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Abstract

Ciprofloxacin (CIP) is an antibiotic that has been clinically trialed for the treatment of lung infections
by aerosolisation. However, CIP is rapidly systemically absorbed after lung administration, increasing
the risk for subtherapeutic pulmonary concentrations and resistant bacteria selection. In the presence of
calcium, CIP forms complexes that reduce its oral absorption. Such complexation may slow down CIP
absorption from the lung thereby maintaining high concentration in this tissue. Thus, we developed
inhalable calcium-based inorganic-organic composite microparticles to sustain CIP within the lung. The
aerodynamics and micromeritic properties of the microparticles were characterized. FTIR and XRD
analysis suggest that the inorganic component of the particles comprised amorphous calcium carbonate
and amorphous calcium formate, and that CIP and calcium interact in a 1:1 stoichiometry in the
particles. CIP was completely released from the microparticles within 7 hours, with profiles showing a
slight dependence on pH (5 and 7.4) compared to the dissolution of pure CIP. Transport studies of CIP
across Calu-3 cell monolayers, in the presence of various calcium concentrations, showed a decrease of
up to 84% in CIP apparent permeability. The apparent minimum inhibitory concentration of CIP against
P. Aeruginosa and S. Aureus was not changed in the presence of the same calcium concentration. These
results indicate that the designed particles should provide sustained levels of CIP with therapeutic effect
in the lung. With these microparticles, it should be possible to control CIP pharmacokinetics within the
lung, based on controlled CIP release from the particles and reduced apparent permeability across the

epithelial barrier due to the cation-CIP interaction.




1 Introduction

Several lung diseases such as cystic fibrosis (CF), bronchiectasis or chronic obstructive
pulmonary disease (COPD) are prone to chronic lung infections, largely due to P. aeruginosa.™
2 Pulmonary administration of aerosolized antibiotics is an interesting approach, as it can target
the lungs directly and may potentially increase the therapeutic/systemic side effects index.
Thus, for some drugs, direct delivery to the target tissue allows high local concentrations to be
achieved while administering low doses. This is especially true for antibiotics with a low lung-
blood barrier permeability, as has been shown for colistin.> * However; this approach is less
interesting for molecules that readily diffuse through the barrier to equilibrate with the blood.

Hence, only antibiotics that have low epithelium barrier permeability, such as tobramycin,
colistimethate (0.58 + 0.08 x 10" cm/s)* and aztreonam lysine (<0.4 x 10" cm/s)°, are currently
used by nebulization to treat lung infections. The duration of the nebulization treatment
regimen is generally ten to twenty minutes, once or twice a day. This extended, daily treatment
method has a negative impact on patient quality of life and treatment compliance. Dry powder
inhalation is much more convenient than classic nebulization for this particular application, as
it considerably reduces the time for administration of a dose. Tobramycin was approved by the
FDA in 2013 to treat lung infection in CF patients via a dry powder inhaler (DPI)°® and a

colistimethate sodium DPI received European approval in 2012.’

The main challenges with drug administration using a DPI are the control of deposition of the
powder particles and the drug pharmacokinetics within the lung. The first part of this challenge
can be solved by the development of antibiotic-loaded microparticles with suitable
aerodynamic properties that can reach the deep lungs when delivered using a DPI.® °
Importantly, these microparticles can be engineered to control the drug release and adapt it to

reach the desired profile of antibiotic concentration in the lung versus time after inhalation.




Fluoroquinolones (FQs) such as ciprofloxacin (CIP) are antibiotics that are commonly used in
CF patients to treat lung infections by oral administration.'® However, FQs show some toxicity

when present at high concentration in the blood,™" *2

and, more importantly, the development
of resistant bacteria is facilitated when the concentration at the site of infection, i.e. the lung
epithelial lining fluid (ELF), is low.™® Thus, an aerosolized form of CIP that could enable high

concentrations in the lung to be achieved and, at the same time, a lower plasma concentration,

would be of interest.

Aerosolized microparticles of CIP could provide high CIP pulmonary deposition, followed by
a suitable release profile to maintain an absence of bacterial regrowth. Phase |1 clinical studies
recently evaluated CIP-loaded liposomes as a once-daily inhalation formulation.** This
formulation was well tolerated, and more effective than placebo at reducing P. aeruginosa lung
load in non-CF bronchiectasis. However, the CIP concentration in the lung was found to
decline rapidly after nebulisation, increasing the risk of potentially subtherapeutic
concentrations.'® In fact, CIP was found to have high lung epithelium apparent permeability (7
x 107 cm/s)™®, and a rapid systemic absorption after pulmonary nebulization of CIP solutions
was observed in rats'’ and mice.’® Therefore, a means of maintaining CIP concentrations

within the lung is thus desirable if the pulmonary route of administration is to be successful.

Recent phase | and |1 clinical studies have also shown encouraging data after inhalation of CIP
powder using a DP1.** % The powder was well tolerated by CF patients, and reduced side
effects compared to oral and intravenous CIP administration were observed.’> * 2° C|p
concentration measured in induced sputum 45 min after the last dose administered was 100-
fold higher than the MIC for P. aeruginosa.’® However, as reported by Stass et al.'®, the
pharmacokinetic properties of CIP delivered by DPI were characterized by rapid pulmonary
absorption of CIP into the plasma. In this article the authors indicated that the drug

concentration in induced sputum declined rapidly 45 min after the last dose was administered,




increasing the risk for potentially subtherapeutic trough levels that cannot be easily
compensated by inhalation of higher doses.'® Because an increased frequency of dosing did not
seem to influence tolerability to CIP or to produce drug accumulation, the authors suggested
that active lung CIP concentrations should be best maintained by optimizing the frequency of

dosing.

An alternative approach to maintaining active lung CIP concentrations could be to reduce its
apparent lung-blood barrier permeability in order to decrease its pulmonary absorption into the
plasma. CIP can form complexes with multivalent cations (Ca®*, Mg®*, ...) resulting in the
formation of a larger (since multivalent stoichiometry can be formed), and often ionized
(cationic) molecular structure.?*® This complexation results in a slower diffusion through the
epithelium, as has been demonstrated in the intestine.?* ® For example, the presence of Ca*
and AI** significantly reduces the intestinal absorption of CIP when taken orally, by 60% and
100%, respectively.?® The effect of these cation-FQ interactions has only been cursorily studied
in terms of pulmonary absorption?” and, while it proves a limitation in terms of oral delivery, it
could be potentially exploited to slow down CIP absorption through the lung. Therefore, we
hypothesized that a calcium-based composite particle formulation could be used to deliver CIP
to the lung by a DPI and control CIP pharmacokinetics within the lung, due to controlled
release and reduced apparent permeability owing to a Ca-CIP interaction, while maintaining

antibacterial activity.

2 Experimental

Ciprofloxacin (CIP) powder (purity > 98,0 %), high molecular weight (1.5 to 1.8 x 10° Da),
hyaluronic acid sodium salt from Streptococcus equi (HA), calcium hydroxide Ca(OH), and
ammonium carbonate (NH;),CO3; were purchased from Sigma Aldrich (lreland). Buffer
concentrate pH 5 (Titrisol) was purchased from Merck (Germany) and Hank's Balanced Salt

Solution (HBSS) was purchased from Gibco (France). Deionised water was produced by a




Purite Prestige Analyst HP water purification system (Millipore, Carrigtwohill, Ireland). HPLC
grade acetonitrile was purchased from Sigma-Aldrich (Ireland).
2.1 CIP assay

CIP was assayed using a validated HPLC method with fluorometric detection (Aexcit 280 nm;
Aemi 460 nm). The stationary phase was XTerra MS C18 column, 5pum, 100 x 2.1 mm
(Waters). The mobile phase (flow rate: 0.25 mL/min) consisted of a 20:80 (v:v) mixture of
acetonitrile and water containing 0.1% formic acid and 0.2% heptane sulfonic acid. Samples,
standards (7 levels with concentration ranging from 1.56 to 50 pg/L) and quality controls (3.12,
12.5 and 37.5 pg/L) prepared in the same solvent were injected (75 pL) and eluted over a run
time of 6.5 min. The precision and accuracy were less than 15% for the 3 quality control

concentrations.

2.2 Spray Drying
A Bichi B-290 Mini Spray Dryer (Buchi, Flawil, Switzerland) was set up as follows: Two
aqueous solutions were prepared separately and mixed during the process via a Y-tubing
connector feed to the spray dryer. One solution was composed of CIP (0.2-0.8 g/L), calcium
hydroxide (Ca(OH), - 0.8 g/L), hyaluronate (HA - 0.4 g/L), and 0.1 (v/v) % formic acid
(HCOOH) which was used to increase the Ca(OH), solubility. In the presence of Ca(OH), the
CIP apparent solubility was increased and a concentration as high as 0.8 g/L was reached, in
comparison to the CIP solubility at 20°C of 0.07 g/L.?®® The second solution was made of
2.4 g/L ammonium carbonate (NH4),CO3. The spray dryer was operated in an open-cycle
sucking mode using a 2-fluid nozzle to disperse the mixed solutions (peristaltic pump was set
at 30%, pumping the 2 solutions at the same flow rate before their mixing in the Y-tubing
connector) in the same direction as the flow of hot drying air (flowing at 630 L/min) and as the
spraying air (flowing at 15 L/min). Inlet temperature was 120°C. These conditions resulted in

an outlet temperature ranging from 47 to 57°C.




2.3 Characterisation of materials
Scanning Electron Microscopy (SEM) of samples was undertaken using a Tescan Mira XMU
(Tescan s.r.o., Czech Republic) electron microscope. The samples were fixed on aluminium
stubs using double-sided adhesive tabs and sputter-coated with a 10 nm-thick gold film.
Primary electrons were focused and accelerated under a voltage of 5 kV in the high vacuum
mode (chamber vacuum 9x107 Pa). Magnified images (x10k and x20k) of the samples having

a maximal resolution of 2.5 nm were formed from the collection of secondary electrons.

Powder X- ray Diffraction (XRD) measurements were conducted on samples placed in a low
background silicon holder, using a Rigaku Miniflex Il desktop X-ray diffractometer (Rigaku,

Tokyo, Japan). The samples were scanned over a range of 10 — 55° 26 at a step size of 0.05%s.

Attenuated total reflectance (ATR)-FTIR measurements were performed on powders placed on
a wedged diamond crystal using a Spectrum 400FT spectrometer (PerkinElmer, Ireland). For
each spectrum, 32-scan interferograms were collected with 4 cm™ resolution. Clean crystal

surface was used as reference. Background spectra were subtracted from sample spectra.

Dynamic Vapour Sorption (DVS) experiments were performed on a DVS-1 (SMS Ltd.,
London, UK) as previously described %°. The DVS-1 measures the vapour mass change with a
resolution of £ 0.1 pg. The samples maintained at 25.0 £ 0.1°C were exposed to the following
% of relative humidity (RH) profile: 0, 3, 5, 10%, then to 90% in 10% steps and the reverse for
desorption. At each stage, the sample mass was allowed to reach equilibrium, defined as dm/dt
< 0.002 mg/min over 10 min, before the RH was changed. The amount of water uptake for

each RH stage was expressed as a % of the dry sample mass (mo).

The volume-weighted geometric particle size distributions (PSD) were determined by laser
diffraction using a Malvern Mastersizer 2000 (Malvern Instruments Ltd. Worcestershire, UK)
with the Scirocco 2000 dry powder feeder to disperse the particles. The dispersive air pressure

used was 2 bar. Samples were run at a vibration feed rate of 50%. Analyses were undertaken
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using a real part refractive index of 1.572 and an absorption part of 0.01. Results presented are

the average of three determinations.

The specific surface area of the samples purged under N, overnight at 30 °C was determined
by the N adsorption B.E.T. multipoint method, with 6 points in the relative pressure range of
0.1-0.3, using a Micromeritics Gemini 2835c (SMS Ltd., London, UK). Results presented are

the average of three determinations.

The calcium content of the particles was assayed using an inductively coupled plasma optical
emission spectrometer ICP-OES (Perkin Elmer Optima 2000DV). Three measurements were

made at 317.933 nm and averaged.

The aerodynamic particle size distribution was measured using a next generation cascade
impactor (NGI, Copley Scientific). The air flow rate was adjusted to 60 L/min and the time of
aspiration was adjusted to 4 seconds by using a critical flow controller (TPK 2000, Copley
Scientific) to obtain 4 L of aspiration. In this condition critical sonic flow was assured (P3/P2 <
0.5) and the flow rate was assumed to be stable. The inhaler (Handihaler®, Boeringher
Ingelheim) was filled with a gelatin n°3 capsule loaded with 10 + 2 mg of powder (n = 3). After
inhaler actuation, particle deposition on the NGI was determined by CIP assay as described
above. The amount of particles with aerodynamic diameter < 5.0 pm, expressed as a percentage
of the emitted recovered dose, was considered as the fine particle fraction (FPF). The mass

median aerodynamic diameter (MMAD) and FPF were calculated as previously described.*

Dissolution/release studies were performed by measuring the quantity of CIP crossing through
a dialysis membrane with a nominal cut-off of 12,000 (Cellu Sep; Membrane Filtration
Products; USA). Samples containing around 4 mg of CIP were loaded in the dialysis bag and
dispersed in 5 mL of dissolving medium (HBSS pH 7.4 to simulate the epithelial lining fluid
(ELF) or acetate buffer pH 5 simulating the phagolysosome pH). Bags were then placed in a

sealed bottle containing 195 mL of the same dissolving medium. Bottles were maintained at
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37°C and shaken at 300 rpm (VWR Incubating Mini Orbital Shaker), while samples (1 mL)
from the external side of the bag were taken at different time points and replaced by fresh
media. Samples were kept at 4°C prior to HPLC assay. These experiments were performed
under sink conditions, i.e. no more than 10% of CIP solubility (200 mg/L at pH=7 and at 37°C)
1 was reached after complete dissolution/release of the CIP. Analysis was performed in
triplicate for each sample and results averaged. CIP release was modelled using the Higuchi
equation, M,/ M., =kt>> and the power law, M,/ M,, =kt", for the time range 0-3h. In these
equations, M; and M., are the absolute cumulative amount of drug released at time t and infinite
time, respectively; k is a constant incorporating structural and geometric characteristics of the
particle, and n is the release exponent, indicative of the mechanism of drug release.®* Over this

time period, less than 80% of the CIP was released in both cases, justifying the use of both

these equations, which are short time approximations of complex exact relationships.

2.4 CIP transepithelial transport across Calu-3 cell monolayers
Calu-3 cells (American Type Culture Collection, Rockville, USA) were cultured in Dulbecco’s
modified Eagle’s medium—Ham’s F12 medium (1:1) supplemented with L-glutamine (2 mM),
fetal calf serum (10% v/v), at 37°C and 5% of CO, in plastic culture flasks of 75 cm? (Nunc,
Roskilde, Denmark). The medium was replaced every 2-3 days. Cell monolayers were obtained
by seeding Calu-3 cells (5 x 10° cells/cm?) at passages 22 to 50 onto Transwell® polyester
membranes having pore size of 0.4 um in 12 well plates (Corning, Netherlands), and culturing
under air-interface conditions. The volume of media in the basolateral compartment was 1.5
mL and was replaced every other day. After 15 days of culture, transport experiments were
carried out in Hank's buffered salt solution (HBSS) buffered with HEPES in the apical (AP) to
basolateral (BL) direction as previously described.®® Monolayers were first washed and
equilibrated with the buffer for 30 min with 1.5 mL in the BL compartment and 0.5 mL in the

AP compartment. The AP compartment was then refilled with 0.5 mL of the test solutions and




plates were incubated at 37°C. Test solutions were made of CIP at 0.0165 g/L (50 uM) and
various calcium concentrations (6, 4, 2, 0.4, 0.2, 0 g/L) in the HBSS — HEPES buffer. After 60
min, samples were taken from the BL compartment and kept at -20°C prior to HPLC analysis.
Following the transport study, a control for monolayer integrity was performed by measuring
the fluorescein apparent permeability.®® The monolayers were rinsed, fresh HBSS was added to
the BL side, and HBSS containing fluorescein (10 pug/mL) was added to the AP side. The
inserts were incubated and samples were taken after 60 min and analysed with a fluorescence
plate reader. The threshold apparent permeability (Papp) of 0.7 x 10°® cm.s™* for fluorescein
was retained for the monolayer integrity rejection parameter for all experiments.** This
corresponds to less than 1% of the initial amount in the AP compartment.
2.5 Antimicrobial apparent activity of CIP

The effect of calcium concentration change on the CIP antibacterial activity was assessed by
measuring the CIP minimum inhibitory concentration (MIC) against P. aeruginosa PAO1 (CIP
104116, Institut Pasteur, Paris, France) and S. aureus (ATCC 29213). Bacteria were isolated
from frozen stock by growing them on Mueller-Hinton agar for 24 hours at 37°C. The MIC test
was performed by dilution in 96-well microdilution plates in Mueller-Hinton broth (MHB)
adjusted for calcium and magnesium ions, usually used for quantitative susceptibility testing of
bacteria with a variety of antimicrobial agent. Prior to MIC testing, the strains were grown to
logarithm phase in fresh MHB for 2-3 hours, then adjusted to 0.5 McFarland standards. The
adjusted cultures were diluted 100-times in MHB containing various calcium concentrations (4,
2, 0.8, 0.4, 0.2, 0.08, 0 g/L). These solutions were prepared from a calcium chloride stock
solution of 147 g/L (1 M) in MHB. Then, for each calcium solution, various solutions having
different CIP concentrations (8, 4, 2, 1, 0.5, 0.25, 0.125, 0.063, 0.031, 0 mg/L), for the same
calcium concentration, were obtained by a two-fold serial dilution using a CIP stock solution at

800 mg/L in MHB. The growth of bacterial cultures at 37°C was determined after 18 and 24
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hours by monitoring the optical density of the culture at 600 nm using a plate reader
(VarioskanFlash, Thermo Scientific, France). Controls without bacteria were made to check the
absence of contamination of MHB and to evaluate the effect of calcium on the absorbance
reading at 600 nm. Controls without CIP were made to assess the effect of calcium on bacterial

growth.

3 Results and Discussion

The aim of this study was to develop an inhalable dry powder formulation of CIP which would
allow the concentration of CIP in the pulmonary ELF to be controlled, in order to provide a
more efficient therapeutic effect against extracellular bacteria pathogens, such as P.
Aeruginosa. Our hypothesis is that this could be achieved by controlling CIP release from
inhaled particles and, more importantly, by simultaneously slowing down CIP absorption
across the lung-blood barrier by means of calcium-CIP interaction. In fact, CIP is rapidly
systemically absorbed from the lung after pulmonary administration of pure CIP**> " %8 and a

pharmaceutical approach may be used to sustain the presence of CIP in the lung.
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Figure 1: SEM micrographs of CIP-loaded composite particles formulated with various
CIP loading A) CIP1, B) CIP3. The samples were coated with a 10 nm-thick gold film.
Primary electrons were accelerated under a voltage of 5 kV. Images were formed from
the collection of secondary electrons.

Light, shell-like microparticles (Fig. 1) were formulated by spray drying a mix of two
solutions, based on a calcium carbonate mineralisation bio-inspired process. One of the
solutions contained (NH,4),CO3 and the other contained CIP, calcium and sodium hyaluronate
(HA, Table 1). In this formulation, calcium and carbonate ions react to form poorly soluble
calcium carbonate just before being sprayed. High molecular weight HA was added to act as a
matrix/template and control the shape of the calcium minerals, resulting in microspheres. In
fact, negatively charged carboxylic groups from HA can be used to interact with Ca®* and

control the nucleation of CaCOs3.* * Furthermore, high molecular weight HA (Mw > 1 x 10°
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Da) is part of the extracellular lung matrix and has already been investigated as an inhalable
therapeutic agent for lung diseases.*” ® For example, inhaled HA prevents the side effects of
hypertonic saline inhalation alone, which is used to treat bronchiolitis and patients with cystic
fibrosis.*’

Table 1: Composition and physical properties of various Ca/HA composite particles.

Feed solution composition Loading Ca/(.:IP
ratio
CIp HA’, Na* | (NH,),CO; | Ca(OH), | HCOOH CIp Ca
CODE molar
(e/L) | (8/L) (/L) (/L) % (V/v) | % (w/w) | % (w/w)

Unloaded 0 0.4 2.4 0.8 0.1 - 57.3+4.6 ND
CIP1 0.2 0.4 2.4 0.8 0.1 14.7 £ 0.2 ND ND
CIP2 0.4 0.4 2.4 0.8 0.1 25.1+0.4 ND ND
CIP3 0.8 0.4 2.4 0.8 0.1 354+0.6 | 14.8+0.2 3.5

(ND: not determined)

The solid state characteristics of the spray dried powders were first analysed by powder XRD
(Fig. 2). The pure CIP (raw material) XRD pattern displayed intense and narrow diffraction
peaks, typical of a crystalline compound (Fig. 2A - curve 5). CIP can exist in two crystalline
forms, one a hydrate and one a more soluble anhydrous form.*® The XRD pattern of the CIP
used in this study corresponds to the anhydrous form.*® The diffraction peaks observed on the
different XRD patterns of the spray dried formulations were broad and of low intensity,
suggesting the absence of an XRD crystalline structure, or a low degree of crystallinity in the
formulation due either to the presence of small quantities of crystalline structure, or crystalline
structures of small size. The XRD pattern of the unloaded particles (Fig. 2A - curve 1) had low
intensity diffraction peaks at 24.9 and 27.1 26°, characteristic of calcium carbonate (CaCOs3)
crystallized in the metastable vaterite polymorph,** and peaks at 16 and 26.3 26° which are
specific for calcium formate (Ca(HCOO),).** The presence of CaCOj resulted from the
reaction between Ca?* and COs?". Calcium carbonate is a pharmaceutical excipient generally
regarded as safe by the regulatory agencies and which has shown low toxicity when inhaled in

the form of microparticles.”* Also, dry powder therapy based on the inhalation of calcium salts
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(PUR118), demonstrated anti-inflammatory efficacy in phase 1b trial with COPD patients.**
The calcium formate resulted from the reaction between Ca®* and HCOOH. Calcium formate is
a water-soluble salt of low toxicity which is used as a food additive and may also be used as a
dietary calcium supplement. The CIP loading of the particles influenced the XRD patterns
obtained. At a low loading (14.7% - CIP1, Table 1) peaks specific to calcium formate prevailed
(Fig. 2a — diffractogram B). An increase in CIP loading (35.4% - CIP3, Table 1) resulted in the
disappearance of Bragg peaks on the XRD pattern, demonstrating the XRD amorphous nature

of the formulation.
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Figure 2: XRD patterns of CIP-loaded formulations - A) after spray drying (1) unloaded
particles, (2) CIP1, (3) CIP2, (4) CIP3 and (5) CIP raw material — B) after DVS experiments on
(2) CIP1, (3) CIP2 and (4) CIP3. Herein, “F” denotes calcium formate peaks position and “V?”
denotes vaterite peaks position. A relative intensity plot of vaterite and calcium formate is
presented in supplementary materials (Figure S1).

FTIR spectroscopy was used to further investigate the chemical nature of the particles (Fig. 2).
The spectrum of pure CIP raw material (Fig. 3 —E) showed strong bands at 1615 cm™, which
may be assigned to the stretching of the carbonyl ring, and bands at 1588 cm™ and 1374 cm™
assigned to asymmetric and symmetric stretching vibrations of the deprotonated carboxylate
group, respectively.* The absence of a band around 1710 cm™ in the CIP raw material
spectrum indicated that the CIP carboxylate group was deprotonated.”> FTIR spectra recorded

for the spray dried powders showed that the CIP carboxylate group was also deprotonated in

the particles and thus potentially available to interact with calcium ions.
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All spectra recorded for the spray dried particles presented absorption bands typical of
carbonate, suggesting the presence of calcium carbonate.”® The unloaded particles were
characterized by a broad band of the carbonate bending at 866 cm™ and a split in the
asymmetric stretch of the carbonate ion at 1412 and 1484 cm™, which is specific to amorphous
calcium carbonate (ACC).*" * As the CIP proportion in the particles increased, bands
characteristic of CIP appeared in the spectra, notably at 707 cm™, 822 cm™, and 866 cm™. The
presence of an absorption band at 866 cm™ in the CIP spectrum makes it difficult to assign this
band to the presence of CIP or ACC in the spray dried formulations. New bands were observed
at 748 cm*, 947 cm™, (1258 cm*, 1268 cm™ split band) and (1302 cm™, 1313 cm™ split
band) for the CIP-loaded particles. These bands, the intensity of which increased with
increasing CIP loading, were not present in the spectra of the unloaded particles or the CIP
anhydrous form (raw material) and are also absent from the spectra of CIP hydrochloride salt
and CIP hexahydrate.* The split bands at 1258, 1268 cm™* and 1302, 1313 cm* suggested C—
O stretching vibration in the carboxyl group. These bands were previously identified in the
FTIR spectrum of a 1:1 CIP:iron complex*® and in the spectrum of 1:1 CIP:copper complex.>®
Thus, these bands may appear in the FTIR spectra of the formulated particles due to

interactions between CIP and calcium, interacting in a 1:1 molar ratio.
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Figure 3: FTIR spectra of composite microparticles formulated at different CIP loading
A) unloaded particle, B) CIP1, C) CIP2, D) CIP3, E) CIP. a) From 1800 to 1200 cm™; b)
From 1200 to 650 cm™.
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Powder X-ray diffraction and FTIR data indicate that the minerals constituting the particles
were calcium formate (Ca(HCOO),) and calcium carbonate (CaCO3). These minerals were
predominantly present in the particles in the XRD amorphous state. The relative proportions of
calcium carbonate and calcium formate, and their degree of crystallinity was dependent on the
CIP loading. An increase in CIP loading completely amorphised the particles and favoured the
formation of calcium formate over calcium carbonate. In all the particles formulated, CIP was
solidified in the amorphous state. Thus CIP, potentially interacting with the calcium, could
behave as plasticizer, reducing the glass transition temperature of CaCO3 and Ca(HCOO)s,
facilitating the formation of the amorphous phase. The presence of amorphous calcium
carbonate (ACC), which is the most soluble form of this mineral, suggests potential for a faster
absorption and elimination rate than the crystalline forms, as was observed by Meiron et al.>*
after oral administration. The higher solubility and faster absorption of ACC, compared to the
crystalline forms, should prevent any accumulation of solid particles in the lung.

For amorphous solids, interactions with water are fundamental aspects to be studied because
they can affect both dissolution properties and physical stability. Water sorption-desorption
behaviour of CIP-loaded hybrid microparticles were found to be dependent on the CIP loading.
The CIP1 formulation (Fig. 4A - loading of 14.7%) showed a water mass increase of 20 wt%
with an increase of RH up to 80%, followed by a mass decrease for the 80 and 90% RH steps.
A decrease in mass versus time with increasing RH for amorphous substances generally
corresponds to the crystallisation of the material.? In fact, a crystalline material has a lower
average surface energy than its corresponding amorphous form.** ** This change in surface
properties with an increase in RH resulted in hysteresis in the CIP1 isotherm, with the
desorption curve lying below the sorption curve. A similar behaviour was observed for CIP2
(loading of 25.1%), but water loss (corresponding to crystallisation) was only observed above
90% RH. Crystallisation induced by the increase in RH also resulted in hysteresis in the

resultant isotherm (Fig. 4B). The formulation with the highest CIP loading had a different
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behaviour. CIP3 (loading of 35.4%) water uptake kinetics did not show a mass loss with an
increase in RH and the isotherm displayed less hysteresis (Fig. 4C). Evaluation of the solid
state nature of the powder formulations was performed by XRD after the DVS experiment
(Fig. 2B). XRD diffractograms showed the appearance or an increase in the intensity of the
diffraction peaks specific to vaterite and/or to calcium formate. The intensity of peaks specific
to calcium formate increased and the intensity of peaks specific to vaterite decreased with an
increase in CIP loading in the formulation. Also, in CIP3 (which had the highest CIP loading),
the main crystalline structure formed during water sorption was calcium formate (Fig. 2B -
curve 4). Therefore, the crystallization that occurs in the particles during water sorption
corresponds to crystallization of calcium formate and calcium carbonate that are present
initially in an amorphous form in the particles. For CIP1 and CIP2, which had XRD peaks
corresponding to calcium formate and vaterite of equal intensity after water vapor exposure,
this crystallization induced a change in particle surface properties and altered desorption versus
sorption properties, which was reflected in the hysteresis observed. For CIP3, which had XRD
peaks corresponding mainly to calcium formate, its water affinity did not change and no
hysteresis was thus observed. This dynamic water sorption study indicates that the CIP3
formulation is sensitive to high humidity at 25°C. However, a stability study performed on
CIP3 at 4°C under both desiccated conditions and 60% RH showed that the particles remained

amorphous for more than 8 months (supplementary materials — Figure S2).
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Figure 4: DVS water uptake isotherms (right) and mass change versus time (left) for
formulations A) CIP1, B) CIP2 and C) CIP3.

In the case of an inhaled antibiotic, the first requirement is to deliver an appropriate amount of
drug to the target site. In order to be able to adapt the CIP dose delivered into the lung to obtain
the best therapeutic effect, the CIP loading into the particles needs to be controlled. Inadequate
CIP loading could limit the maximal dose that can be administered. Increasing the CIP
concentration in the spray dried feed solutions proportionally increased the CIP loading in the
particles (Table 1). The range of CIP loadings obtained for the different formulations suggests
that the dose may be adapted to suit the clinical need.

Other parameters that control the amount of drug delivered to the lung when using a DPI are

the aerodynamic properties of the powder and the amount of powder emitted from the DPI. The
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aerosolization efficiency of a powder is highly dependent on the particle characteristics, such
as particle size distribution, shape and surface properties.

Table 2: Micromeritic and aerodynamic properties

Geometric PSD Aerodynamic N, sorption
d0.1) | d(0.5) | d(0.9) SSp:C'f'c MMAD csp Zz‘::a'f__':
(um) | (um) (m) uriace (um)

Area (m%/g) Area (m’/g)

Unloaded | 2.2+0.1 | 7.5+02 | 17.7 0.3

CIP1 14+01 | 7402 | 18.6+04 1.8 +01 13.66 +0.42

CiP2 21%01 | 9.5%t03 | 28.4:08 1.4 +01 41.05 +1.11

CIP3 2.8+01 | 9.4+01 | 21.4:03 1.1:0a1 5.00 +0.60 2.46 +0.04 28.75 +0.42

* Calculated from particle size distribution, assuming spherical, non-porous particles

The volume-weighted particle size distributions were little changed with change in CIP loading
(Fig. 5A). Volume median geometric diameters of the particle distributions ranged from
7.4+0.2 um to 9.5 £ 0.3 um (Table 2). These diameters would be too high for good particle
lung deposition if the particle density was 1 g/cm?®. In fact, to reach the more distal parts of the
lung, particles should have an aerodynamic diameter between 1 and 5 pm.? Aerodynamic (da)

and geometric (dgy) diameters are linked by the particle density (o) and particle shape factor (y)
according to the following equationd, =d.[(p, / p.x).2° Therefore, for particles with a large

dg, op should be lower than 1 g/cm?® and j should be higher than 1 in order to decrease d, to the
inhalable range. Specific surface area is a good metric indicative of the aerodynamic
performance of particles, and an increase in the particle shape factor can be obtained by
increasing the specific surface area.* A specific surface area may be calculated from the
geometric particle size distributions, assuming the particles to be solid spheres with smooth

surfaces of the particles; however, surface areas calculated in this manner were low (Table 2).
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Figure 5: A) Geometric particle size distribution of formulation having different CIP
loading. B) Cumulative fraction of the mass of the formulation CIP3 collected on the NGI
stages versus the effect cut-off diameter of the stages. Stage by stage deposition
representation is added in supplementary materials (Figure S3).

Actual specific surface areas measured by N, adsorption and using BET theory gave much
higher values, ranging from 13.66 + 0.42 to 41.05 + 1.11 m?g. This difference between
specific surface area calculated from particle size and those measured suggests that the
particles were porous and/or with textured/wrinkled surfaces. These high values of specific
surface area indicate a high particle shape factor and lower da than dg. In fact, the mass median
aerodynamic diameter (MMAD) of formulation CIP3 (5.00 = 0.60 um) measured using the
NGI was significantly lower than the volume median geometric diameter (9.4 + 0.1 pm) as
measured by laser diffraction of the aerosolized powder. This MMAD value is in the range of
the breathable fraction of an aerosol, with a MMAD between 1 and 5 um, being considered
suitable for topical respiratory treatment. However, with this MMAD value, the particles
should deposit predominantly in the larger and smaller airways, rather than the alveoli.>® An
optimization of the formulation to obtain a MMAD around 3um would be necessary to cover
the whole lung.> In this study, the CIP dose delivered to the NGI was around 3.5 + 0.4 mg (of
the 10 £ 2 mg of powder per capsule), which is lower than the dose used in a previous clinical
study (32.5 mg of CIP in 50 mg of powder).® However, a higher CIP dose could be delivered
if a larger amount of powder was loaded in the capsules or if multiple capsules were used.

More importantly, a CIP formulation providing a decreased CIP lung-blood barrier
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permeability should allow high solubilized CIP concentrations in ELF to be obtained. In fact
the CIP concentration obtained in ELF depends on the amount of drug arriving and dissolving

in the small pulmonary ELF volume and to the rate at which it is cleared from the lung.
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Figure 6: A) CIP dissolution from pure CIP powder and B) CIP release from CIP3
composite particles incubated at 37°C for 25 hours. Experiments were performed at pH
7.4 (open triangle) representing the ELF pH and at pH 5 (open square) representing the
phagolysosome pH. Values are average of 3 measurements + SD.

Once the particles deposit in the lung, their therapeutic effectiveness depends on the CIP (free
and interacting with Ca?*) released in the small ELF volume available at the target site. CIP
release from the particles was evaluated at pH 7.4 and pH 5, representing the lung ELF pH and
phagolysosome pH, respectively (Fig. 6). CIP dissolution from pure CIP powder (used as
control) was dependent on pH (Fig. 6A). At pH 5, complete CIP dissolution was reached after
3 hours, while CIP complete dissolution was reached after more than 24 hours in buffer pH 7.4.
The free CIP molecule has a carboxylic acid group (pKal = 6.1) and a piperazine basic group
(pKa2 = 8.7) conferring a pH-dependent solubility and dissolution behaviour. Therefore, CIP
can exist in different ionic states, i.e. cationic at acidic pH, zwitterionic at pH encompassing
the pKa, and anionic at basic pH. At pH 7.4, most CIP molecules are in an amphoteric form
having a global neutral charge and low solubility, resulting in a low dissolution rate. At pH 5,
around 90% of CIP is converted to the cationic form, having higher solubility than the
amphoteric form, leading to a faster dissolution. Drug release from the dialysis bag can appear

slower than other methods as it is affected by the low stirring and convection inside the bag.
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However, this method was able to discriminate between CIP dissolution profiles obtained at pH
5 and pH 7.4. No official in vitro dissolution method exists for inhaled powders and the small
amount of ELF in the lung makes it extremely difficult to mimic in vitro. Also, the slow fluid
motion in the dialysis bag could be a reasonable representation of what happens in the lung.
CIP release from composite formulated particles is less sensitive to pH than CIP dissolution
from pure CIP powder (Fig. 6B). Almost complete release was reached (90%) in 5 and 7 hours
at pH 5 and 7.4, respectively. Release rates presented in this study were faster than that
observed for a CIP-loaded liposome formulation in HEPES buffered saline, pH 7.4°° but
slower than that observed for the same liposome formulation in HEPES buffered saline
supplemented with 50% bovine serum.®>”*® However, a slow release of CIP, without a decrease
of its apparent permeability across the lung-blood barrier is not desirable, as this would lead to
low CIP concentration in the pulmonary ELF. In fact, without control of the CIP apparent
permeability, CIP slowly released from a formulation deposited in the lung would be rapidly
absorbed in the plasma, as occurs after nebulisation of a solution of pure CIP.}" 18

The lower dependency on pH of the CIP release from the spray dried formulation compared to
the pure CIP dissolution could be due to the initial alkaline microenvironment provided by
calcium carbonate dissolution. This alkaline microenvironment should control the ionization
state of CIP in the environment of the particles and make CIP release less dependent on the
buffer pH. Particles are made of ACC, the most soluble form of calcium carbonate, which
should facilitate the control of the micro-environmental basic pH surrounding the particles. For
example, the lower solubility of crystalline calcium carbonate compared to more soluble
sodium bicarbonate was found to limit its availability to modulate matrix micro-environmental
pH.> Polymeric matrices containing one of these two salts immersed in pH 1.5 dissolution
medium showed that sodium bicarbonate induced higher intragel pH (7.03) compared to
crystalline calcium carbonate (5.67). This alkaline microenvironment provided by the particles

indicates that pH-independent drug dissolution can be expected within the human ELF,
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reducing CIP release variability and potential biopharmaceutical problems. In fact, various
infection sites and diseases can have more acidic pH than regular ELF,*® and the microparticle
formulation should release the CIP at the same rate, whatever the infection site. In addition to
influencing the CIP solubility, the pH could control the CIP release profile by increasing the
solubility of calcium carbonate and particle dissolution rate when the pH is decreasing. Also,
FTIR spectra of the particles suggested interactions between CIP and calcium in a 1:1 ratio.
Interaction of one CIP* with one Ca** should release a bi-cationic molecular entity “CIP*-Ca*”
that should be more soluble than the zwiterrionic CIP* and could also be responsible for the
faster dissolution compared to pure CIP powder.

CIP release was modelled using the Higuchi equation and the power law for the time range O-
3h. The power law provided the best fit for CIP release at both pH conditions, with a
coefficient of determination higher than 0.98. Parameters k and n used for the fitting of the
experimental data are described in the Table 3.

Table 3: Estimates for power law parameters determined from the fitting of the release
experiments from pure CIP powder and CIP3 formulation.

k n R?
CIP3 pH 7.4 28.62 + 1.55 0.784 + 0.047 0.98
pH5 4758 £+1.12 0.544 + 0.027 0.99
oure CIP pH 7.4 27.02 +1.45 0.536 + 0.042 0.96
pH5 57.17 +2.14 0.555 + 0.041 0.96

The power law can be seen as a superposition of two mechanisms controlling the drug
transport: the drug diffusion and the particle modification. Values of n between 0.43 and 0.85
obtained for spherical particles can be considered as indicative of the superposition of both
phenomena.* For the CIP3 formulation, values of n obtained at pH 5 (closer to 0.43 compared
to that obtained at pH 7.4) could be due to the higher proportion of CIP transport due to CIP
diffusion than at pH 7.4. At pH 5, particle degradation should be faster than at pH 7.4 and the
drug diffusion is the limiting step. At pH 7.4, particle degradation could be the limiting step

controlling the CIP release process.

23



3.5E-07

Permeability cm/s

5.0E-08 -

0.0E+00

3.0E-07 -

2.5E-07 -

2.0E-07 -

1.5E-07 -

1.0E-07 -

(Ca2*/CIP) molar ratio

0 1000 2000 3000
+ :':‘T 100% T T HO T S S SO S S S N S
2 Ca?*+ CIPt —> *CIP-Ca*
é 80% - -
a : (@ 10 |Je Ye
5 60% -
8
>
£ 120% -
=
©
ﬂ g 20% -
S
Q
- - ; ’—,—‘ ; ’—l—‘ n- 0% T T T T T T T 1
A 0 5 10 50 100 150 B 0 100 200 300 400
Added calcium concentration (mM) (Ca%*/CIP) mass ratio

Figure 7: A) CIP apparent permeability versus concentration of added calcium, B) CIP
apparent permeability in percent of the initial value (no added Ca?*) obtained for various
Ca’*/CIP mass ratio. For all calcium concentration tested, fluorescein apparent
permeability evaluated just after the CIP transport experiments was not significantly
changed, suggesting the absence of cytotoxicity over the experimental time (60 min).

After landing in the lung, the particles will release CIP and CIP-calcium complexes, the active

chemicals. To be efficient in the treatment of extracellular bacteria lung infection, such as P.

Aeruginosa infection, these molecules released from the formulation have to stay in the lung

extracellular fluid, i.e. they must have low lung-blood barrier permeability. Also, the effect of

increasing calcium concentration on CIP apparent permeability has to be evaluated. Studies of

CIP transport across pulmonary epithelium model Calu-3 were performed to evaluate the effect

of calcium on CIP apparent permeability. Few studies have evaluated the transport of CIP

across this mode

1
| 16

A study measured the transport of CIP as a liposome formulation and, as

expected, found out that the liposomes crossed the epithelial barrier less rapidly than the free

CIP.*® CIP apparent permeability across Calu-3 cell monolayer decreased with an increase in

calcium concentration in the transport medium (Fig. 7A). The interaction of one CIP* with one

Ca®* should induce the formation of a charged molecular entity, “CIP*-Ca*”, which should be

less permeable across the Calu-3 cell monolayer than the free neutral CIP* molecules.

For all calcium concentrations tested, fluorescein apparent permeability evaluated just after the

CIP transport experiments was not significantly changed, showing that the cell monolayer

integrity was maintained during the experiments. CIP apparent permeability values (3.01 +
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0.22 x 107" cm/s) obtained with regular HBSS were consistent with previously reported values
of 7.0 + 0.2 x 107 cm/s.™® In figure 7B, the percentage of CIP apparent permeability decrease is
plotted as a function of Ca:CIP mass ratio. In the presence of an apical CIP concentration of
0.0165 g/L, a first CIP apparent permeability decrease of 44.5 £ 3.3 % was observed for a
Ca:CIP (w/w) ratio of 24:1 (Fig. 7B). A further increase in calcium concentration had a lesser
effect on CIP apparent permeability and the maximal permeability decrease obtained of 84.3 +
1.16 % was achieved in the presence of a Ca:CIP (w/w) ratio of 363:1. Likewise, a CIP
apparent permeability decrease of 14% was observed across rat intestine in the presence of 5
mM of calcium.” In these reported studies in rats the Ca:CIP (w/w) ratio was low (0.12:1)
compared to the CIP transport experiment performed in the present study, but suggests that the
Ca:CIP (w/w) ratio of 0.42:1 obtained in formulation CIP3 might be able to reduce CIP
apparent permeability after inhalation. The interaction of one CIP* with one Ca®* in the

particles, as suggested by the FTIR spectra analysis, should induce the release in the ELF of a
bi-cationic molecular entity “CIP*-Ca" (Figure 7B) which should be less permeable across the
lung epithelium barrier than free CIP molecules. This apparent permeability decrease can
mainly be attributed to the solubility decrease of the CIP*-Ca" bi-cationic complex in the
epithelial cells phospholipid bilayer membranes compared to the solubility of the zwitterionic
CIP". Additionally, in-vivo, the negatively charged mucins lining on the pulmonary epithelial

cells could interact with the complex, thereby increasing CIP pulmonary half-life, as observed

for tobramycin.®*
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Figure 8: A) CIP apparent MIC against P. aeruginosa and S. Aureus measured in Mueller-Hinton
medium having increasing calcium concentration. B) CIP apparent MIC against P. aeruginosa and S.
Aureus versus Ca:CIP mass ratio. MICs represent non-continuous data and are accurate to only plus
or minus one two-fold dilution.

Once in the pulmonary ELF, the CIP and CIP-calcium complexes released from the particles
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have to produce an antibacterial action. Thus, the effect of increasing calcium concentration on
the antibacterial activity of CIP molecules has to be evaluated. Several studies evaluated the
FQs activity against bacteria in the presence of cations. In most tests it was found that the

activity of the complexes is comparable to free FQs.% ® However some microbiological

63, 64 63

studies showed increases or decreases “° in the antibacterial activity of FQs. These
phenomena depend on the FQ, the cation and also the bacterial species used. We evaluated the
effect of increasing calcium concentrations on the CIP potency by determining the CIP
apparent MIC against P. aeruginosa and against S. aureus, CIP sensitive Gram negative and
Gram positive bacteria, respectively (Fig. 8). These two bacterial species are the main causes of
infection in patients with cystic fibrosis.! In these experiments, no influence of the calcium
alone on the two bacteria growth was observed at all used concentrations (data not shown). The
MIC of CIP against S. Aureus was 0.25 pg/mL. CIP in-vitro antimicrobial activity against
S. Aureus was unchanged in the presence of increasing calcium concentration, up to a
concentration of 50 mM, and then doubled in the presence of calcium at a concentration of 100

mM. In this condition, the Ca:CIP mass ratio was 8000, much higher than the Ca:CIP mass

ratio inducing the maximal decrease in CIP apparent permeability. CIP activity against P.
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Aeruginosa was more sensitive to calcium concentration increase than the CIP activity
observed against S. Aureus. Anti- P. aeruginosa CIP apparent MIC was doubled in the
presence of 5 mM of calcium and increased further for 100 mM of calcium. However, this
increase in apparent MIC occurred for Ca:CIP ratios higher than that which induced the
maximal decrease in CIP apparent permeability. Therefore, a maximal decrease in CIP
apparent permeability can be obtained without any change in CIP antibacterial activity.

The fact that CIP activity against P. aeruginosa is more sensitive to calcium than its activity
against S. aureus might occur because of the effective permeability barrier function of the outer
membrane of the Gram negative bacteria. FQs are supposed to enter into Gram negative cells
by diffusion across the outer membrane barrier and through porins.% In the presence of high
concentrations of Ca®* the Gram negative bacteria outer membrane barrier is altered due to
electrostatic interactions between the cation and the lipopolysaccharide present in this
membrane, reducing its permeability.®> However, charged CIP*-Ca* complexes molecules are
likely to pass through porin channels and accumulate in the periplasm due to the interior-
negative Donnan potential across the outer membrane.®® This accumulation could lead to high
cytoplasmic levels, as the cytoplasm equilibrates very rapidly with the periplasm, even for

hydrophilic drugs.®®

4 Conclusions

We demonstrated that inhalable inorganic-organic microparticles could be made of mineral
calcium carbonate, calcium formate and biopolymer (HA) with adaptable properties to fulfil
the pharmaceutical requirements of an aerosolisable powder. These particles were loaded with
various amounts of CIP and varying CIP:calcium ratios. These particles enable CIP controlled
release with low dependency on the pH. In the presence of calcium the CIP apparent
permeability across a pulmonary epithelium model was reduced by 84%, while the CIP

antibacterial activity was maintained.
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