5 µg/ml, Fig. S6. 

In addition, the bacterial inhibition potential of the spray dried 
combinations was measured by comparing serial dilutions of the spray- 
dried combinations versus as-received CIP (Fig. 10). 

At concentrations ≥ 1 MIC (i.e. 0.5 µg/ml), the antibacterial effect of 
all spray-dried combinations showed no difference compared to CIP; all 
samples induced > 80 % bacterial inhibition growth. 

Thus, the antimicrobial effect of CIP was not comprised but was 
conserved or enhanced in the spray-dried combinations. 

Fig. 10. Antimicrobial activity for CIP and multidrug formulations against P. aeruginosa ATCC 10145. * represent significant (p < 0.05) % bacterial inhibition 
potential for the multidrug formulations compared to the CIP. Means (±SD) of three triplicate; SD means spray-dried; CIP means ciprofloxacin; CQ, CQM, CQN and 
CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, 
respectively. 
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3.12. In vitro evaluation of the effect of spray-dried combinations on 
P. aeruginosa biofilm formation inhibition and biofilm disaggregation 

Inhibiting biofilm formation is a highly sought after goal because 
antibiotic therapies against established biofilm infections is not usually 
effective (Khan et al., 2021). The effects of as-received CIP and the 
spray-dried combinations on inhibiting biofilm formation and disrupt-
ing a pre-established biofilm were evaluated by crystal violet (CV) bio-
film assay (Fig. 11). 

All samples were screened at different antibiotic concentrations (½ 
MIC, 1 MIC, 2 MIC and 4 MIC) to reveal the effect of the spray-dried 
combination on biofilm at the appropriate concentration because the 
potential effect can be concealed by the inhibition of bacterial growth at 
high antibiotic concentration. 

In regard to biofilm inhibition, CIP and the spray-dried combinations 
exhibited significant reduction in biofilm biomass at all concentrations 
compared to the negative control i.e. DMSO 1 % (p < 0.0001) (Fig. 11A). 

QUE has proven strong anti-biofilm effects on P. aeruginosa (Mem-
ariani et al., 2019). Previous work showed that QUE at concentration of 
8 μg/ml resulted on 36 % reduction P. aeruginosa biofilm production 
(Ouyang et al., 2016). Aghavi et al. investigated the effect of QUE and 
CIP combination on inhibiting P. aeruginosa biofilm formation. They 
found that even at low concentrations as 1/16 MIC of both QUE and CIP, 
the combination exhibited significant biomass reduction compared to 
the single drug (Taghavi et al., 2021). In the present study, the binary 
formulation SD-CQ and the ternary formulations SD-CQN and SD-CQA 
exhibited much reduction in the biofilm biomass compared to CIP at 
½ MIC and 1 MIC (Fig. 11A) while at higher concentration there was no 

Fig. 11. A) Inhibition of biofilm formation and B) Disruption of pre-established biofilm (48-h old) of P. aeruginosa ATCC 10145. Testes were performed at various 
concentrations of CIP and multidrug dry powder formulation formulations. * and ** represent significant (p < 0.05 and p < 0.01, respectively) decreases of biofilm 
biomass for the multidrug formulations compared to the CIP. Means (±SD) of three triplicate; SD means spray-dried; CIP means ciprofloxacin; CQ, CQM, CQN and 
CQA mean ciprofloxacin-quercetin, ciprofloxacin-quercetin-mannitol, ciprofloxacin-quercetin-N-acetylcysteine and ciprofloxacin-quercetin-ambroxol combinations, 
respectively. 
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significant difference between CIP and the spray-dried combinations 
which could be due to the high concentration of the antibiotic in these 
formulations. 

The effect of SD-CQM in inhibiting biofilm formation was no 
different from the as-received CIP. This is could be due to the presence of 
mannitol in this formulation. Žiemytė et al. (2021) found that high 
concentration of MAN can enhance the antibacterial activity of subin-
hibitory concentrations of CIP against P. aeruginosa but MAN at low 
concentration can be metabolised by the bacteria and consequently the 
bacteria start to initiate biofilm formation again. Hence, one possibility 
is that the presence of MAN in SD-CQM compromised the effect of QUE 
against biofilm formation. 

The antibiofilm effects of the spray-dried combinations and CIP were 
further test on a 48h pre-established biofilm (Fig. 11B). It can be seen 
that at ½ MIC all samples had less efficacy against pre-established bio-
film than inhibiting biofilm formation. At 1 MIC, 2 MIC and 4 MIC, CIP 
and the spray-dried combinations exhibited significant reduction in pre- 
established biofilm biomass compared to the negative control i.e. 1 % 
DMSO (p < 0.0001) (Fig. 11B). Compared to CIP, only formulations SD- 
CQ and SD-CQN at 2 MIC and 4 MIC showed statically significant dif-
ference in disrupting the biofilm but the difference is very low (<5 %) 
which seems insignificant practically. 

A critical factor in the antibiotic treatment against bacterial infection 
is the relationship between the concentration of the antibiotic and its 
minimum inhibitory concentration against the target bacteria. Cipro-
floxacin, like other fluoroquinolones, is a concentration-dependent 
antibiotic and hence its effectiveness depends on the extent to which 
the ciprofloxacin concentration is above the MIC. In order to achieve 
successful clinical and microbiological treatment, and to avoid the 
development of bacterial resistance, ciprofloxacin needs to be delivered 
at a concentration of at least 10-fold above the MIC (Wright et al., 2000). 
There is no optimal method for determining the volume of human 
epithelial lung fluid (ELF) and the values reported in the literature are 
between 20 and 40 ml (Fröhlich et al., 2016). Table 5 shows that the FPD 
of CIP from the spray-dried combinations ranges between 6.18 mg and 
2.74 mg which would result in CIP concentration in ELF (40 ml) between 
154.50 µg/ml and 68.50 µg/ml which is 309 and 137 time its MIC. 
SD-CQA, a promising formulation with favourable physical stability 
properties, would result in CIP concentration of 227-fold greater than 
the MIC. 

Considering the physical instability and poor aerosol performance of 
SD-CQM and SD-CQN, both formulations should be excluded from any 
future work for testing their mucoactivity. Ambroxol showed promising 
results which should be investigated further. However, given that 
ambroxol exerts its pharmacologyical effect via stimulating the muco-
ciliary clearance, stimulating surfactant secretion and increasing cough 
effectiveness via its mucokinetic properties (Scaglione and Petrini, 
2019) SD-CQA would require in vivo testing using animal model, which 
is beyond the scope of our work at this time. 

4. Conclusion 

Inhaled formulations of CIP, QUE and three different mucoactive 
agents were prepared and characterised. Of these it was found that of 
SD-CQM and SD-CQN showed physical instability manifesting as phase 
transitions the amorphous state under elevated humidity and/or tem-
perature. Both formulations also showed inferior in vitro aerosol per-
formance compared to SD-CQA. By comparison, the SD-CQA 
combination was amorphous and showed physical stability under both 
elevated humidity and temperature as indicated by DVS, DSC and XRPD. 
Furthermore, SD-CQA was highly respirable (ED ~ 70 %) with an in vitro 
ciprofloxacin fine particle dose that would exceed the MIC in the 
epithelial lung fluid by > 200-fold. SD-CQA exhibited in vitro antibac-
terial and antibiofilm activity against P. aeruginosa (ATCC 10145). The 
in vitro dissolution profile of SD-CQA displayed slower dissolution of 
ciprofloxacin and enhanced dissolution of quercetin compared to the 

single drugs. Overall, SD-CQA has a promising potential role in the 
treatment of P. aeruginosa lung infections in CF. SD-CQA deserves 
further research investigating the optimum molar ratio that maintains 
the physical stability and yields best aerosol performance, pharmaco-
kinetic and pharmacodynamic profile using an in vivo infected animal 
model. 
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