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A B S T R A C T   

The potential gain in efficacy of pulmonary administration over IV administration of some antibiotics such as 
ciprofloxacin (CIP) may be limited by the short residence time of the drug at the site of infection after nebuli
zation. Complexation of CIP with copper reduced its apparent permeability in vitro through a Calu-3 cell 
monolayer and greatly increased its pulmonary residence time after aerosolisation in healthy rats. Chronic 
P. aeruginosa lung infections in cystic fibrosis patients result in airway and alveolar inflammation that may in
crease the permeability of inhaled antibiotics and alter their fate in the lung after inhalation compared to what 
was seen in healthy conditions. The objective of this study was to compare the pharmacokinetics and efficacy of 
CIP-Cu2+ complex-loaded microparticles administered by pulmonary route with a CIP solution administered by 
IV to model rats with chronic lung infection. After a single pulmonary administration of microparticles loaded 
with CIP-Cu2+ complex, pulmonary exposure to CIP was increased 2077-fold compared to IV administration of 
CIP solution. This single lung administration significantly reduced the lung burden of P. aeruginosa expressed as 
CFU/lung measured 24 h after administration by 10-fold while IV administration of the same dose of CIP was 
ineffective compared to the untreated control. This better efficacy of inhaled microparticles loaded with CIP- 
Cu2+ complex compared with CIP solution can be attributed to the higher pulmonary exposure to CIP obtained 
with inhaled CIP-Cu2+ complex-loaded microparticles than that obtained with IV solution.   

1. Introduction 

Effective therapy using pulmonary delivery of some antibiotics such 
as ciprofloxacin (CIP) can be limited by their short residence time at the 
site of infection. However, a novel complexed form of CIP may help 
overcome this obstacle while maintaining in vitro antimicrobial activity 
against biofilms (Lamy et al., 2018; Tewes et al., 2019). Pulmonary 
delivery of antibiotics from a solution has demonstrated clinical benefit 
in the treatment of chronic bacterial lung infections, as it can allow for 
significantly higher drug concentrations at the site of infection with 
reduced systemic levels compared to IV administration (Zhou et al., 
2015). This is mainly true for antibiotics having low lung-blood barrier 
permeability, such as the currently used tobramycin, colistin meth
anesulfonate and aztreonam lysine. However, nebulization of a pure 
antibiotic solution is less attractive for antibiotics that diffuse readily 
across the pulmonary epithelial barrier and equilibrate rapidly with 

blood concentrations, as in the case of CIP (Endermann et al., 2011; 
Gontijo et al., 2014; Stass et al., 2013a, 2013b) or levofloxacin (Gaspar 
et al., 2016). Thus, for antimicrobial molecules with relatively high 
permeability across the lung-blood barrier, advanced formulations can 
be developed to retain these molecules in the airway after inhalation by 
slowing their flux across this barrier. These advanced formulations 
typically work by controlling the rate of drug release from the formu
lation (Cipolla et al., 2016; Gaspar et al., 2016; Günday Türeli et al., 
2017; McShane et al., 2018; Nurbaeti et al., 2019; Serisier et al., 2013), 
or by reducing the apparent permeability of the drug across the 
epithelial barrier (Griffith et al., 2014; Lamy et al., 2019, 2018; Tewes 
et al., 2016). To increase the pulmonary residence time of CIP after 
aerosolization, we recently developed a formulation containing a cupric 
complex of CIP that is positively charged at physiological pH (Brillault 
et al., 2017; Lamy et al., 2018; Tewes et al., 2016). This CIP‑copper 
complex (CIP-Cu2+) significantly decreased the apparent permeability 

* Corresponding author. 
E-mail address: ftewes@univ-poitiers.fr (F. Tewes).  

Contents lists available at ScienceDirect 

International Journal of Pharmaceutics: X 

journal homepage: www.sciencedirect.com/journal/international-journal-of-pharmaceutics-x 

https://doi.org/10.1016/j.ijpx.2023.100178 
Received 19 December 2022; Received in revised form 4 March 2023; Accepted 6 March 2023   

mailto:ftewes@univ-poitiers.fr
www.sciencedirect.com/science/journal/25901567
https://www.sciencedirect.com/journal/international-journal-of-pharmaceutics-x
https://doi.org/10.1016/j.ijpx.2023.100178
https://doi.org/10.1016/j.ijpx.2023.100178
https://doi.org/10.1016/j.ijpx.2023.100178
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Pharmaceutics: X 5 (2023) 100178

2

of CIP across a pulmonary epithelium model consisting of Calu-3 cells 
(Brillault et al., 2017). This decrease in permeability observed in vitro 
was reflected in vivo in healthy rats by a reduction in the systemic ab
sorption rate of CIP and sustained high concentrations of CIP in the lung 
epithelial lining fluid (ELF) after pulmonary administration of CIP-Cu- 
loaded microparticles (Lamy et al., 2019, 2018). Additionally, the in 
vitro antibacterial activities of CIP and CIP-Cu2+ evaluated against 
Pseudomonas aeruginosa (P. aeruginosa) grown in planktonic cultures 
(Brillault et al., 2017; Tewes et al., 2016) or as biofilms (Tewes et al., 
2019) were found to be equivalent. Thus, due to the sustained high 
concentrations of CIP observed in the rat lungs and the maintenance of 
antibacterial activity observed in vitro, better in vivo efficacy of inhaled 
CIP-Cu2+ complex can be expected compared to CIP alone. However, it 
is not always clear whether the high concentrations of antibiotics ob
tained in the lung after inhalation result in more effective killing of 
P. aeruginosa (Tiddens et al., 2014). These high antibiotic concentrations 
could be due to the deposition of the aerosol primarily in the airways, 
meaning that less antibiotic would be available to the rest of the lung. 
This may be especially true for less ventilated diseased areas, which may 
receive a lower dose of drug than healthier lung areas. In this case, IV 
antibiotic therapy should result in more effective antibiotic concentra
tions in the diseased areas and should treat the infection better than 
inhalation therapy. 

Thus, the aim of this study was to compare, from a pharmacokinetic 
(PK) and efficacy (PD) point of view, a formulation of microparticles 
loaded with a CIP-Cu2+ complex administered intratracheally (IT) with 
a solution of CIP administered IV to rat models of chronic lung infection. 

2. Materials and methods 

2.1. Materials 

P. aeruginosa PAO1 strain (from ATCC 15692, Manassas, USA), was 
used to prepare bacteria-loaded agar beads. Ciprofloxacin base (CIP) 
powder (purity ≥98,0%), copper hydroxide Cu(OH)2, hyaluronic acid 
(HA) sodium salt from Streptococcus equi, calcium hydroxide Ca(OH)2, 
formic acid and ammonium carbonate (NH4)2CO3 were purchased from 
Sigma Aldrich (Saint-Quentin Fallavier, France). 

2.2. Formulation of CIP-Cu2+ loaded amorphous CaCO3 particles 

CIP-Cu-loaded amorphous CaCO3 particles were prepared by spray 
drying as previously described (Lamy et al., 2018; Tewes et al., 2016). 
Briefly, an aqueous solution made of CIP (1.6 g/L), calcium hydroxide 
(0.8 g/L), hyaluronic acid (0.4 g/L), copper hydroxide (0.45 g/L) and 
formic acid (0.1% v/v) was mixed, just before the spray drying process, 
with a second aqueous solution of ammonium carbonate (2.4 g/L) in a Y- 
shaped tube connected to the peristaltic pump (rate 30%) of a B-290 
Mini Spray-Dryer (Büchi, Switzerland). The spray dryer operated in 
open suction mode and the settings were as follows: 15 L/min for spray 
airflow, 630 L/h for drying airflow and 120 ◦C for temperature inlet. 
Under these conditions, amorphous spherical hollow particles with a 
mass median aerodynamic diameter (MMAD) of <5 μm and a CIP 
loading of 41.94 ± 10.4 wt% are obtained (Lamy et al., 2019, 2018; 
Tewes et al., 2016). Nine milligrams of these microparticles completely 
dissolve in <0.25 h in 200 ml of simulated lung epithelial lining fluid 
with a pH of 7 (Lamy et al., 2018). 

2.3. Preparation of the P. aeruginosa-loaded agar beads 

Sterile and P. aeruginosa-loaded agar beads were prepared using an 
adapted version of the method described by Growcott et al. (Growcott 
et al., 2011). A fresh suspension of the P. aeruginosa strain PAO1 (ATCC 
15692, Manassas, USA), prepared in Muller Hinton II broth (MHB, BD, 
Le Pont de Clair, France), was cultured to exponential growth phase and 
then adjusted to an OD600 of 0.3 with a plate reader (infinite M200, 

Tecan) using 100 μL placed in a 96-well plate. Two milliliters of this 
suspension were washed and concentrated in 1 mL of sterile phosphate 
buffer saline (PBS) by centrifugation. The bacteria were embedded into 
agar beads by mixing 1 mL of this concentrated suspension with 9 mL of 
molten agar (48 ◦C) at 2% w/v (VWR, Fontenay-sous-Bois, France). This 
agar suspension was then quickly emulsified for 5 min into 150 mL of 
warmed (48 ◦C) paraffin oil (Sigma Aldrich, France) containing 0.01% 
v/v of sorbitan monostearate (SPAN® 60, Sigma Aldrich). Then, the 
emulsion was cooled by placing ice chips around the beaker for 1 h and 
the beads were collected by centrifugation at 5,000 g for 10 min and then 
washed 4 times with PBS pH 7.4. Bead concentration was determined 
using a Neubauer hemocytometer. The number of bacteria per bead was 
determined from measurements of colony-forming units (CFU/ml) car
ried out after homogenization of the beads in PBS and plating of a 
tenfold serial dilution of this suspension on MH agar. Beads having be
tween 12 and 20 CFU/beads were used. The size distribution of blank 
beads prepared in the same condition was evaluated in PBS by laser light 
diffraction measurement (Microtrac® X100 particle size analyzer). 

2.4. In vivo experiments 

In vivo experiments were carried out in compliance with EC Directive 
2010/63/EU after agreement by the Ethic Committee (COMETHEA) and 
registration with the French Ministry of Higher Education and Research 
(n◦201612221658962). Male Sprague-Dawley rats weighing between 
300 and 350 g were purchased from Janvier Laboratories (Le Genest-St.- 
Isle, France). Animals were housed one per cage, subjected to 12 h/12 h 
light and darkness cycles with access to food and water ad libitum. 

2.4.1. Development of the chronic lung infection model 
On the day of infection, agar beads loaded with P. aeruginosa were 

dispersed in sterile physiological saline (0.9% NaCl) to obtain a range of 
inoculum concentration between 6 × 106 to 0.5 × 106 CFU/mL. Then, 
0.1 ml of the agar bead suspension (6 × 105 to 0.5 × 105 CFU) was 
instilled into isoflurane-anesthetized rats using a curved cannula with a 
rounded tip inserted between the vocal cords. The evolution of the an
imals weigh was followed every day and 1 mL of physiological serum 
was injected subcutaneously the first 3 days after the infection to pre
vent dehydration. At various days post-infection (3, 4, 6, 7), animals (n 
= 18) were euthanized using overdose of pentobarbital (Dolethal® - 
150 mg/kg) and their lungs were removed and homogenized in PBS. 
Serial dilutions of these homogenates were spread on MH agars to assess 
the progression of the infection. 

2.4.2. Pharmacokinetic study 
Rats were dosed with CIP at 2.5 mg/kg by intravenous (IV) injection 

of a CIP solution (n = 21) or by intratracheal (IT) administration of CIP- 
Cu-loaded particles (n = 20) 6 days after the inoculation of 1 × 105 

P. aeruginosa per animal embedded in agar beads. The IT administrations 
were performed under isoflurane anesthesia and the CIP-Cu2+ powder 
was administered using a Dry Powder Insufflator DP-4 (Penn-Century 
Inc., Philadelphia, USA) as previously described (Gaspar et al., 2016; 
Lamy et al., 2018; Marchand et al., 2010; Nurbaeti et al., 2019). Then, at 
predetermined times after dosing of CIP to animals (0.5, 2, 4, 6, and 18 
h), bronchoalveolar lavage (BAL) fluid and intracardiac blood were 
sampled to allow the assay of CIP and urea using the HPLC methods 
described below. The BALs were carried out on animals under isoflurane 
anesthesia and immobilized in a supine position with cervical hyper
extension. One mL of saline at 37 ◦C was injected into the airways via a 
polyethylene catheter (0.58 mm i.d. and 0.96 mm o.d.; Harvard, Les 
Ulis, France) inserted into the trachea (50 mm deep). The BAL fluid (300 
to 800 μL) was obtained by aspiration, centrifuged at 500 g for 5 min, 
and the supernatant was stored at − 20 ◦C. The CIP concentrations in the 
pulmonary epithelial lining fluid (ELF) were calculated from the con
centration measured in the BAL fluids using the ratio of BAL/ELF urea 
concentrations as a correction factor for the dilution of ELF during the 
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lavage (Gontijo et al., 2014; Lamy et al., 2018; Marchand et al., 2010). 
The concentration of protein in the ELF is 10-fold lower than in plasma, 
and thus the total CIP concentrations in the ELF were considered un
bound concentrations, as previously reported (Lamy et al., 2018). The 
profiles of total concentrations of CIP in ELF and unbound CIP in plasma 
as a function of time were normalized by the CIP dose and plotted as 
mean ± SD. Non-compartmental pharmacokinetic parameters and mean 
areas under the curves showing unbound CIP concentrations in plasma 
and ELF as a function of time (AUC) from 0.5 h to 18 h were estimated 
from mean plasma and ELF concentrations (AUCunbound plasma and 
AUCELF) using WinNonLin 7.0 software (Pharsight, USA). 

2.4.3. Efficacy study 
At the time of dosing, then 4 and 24 h after dosing, the animals (n =

27) were euthanized and their lungs were removed and homogenized in 
PBS. Serial dilutions of these homogenates were plated on MH agars to 
evaluate the progression of the infection. Statistical analyses were per
formed using GraphPad Prism 8.0 (GraphPad Software Inc.). All data 
were plotted as means ± SD and analysed with a one-way analysis of 
variance (ANOVA) and Tukey's multiple comparisons test. p < 0.05 was 
considered statistical significance. 

2.5. Ciprofloxacin assay 

The CIP concentrations were determined by a reverse-phase HPLC 
coupled to a fluorimeter (λexit: 280 nm, λem: 460 nm) as previously 
described (Lamy et al., 2019, 2018). In short, the chromatography was 
carried out using an XTerra MS C18 column (5 μm, 100 × 2.1 mm, 
Waters, Saint- Quentin-en-Yveline, France) for the assay of CIP in BAL, 
or a Phenomenex C18 column (5 μm, 150 × 2.1 mm) for the assay of CIP 
in plasma. Mobile phases flowing at a flow rate of 0.25 ml/min, made of 
0.1% formic acid in water, acetonitrile and sodium heptane sulfonate 
mixed in a ratio 80/19/1 (v/v/v) for the assay in BAL fluid and in a ratio 
86/14/1 (v/v/v) for the assay in plasma were used. For assay in BAL, 
seven calibration standards (from 1.56 ng/mL to 10 ng/mL) and 3 levels 
of control (3.125, 2.5, 7.5 ng/mL) were prepared in saline solution 
(0.9% NaCl). For assay in plasma, six calibration standards (from 5 ng/ 
mL to 100 ng/mL) and 3 levels of control (10, 25, 75 ng/mL) were 
prepared in blank plasma. Interday variability was assessed in both 
media to be <20% for low-concentration controls and 15% for medium- 
and high-concentration controls. 

A 1/X2–weighted linear regression was applied for the calculation. 
The CIP concentrations in ELF were calculated from BAL concentrations 
by using the dilution factor induced by the lung lavage. This dilution 
factor was evaluated by measuring the BAL/plasma urea concentration 
ratios. Urea in BAL was measured using a liquid chromatography in 
tandem with mass spectrometry (LC-MS/MS) and a Cobas® 8000 
modular analyzer was used for measurement in plasma, as previously 
described (Gontijo et al., 2014). 

3. Results 

3.1. Influence of the inoculum value on the stability of the chronic agar 
bead infection model 

Preliminary experiments showed that the maximal inoculum that 
could be instilled into the lungs of rats with <30% mortality rate over 7 
days was 6 × 105 CFU per animal. Bead size was another parameter that 
affected the mortality rate of the animals. Infection with beads with a 
volume-weighted median diameter (D50) of <120 μm increased the 
mortality rate. Therefore, beads with a D50 between 120 and 150 μm 
were used in the study. To determine from which day a stable chronic 
infection can be obtained, the evolution of the pulmonary bacterial 
burden as a function of time was monitored after pulmonary instillation 
of the same inoculum of 6 × 105 CFU per animal (Fig. 1). 

With this inoculum of 6 × 105 CFU per animal, mean lung bacterial 

burden values remained stable around 5.80 ± 0.90 log10 CFU from day 
4 to day 7 post-infection. However, their variabilities were large (RSD 
between 12% and 18%) and may require a large number of animals to 
observe a significant effect after treatment. 

3.2. Pharmacokinetic of ciprofloxacin in rat models of chronic 
P. aeruginosa lung infection 

The pharmacokinetics of CIP in rat models of chronic lung infection 
with P. aeruginosa was determined after IV administration of a CIP so
lution (Fig. 2A) and after IT administration of dry amorphous CaCO3 
particles loaded with CIP-Cu2+ complex (Fig. 2B). 

Half an hour after IV administration, the CIP maximum concentra
tion in ELF (Cmax-ELF = 0.27 ± 0.12 μg/mL) was measured. This Cmax 
value was 2.6 times higher than the plasma CIP concentration measured 
at the same time (Fig. 2A), suggesting rapid diffusion of CIP from plasma 
to the lungs. During the 2- to 6-h period after administration, CIP con
centrations both in the lung ELF and plasma decreased with corre
sponding elimination half-lives (t1/2) of 1.4 hand 1.3 h. Lung exposure to 
a drug can be assessed using the ratio of the area under the ELF 
concentration-time curve (AUCELF) normalized by the plasma AUC of 
the unbound drug (AUCunbound plasma). After IV administration of a CIP 
solution to rats with a chronic pulmonary infection model, the AUCELF to 
AUCunbound plasma ratio was 1.78. 

After IT administration of dry particles loaded with CIP-Cu2+ com
plex, the ELF CIP concentration measured half an hour after the 
administration was of 164 ± 58 μg/mL, that is 607 times higher than the 
Cmax-ELF value measured after IV administration of a CIP solution 
(Fig. 2B). From then on, CIP concentrations in ELF decreased with a t1/2 
of 2.9 h. Consequently, at 18 h after inhalation, the CIP concentration in 
the ELF was 2.1 ± 4.0 μg/mL, which is, despite the large variability, still 
7.8 times higher than the CIP Cmax-ELF obtained after half an hour after 
IV administration of the CIP solution. The initial plasma concentration 
of unbound CIP (0.04 ± 0.02 μg/mL) measured half an hour after IT 
administration was 2.5 times lower than that measured after IV 
administration (0.10 ± 0.01 μg/mL). The plasma (t1/2) was equal to 4.1 
h. Thus, plasma elimination of CIP was 3.25 times slower after IT 
administration of particles loaded with CIP-Cu2+ complex than after IV 
administration of a CIP solution. The AUCELF to AUCunbound plasma ratio 
was 3698 after IT administration of particles loaded with CIP-Cu2+

complex. Thus, pulmonary exposure to CIP was (3698/1.78) = 2077 
times higher after IT administration of CIP-Cu loaded particles than after 

Fig. 1. P. aeruginosa lung burden measured several days after intratracheal 
inoculation of 6 × 105 CFU to rats (n = 18) using P. aeruginosa-loaded agar 
beads with a median diameter between 120 and 150 μm. 
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IV administration of a CIP solution. 

3.3. Efficacy of the inhaled CIP-Cu2+ particles versus an IV CIP solution 
in a chronic lung infection model 

The progression of the P. aeruginosa burden in the lungs of the ani
mals was evaluated 4 and 24 h after the administrations of CIP (Fig. 3). 
All treated animals received the same dose of CIP (2.5 mg/kg) either by 
IV administration of a CIP solution or by IT administration of CaCO3 
microparticles loaded with CIP-Cu2+ complex. The two treatments 
induced a decrease in the pulmonary bacterial burden from 5.45 ± 0.25 
log10 CFU to 3.84 ± 0.44 log10 CFU and 3.84 ± 0.21 log10 CFU, 4 h 
after the administration of the solution of CIP and CIP-Cu2+ powder, 
respectively. Then, for both treatments, this decrease in P. aeruginosa 
burden observed at the 4-h time point was followed by an increase 
measured at the 24-h time point after administration. However, this 
increase was less intense for the group treated with IT administration of 
microparticles loaded with CIP-Cu2+ complex compared with IV 
administration of CIP. Consequently, the pulmonary burden of 
P. aeruginosa measured at 24 h was significantly lower after IT admin
istration (4.75 ± 0.31 log10 CFU) than for the untreated control (5.69 
± 0.22 log10 CFU) and IV group (5.46 ± 0.34 log10 CFU), respectively. 
No significant difference was observed at 24 h between the untreated 
control group and the IV group. 

4. Discussion 

The chronic infection model obtained by instillation of P. aeruginosa- 
loaded agar beads used in this study has been shown to mimic the 
chronic infection and inflammation that affect patients with cystic 
fibrosis (CF) (Bragonzi et al., 2005; Growcott et al., 2011; Kukavica- 
Ibrulj and Levesque, 2008; Torres et al., 2019). The airway and alveolar 
inflammation seen during chronic P. aeruginosa infections can lead to 
increased permeability of the alveolar and airway epithelium, some
times with the formation of exudates (Azghani et al., 2000; Ulrich et al., 
2010). This increased permeability could alter the fate of inhaled mol
ecules, which could have a low pulmonary residence time in infected 
lungs, whereas they had low permeability and high pulmonary residence 
time under healthy conditions. 

The pulmonary exposure to free CIP observed after IV administration 
in rats with chronic lung infection, was similar to that previously 
observed in healthy rats (Gontijo et al., 2014), with a ratio of AUCELF to 
AUCunbound plasma around 2 in both cases. Furthermore, the mean 
plasma elimination half-lives (t1/2) of CIP measured after IV adminis
tration were comparable between healthy rats (1.1 h) (Gontijo et al., 
2014) and model rats with chronic P. aeruginosa lung infection (1.3 h). 
Both CIP plasma t1/2 were also similar to the t1/2 measured in the lung 
ELF after IV CIP administration in healthy (1.2 h) or infected (1.4 h) rats. 
CIP is a molecule with a relatively high permeability across the pul
monary barrier (Brillault et al., 2017; Ong et al., 2013), and concen
trations of unbound CIP molecules already equilibrate rapidly across this 
barrier under noninflammatory conditions (Lamy et al., 2018; Stass 
et al., 2013a, 2013b). Thus, a potential alteration in lung barrier 
integrity due to inflammation should not result in a major change in CIP 
permeation rate, since CIP permeability is already high in healthy state. 
Similar pulmonary exposure to CIP was obtained in healthy rats and rats 
with chronic lung infection after IV administration of CIP solutions, 
suggesting similar high permeability of the blood-lung barrier in healthy 
and infected animals. In healthy rats, similar CIP pulmonary exposures 
are obtained after IV or pulmonary administration (Gontijo et al., 2014). 
Similar observation were made with levofloxacin, another fluo
roquinolone with close structure to CIP (Griffith et al., 2014). Therefore, 
the impact of the mode of administration (IT versus IV) on pulmonary 
exposure to CIP should be minimal. For this reason and for ethical 
reasons to limit the use of animals, it was decided not to perform a group 
of animals with pulmonary administration of CIP solution in this study. 
Another study that evaluated the pharmacokinetics of CIP after IV 
administration in rats with chronic P. aeruginosa lung infection showed 
that plasma exposure to CIP was twice as high in infected rats as in 
healthy rats due to lower plasma clearance in the infected animals 
(Torres et al., 2017). In the present study, lung infection had no effect on 
plasma CIP exposure. However, it is difficult to compare the two studies 
because they were performed with different types of P. aeruginosa- 

Fig. 2. Mean unbound CIP concentrations 
normalized by the CIP dose measured in ELF 
(black circle) and in plasma (open square) 
versus time after IV administration of a CIP 
solution (A), and after IT administration of 
CIP-Cu-loaded particles (B). The CIP dose 
was 2.5 mg/kg for all animals. The unbound 
plasma fraction was fixed at 59% of the total 
CIP concentration according to Roosendaal 
et al. (Roosendaal et al., 1987). Data points 
represent averaged values ± standard devi
ation (SD) of 3–7 individual measurements.   

Fig. 3. Mean log colony forming unit (CFU) per lung versus time profiles in 
group receiving either no treatment (Control, black circle), a CIP solution by IV 
administration (open triangle), or CIP-Cu2+ microparticles by IT administration 
(open square). The CIP dose was 2.5 mg/kg for all animals. Data points 
represent averaged values ± standard deviation (SD) of 4–5 individual mea
surements. Statistical analyses were performed using a one-way ANOVA and 
Tukey's multiple comparisons test (** mean P ≤ 0.01). 
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loaded beads (agar versus alginate-based) and with different doses of CIP 
(2.5 mg/kg versus 20 mg/kg). 

Interestingly, lung exposure to CIP measured after inhalation of 
particles loaded with CIP-Cu2+ complex in model rats with chronic 
P. aeruginosa lung infection was characterized by a ratio of AUCELF to 
AUCunbound, plasma of 3698, which is 3.5 times higher than in healthy 
animals for which the ratio was 1069 (Lamy et al., 2018). This increased 
pulmonary exposure also resulted in an elevated CIP t1/2 in ELF of 2.9 h 
(compared to 1.4 h after IV administration), but also in an increased 
plasma CIP t1/2 of 4.1 h (compared to1.3 h after IV). Thus, plasma 
elimination of CIP was 3.6 times slower after IT administration of par
ticles loaded with CIP-Cu2+ complex than after IV administration of a 
CIP solution. This suggests that the rate of absorption of CIP from the 
lung to the blood was reduced enough to become slower than the 
intrinsic plasma CIP t1/2 and thus became the limiting step controlling 
the plasma elimination of CIP, characterizing a flip-flop pharmacoki
netics (Yáñez et al., 2011). 

The targeting advantage that was obtained by administering the CIP 
by IT administration of the microparticles loaded with CIP-Cu2+

compared to the IV administration of the CIP solution can be evaluated 
by measuring the drug targeting index (DTI), defined as the ratio of 
AUCELF to AUCunbound plasma following IT administration divided by the 
same ratio following IV administration (Yapa et al., 2014). The DTI 
obtained by IT administration of microparticles loaded with CIP-Cu2+

complex was 2077 (3698/1.78). This value, well above unity, indicates 
that a high degree of targeting to the lungs (higher lung exposure and 
minimal plasma exposure) was achieved after inhalation administration 
of CIP-Cu2+ loaded microparticles compared to IV administration. 

Similarly, the inhaled levofloxacin solution marketed under the 
brand name Quinsair® contains magnesium, a metal cation like copper, 
which complexes levofloxacin and increases its apparent aqueous solu
bility and decreases its apparent epithelial permeability (Surber et al., 
2017, 2013). The PK of Quinsair® have been characterized in a mouse 
model of pulmonary infection (Sabet et al., 2009). The authors reported 
that aerosolized administration achieved a 9-fold higher AUC in lung 
tissue when compared with the dose-normalized intraperitoneal 
administration of levofloxacin. 

In CF patients, P. aeruginosa grows principally in pulmonary mucus 
and ELF (Bjarnsholt et al., 2009). Thus, pulmonary ELF should be 
considered the primary antibiotic target site for the treatment of pneu
monia caused by this bacterium (Onufrak et al., 2016; Rodvold et al., 
2011; Wenzler et al., 2016). Several studies have shown that maximizing 
CIP exposure at the site of infection is essential to reduce the increasing 
rate of antibiotic resistance (Martinez et al., 2012; Onufrak et al., 2016) 
or to prevent biofilm formation by this pathogen (Bjarnsholt et al., 
2009). Hence, for CIP, the ability to target the lungs to achieve high 
concentrations in the ELF while minimizing systemic exposure has a 
major advantage in terms of maximizing efficacy and reducing the po
tential for resistance development and is essential to ensure optimal 
treatment of these pulmonary infections. 

P. aeruginosa lung burden, measured 24 h after inoculation, was 
significantly lower after IT administration of CIP-Cu-loaded particles 
(4.75 ± 0.31 log10 CFU) than in the untreated control group (5.69 ±
0.22 log10 CFU) and the CIP IV group (5.46 ± 0.34 log10 CFU), 
respectively. It has been demonstrated previously that CIP or CIP-Cu2+

are equally effective against P. aeruginosa cultured either planktonically 
or as biofilms (Tewes et al., 2020, 2019, 2016). Also, the same efficacy 
between the 2 modes of administration (IV and IT) was observed 4 h 
after inoculation (Fig. 3). Thus, the better efficacy observed at 24 h with 
inhaled CIP-Cu2+ loaded particles compared to IV CIP solution could be 
attributed to the longer residence time of CIP in the lungs obtained with 
the CIP-Cu2+ complex. 

In summary, the present study shows that in a rat model of chronic 
P. aeruginosa lung infection, pulmonary administration of CIP-Cu-loaded 
microparticles resulted in an approximately 3700-fold increase in lung 
CIP residence time compared with intravenous administration of CIP 

solution. This increase in lung residence time of CIP is responsible for 
improved efficacy of CIP 24 h after administration compared with 
intravenous administration of CIP solution. Similarly, another study in 
which CPI was administered by pulmonary aerosolization on days 4 and 
6 post-infection to rats showed better efficacy of microparticles loaded 
with CPI-Cu (4-log reduction in CFU/lung) than particles made of CPI- 
HCl (similar CFU/lung counts to untreated control) (Tewes et al., 
2020). However, other formulations of CIP or fluoroquinolones that 
have been developed to treat pulmonary P. aeruginosa infection by 
inhalation have also elaborated strategies to successfully increase the 
pulmonary residence time of fluoroquinolones, sometimes without sig
nificant clinical results (Brillault and Tewes, 2020). For comparison 
purposes, some of the PK and formulation parameters of these recently 
developed formulations, namely Cipro-DPI (Ciprofloxacin Pulmo
Sphere®), Quinsair® (Aeroquin™), and Linhaliq® (Apulmiq®), are 
presented in Table 1. However, this study has some limitations that do 
not allow it to go beyond a basic comparison. Indeed, a single dose was 
evaluated whereas the dosage regimens used in the clinic generally 

Table 1 
Comparison of the tested formulation with marketed or clinically tested CIP or 
fluoroquinolone formulations for pulmonary inhalation. (BAL: bronchoalveolar 
lavage; ELF: pulmonary epithelial lining fluid).   

Formulations Drug 
Loading 

Pulmonary 
exposure in rats 

references 

Present 
study 

Dry powder 
made of CIP-Cu- 
loaded 
amorphous 
CaCO3 

microparticles. 

41.9 ± 10.4 
wt%  

• Dose = 2.5 
mg/kg  

• AUCELF after 
inhalation / 
AUCELF after 
IV = 3019 

Present 
study 

Quinsair® 

246 mg of 
levofloxacin 
hemihydrate 
solubilized in 
2.4 mL of 
aqueous solution 
containing Mg2+

to reduce the 
transport of 
levofloxacin 
across the lung- 
blood barrier 
when 
administered by 
nebulization. 
Commercialized. 

100 mg/mL 
of 
levofloxacin  

• Dose = 10 
mg/kg  

• AUCBAL after 
nebulization 
/AUCBAL after 
IV = 18.5 

Geller et al. 
(2010);  
Griffith 
et al. 
(2014);  
Surber et al. 
(2017) 

Cipro-DPI 

Crystalline 
zwitterionic 
form 
(uncharged) of 
CIP used to slow 
the dissolution 
rate compared to 
CIP-HCl. Crystals 
of CIP are coated 
with a porous 
layer of 
phospholipids. 

65 wt%  

• Dose = 7.5 
mg/kg  

• AUC lung 
tissue 
homogenate 
after 
nebulization 
/AUC lung 
tissue 
homogenate 
after IV = 612 

Endermann 
et al. 
(2011);  
Weers and 
Tarara 
(2009) 

Linhaliq® 

CIP-HCl 
encapsulated in 
liposomes, with 
a lipid/CIP mass 
ratio of 2. Mixed 
with free CIP- 
HCl. pH of about 
3.5 or less 

Liposome 
suspension 
at 45 mg/ 
mL CIP 
mixed in 
different 
proportions 
with a free 
CIP solution 
at 18 mg/ 
mL.  

• PK in rats not 
available 

Cipolla 
et al., 
(2016), 
(2014)  
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involve repeated administrations. Moreover, to better evaluate this 
formulation, other doses (higher than 2.5 mg/kg) should be tested. 

5. Conclusion 

After a single pulmonary administration of microparticles loaded 
with CIP-Cu2+ complex to rat models of chronic P. aeruginosa lung 
infection, pulmonary exposure to CIP was increased 2077-fold 
compared to IV administration of CIP solution. This single lung 
administration significantly reduced the lung burden of P. aeruginosa 
expressed as CFU/lung measured 24 h after administration by 10-fold 
while IV administration of the same dose of CIP was ineffective 
compared to the untreated control. This better efficacy of inhaled mi
croparticles loaded with CIP-Cu2+ complex compared with CIP solution 
can be attributed to the higher pulmonary exposure to CIP obtained with 
inhaled particles than that obtained with IV solution. 
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