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The aim of this work was the development of innovative levofloxacin-loaded swellable microspheres
(MS) for the dry aerosol therapy of pulmonary chronic Pseudomonas aeruginosa infections in Cystic
Fibrosis patients. In a first step, a factorial design was applied to optimize formulations of
chitosan-based MS with glutaraldehyde as crosslinker. After optimization, other crosslinkers
(genipin, glutaric acid and glyceraldehyde) were tested. Analyses of MS included aerodynamic and
swelling properties, morphology, drug loading, thermal and chemical characteristics, in vitro antibacterial
activity and drug release studies. The prepared MS presented a drug content ranging from 39.8% to 50.8%
of levofloxacin in an amorphous or dispersed state, antibacterial activity and fast release profiles. The
highest degree of swelling was obtained for MS crosslinked with glutaric acid and genipin. These formu-
lations also presented satisfactory aerodynamic properties, making them a promising alternative, in
dry-powder inhalers, to levofloxacin solution for inhalation.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Cystic Fibrosis (CF) is an inherited autosomal recessive disease
caused by various mutations of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) gene, resulting in the malfunction
of chloride channels and consequently multiple organ failure. In
the lungs, the consequence is a viscid mucus which is responsible
for the dysfunction of the lung microorganism clearance system
and for the clinical symptoms, i.e. chronic inflammation and bacte-
rial infection that eventually leads to respiratory failure [1].
Pseudomonas aeruginosa chronic infection is considered as the main
cause of mortality in adult CF patients [2]. Treatment consists of
intensive antibiotherapy to prevent the onset of chronicity and the
occurrence of resistance. Tobramycin, aztreonam and colis-
timethate, a prodrug of colistin, are available in efficient products
for inhalation and represent a valuable alternative to solution for
injection or oral therapy. A levofloxacin (LVX) inhalation solution
is currently in clinical trials in CF patients [3–6,8] and results from
Phase 2b trial demonstrated reduction of P. aeruginosa in sputum
as well as improvements in lung function [7]. However, the compli-
ance to inhaled therapy has to be improved and some innovative for-
mulations have appeared in recent years, including nanospheres,
microspheres (MS) and liposomes [8,9]. We recently reviewed some
advantages of dry-powder inhalers over liquid aerosols, among the
main ones on compliance: quicker administration and a simpler,
more hygienic procedure [10]. In this context, this work focused
on the development of an immediate-release formulation of dry
powder LVX for inhalation, based on polymeric MS. For appropriate
deposition in the lungs, aerosolized MS should possess an
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Table 1
Coding of independent variables x for MS preparation.

Coded levels of independent variables x

x1 x2 x3 x4

Description of variables and
coding

Presence of LVXa Chitosan concentration GL amount Inlet temperature

�1 (No) �1 (0.25% (w/v)) �1 (5 mmol per g chitosan) �1 (120 �C)

+1 (Yes) +1 (0.5% (w/v)) +1 (10 mmol per g chitosan) +1 (175 �C)

Formulations F1 �1 �1 �1 �1
F2 �1 �1 +1 �1
F3 �1 �1 �1 +1
F4 �1 �1 +1 +1
F5 �1 +1 �1 �1
F6 �1 +1 +1 �1
F7 �1 +1 �1 +1
F8 �1 +1 +1 +1
F9 +1 �1 �1 �1
F10 +1 �1 +1 �1
F11 +1 �1 �1 +1
F12 +1 �1 +1 +1
F13 +1 +1 �1 �1
F14 +1 +1 +1 �1
F15 +1 +1 �1 +1
F16 +1 +1 +1 +1

a 1:1 LVX:chitosan weight ratio.
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aerodynamic size between 1 and 5 lm, which corresponds to the
spherical equivalent geometric size of a particle having a density
of 1 g/cm3 [11]. MS of this size are, however, phagocytosed by the
lung macrophages, which in turn may induce toxicity to macro-
phages or modify the availability of the drug. In order to avoid such
phagocytosis, some authors proposed to formulate ‘‘swelling’’ MS,
i.e. MS able to swell upon hydration after deposition in the lung
epithelial lining fluid [12,13]. Chitosan is an example of polymer
with swelling capacity, biodegradability, biocompatibility, nontoxi-
city, as well as antibacterial and anti-inflammatory properties
[14,15]. Besides, MS made of chitosan possess bioadhesive proper-
ties, promoting adhesion to the pulmonary system [16].

The aim of this work was the preparation of chitosan
LVX-loaded MS by the spray drying method. A factorial planning
was applied for MS crosslinked with glutaraldehyde (GL) in order
to evaluate the influence of some parameters (chitosan and cross-
linker concentration, inlet temperature and presence of drug) on
the MS size. After the optimization process, other chemical
crosslinkers were also considered to control the swelling magni-
tude of the microspheres, to maintain the microsphere structure
[17,18,12,13] and to facilitate the spray-drying process [19,20,9].
Such properties allow the drug to be delivered directly to the lungs
avoiding phagocytosis after lung deposition. The crosslinkers
studied in the present work included glutaraldehyde (GL), genipin
(GNP), glutaric acid (GA) and DL-glyceraldehyde (GLY). GL is a
widely-used crosslinker and has already been applied to chitosan
MS [21,16,22]. The three other crosslinking agents present lower
toxicity. GNP demonstrated levels of toxicity 5000–10,000 times
lower than GL and is a natural agent obtained from geniposide, a
compound isolated from the fruits of the Gardenia jasminoides
Ellis plant. Cytotoxicity studies on A549 and Calu-3 cells have
shown significant lower cytotoxicity of GNP when compared with
GL and sodium tripolyphosphate [23,24,16,25]. GA is found in
plant and animal tissues and considered to be non-toxic. Cell via-
bility assays with GA-crosslinked chitosan suggested no significant
difference with the polymer itself [26,27]. GLY is also nontoxic and
biocompatible, being found in the human organism as a metabolic
product of fructose [28–30]. Analyses of the obtained MS included
aerodynamic size, morphology, swelling properties, drug loading,
thermal and chemical characteristics, in vitro antibacterial and
drug release studies.
2. Materials and methods

2.1. Materials

Chitosan low molecular weight (20,000 cps, 75–85% deacety-
lated), glutaraldehyde (GL) 50% (w/w) aqueous solution,
Phosphate buffered saline (PBS) tablets, Whatman� qualitative fil-
ter paper, Grade 1 (11-lm pore size), and DL-glyceraldehyde (P90%
by GC) were obtained from Sigma–Aldrich� (France). Glacial acetic
acid was obtained from Panreac� (Spain). Levofloxacin hemihy-
drate was kindly provided by Tecnimede S.A. (Portugal). PIC B7
was obtained from Waters� (France). Formic acid 99–100%
AnalaR (NormaPur) was obtained from VWR� (France) and ace-
tonitrile of HPLC grade was purchased from Carlo Erba reagents
(France). Genipin (98% purity) was obtained from Challenge
Bioproducts Co., Ltd. (Taiwan). Glutaric acid (99% purity) was pur-
chased from Merck� (Portugal). All other chemicals were of analyt-
ical grade or equivalent. Purified water was produced using a
MilliQ gradient� Plus Millipore system.

2.2. Preparation of chitosan MS

The formulations and operational parameters were first opti-
mized using GL as a standard crosslinker and resorting to a facto-
rial design approach (see Table 1). For the MS preparation,
chitosan was dissolved under magnetic stirring (300 rpm) in
150 mL of 1% (w/v) acetic acid solution (3 h at 50 �C, then overnight
at room temperature) and solutions were paper-filtered. LVX was
added according to the specified weight ratios and solutions were
stirred for 30 min. After addition of GL, crosslinking reaction was
performed under stirring for 15 min [19]. The mixtures were then
spray dried using a Büchi� Mini Spray Dryer B-290 (Switzerland)
setup in blowing mode and equipped with a 0.7 mm nozzle.
Constant settings were as follows: 10 mL/min pump rate, 473 L/h
air flow rate and aspiration rate of 100%. The two inlet tempera-
tures studied, 120 �C or 175 �C, resulted in outlet temperatures of
45–60 �C and 65–80 �C, respectively. Table 1 details the formula-
tions and conditions for the factorial planning. The optimized con-
ditions and formulation were deduced from the factorial planning
and were finally applied to other crosslinkers. Conditions during
the crosslinking step were however adapted to the crosslinker
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chemical reactivity, based on literature’s reports. For GNP
(0.2 mmol per g chitosan), crosslinking reaction was carried out
at 50 �C for 3 h under magnetic stirring (300 rpm) (adapted from
[16]). For GLY (1 mmol/g), crosslinking was carried out at RT for
30 min (same stirring conditions) [28] and for GA (1 mmol/g)
crosslinking was carried out at 60 �C for 2 h (same stirring
conditions) [27,26,31]. MS were collected and stored at 5 ± 3 �C
in vacuum desiccators on silica gel.

2.3. Optimization

2.3.1. Factorial design
The factorial approach was performed for MS crosslinked with

GL in order to optimize geometric size, for which determination
is faster than aerodynamic size in the formulation development
stage. This experimental design included four independent vari-
ables (x1 to x4) and two coded levels (�1, +1) (Table 1). The values
at each level were chosen considering acceptable domains for each
variable and according to therapeutic approach and published
works [19,20,32,33]. Programs developed by the authors with
GNU Octave software [34] were used to solve the polynomial
multilinear model: D = b0 + b1x1 + b2x2 + b3x3 + b4x4 + b12x1x2 +
b13x1x3 + b14x1x4 + b23x2x3 + b24x2x4 + b34x3x4, where b0 was the
arithmetic mean response, b1–b4 the coefficients of the respective
independent variables and b12, b13, b14, b23, b24 and b34 the interac-
tion between variables. The response D (dependent variable) corre-
sponded to the mean diameter of the MS from the volume
distribution. This model was applied to evaluate the effects and
interactions of the variables. For the statistical analysis, Student’s
t-test was performed with a significance level of 95%.

2.3.2. Particle size analysis
MS were dispersed in purified water, sonicated for 10 min and

analyzed using laser light diffraction (Microtrac� X100 particle size
analyzer) as previously described [35]. Three measurements were
carried out for each sample and particle size expressed as the mean
diameter ± SD of the volume distribution (Dv) was calculated using
the Microtrac Particle Size Analyzer application program (version
9.0 g).

2.4. MS characterization

2.4.1. Scanning electron microscopy (SEM)
Samples were dispersed on double-sided adhesive carbon tapes

that were fixed on aluminum stubs. They were then sputter coated
with a gold film making them conducting. SEM images were taken
using a Jeol JSM 6010 LV electron microscope (Tokyo, Japan) with
the primary electrons accelerated under a voltage of 15 kV. The
images were obtained from the collection of secondary electrons
at a working distance of 11 mm.

2.4.2. Powder X-ray Diffraction (XRD)
Samples were placed in a low background silicon holder in

Bragg–Brentano configuration, with a copper tube powered at
45 kV and 40 mA. They were scanned in the range 5� < 2h < 145�
at a step of 0.066� and time/step of 10 s in an Empyrean
PANalytical (The Netherlands) diffractometer with the detector
Xcelerator in scanning mode and opened at 2�. A nickel filter was
installed in a secondary optic in order to eliminate the Kb
component.

2.4.3. Differential Thermal Analysis/Thermal Gravimetric Analysis
(DTA/TGA)

MS were analyzed by combined DTA/TGA that were performed
on a SDT Q600 Instrument (TA, USA) from 30 �C to 300 �C with a
10 �C/min heating rate and under a 100 mL/min air flow rate. The
calibration procedure was performed with sapphire, using empty
platinum pans as reference.

2.4.4. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR infrared spectra were recorded using a FT-IR 6700 spec-
trometer (Thermo Scientific Nicolet™, USA) equipped with an
ATR accessory. Samples were placed in the ATR device and mea-
surements were made by using 16 scans between 4000 and
650 cm�1 for each spectrum with a resolution of 4 cm�1.

2.4.5. Swelling properties
Studies concerning the swelling behavior of MS were also con-

ducted. A known amount (20 mg ± 1 mg) of MS was added to 1 mL
of PBS (pH 7.4). After dispersion with a vortex, the MS suspensions
were mixed at 350 rpm and 37 ± 0.5 �C by using a Thermomixer
(Thermomixer� Comfort, Eppendorf AG., Hamburg, Germany). At
predetermined points, samples were centrifuged at 10,000 rpm
for 5 min (Eppendorf� Centrifuge 5418R, Germany) and super-
natants were removed. Weight of swollen MS was determined.
The percentage of swelling was calculated as follows: Swelling
(%) = (Wt/Wi) � 100, where Wt corresponds to the weight of swol-
len MS at time t and Wi to the initial weight [13]. Experiments were
done in triplicate and results were expressed as mean ± SD.

2.4.6. Drug loading and entrapment efficiency
LVX-loaded MS (10 ± 1 mg) were submitted to an extraction

process with 20 mL of 0.1 M hydrochloric acid [36] for 3 h at room
temperature, under magnetic stirring (300 rpm) and protected
from light. An aliquot (1 mL) of each suspension was collected
and centrifuged at 3500 rpm for 5 min (Hettich� Zentrifugen
Universal 320R, Germany). Supernatants were collected and appro-
priately diluted in PBS prior to HPLC quantification. Drug loadings
(DL) (%) were expressed as the amount of LVX (mg) per mg of MS
(including entrapped LVX). Entrapment efficiencies (EE) (%) were
calculated as the percent ratios of the determined contents to the
theoretical contents calculated considering a 100% EE [9]. All the
experiments were done in triplicate.

2.4.7. LVX HPLC determination
The chromatographic system consisted of an L-2200 autosam-

pler unit (Lachrom Elite�, Hitachi), an L-2130 pump (Lachrom
Elite�, Hitachi) and an Intelligent Fluorescence Detector JASCO
FP-920. It was equipped with a C18 X-Bridge™ HPLC column
(5 lm, 2.1 � 100 mm, Waters). The mobile phase was run at a
0.25 mL/min flow rate and was composed of a 20:80 (v/v) acetoni-
trile:water mixture supplemented with 0.1% (v/v) formic acid and
0.2% (v/v) PIC B7. The injection volume was 10 lL and the run time
was 8 min. LVX was detected by fluorometry (kex = 290 nm;
kem = 460 nm). The calibration curve was constructed by linear
regression of the peak areas versus the added concentrations
(0.156–5 lg/mL in PBS (pH 7.4)) with a weighting factor of 1/x2

(R2 = 0.999). Appropriate quality controls (QCs) were also included
to monitor the performance of the method.

2.5. In vitro studies

2.5.1. In vitro deposition studies using Next Generation Impactor (NGI)
The aerodynamic diameter was measured using a Next

Generation Impactor (NGI, Copley Ltd., Nottingham, UK), equipped
with a TPK 2000 critical flow controller and a HCP5 vacuum pump
(Copley HCP5, Nottingham, UK). For each measurement, a
size-three hard gelatin capsule was filled with 20 ± 1 mg of
LVX-loaded MS powder, inserted in a dry-powder inhaler
Handihaler� (Boehringer-Ingelheim, Germany) and pierced. The
inhaler was tightly connected to the NGI induction port via a



Fig. 1. Response surface for the main factors affecting the geometric size of MS:
presence of drug and temperature (the other factors were set to zero in terms of
codified values).
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silicone adapter. The pump was turned on, allowing a constant air
flow of 60 ± 5% L/min for 4 s (twice) in order to obtain 4 L of air
from the adapter and through the NGI. The powder remaining in
the capsule and deposited in the inhaler, the adapter, the induction
port, all the stages and the filter was collected with 0.1 M
hydrochloric acid solution allowing extraction for LVX determina-
tion. The emitted dose (ED), i.e. the mass of LVX deposited in the
induction port, the stages and the filter, was expressed as the per-
centage (ED%) of the total recovered LVX mass (i.e. from the induc-
tion port, the stages and the filter NGI plus from the adapter, the
inhaler and capsule). The fine particle dose (FPD), i.e. the fraction
of LVX in particles with aerodynamic diameters below 5.0 lm,
was calculated by interpolation, from the inverse of the standard
normal cumulative mass percentage distribution, and considering
stages 1 to 3. The mass median aerodynamic diameter (MMAD)
of the particles was calculated from a similar plot (considering
stages 1 to 6) as the particle aerodynamic diameter at which the
line crosses the 50% mark [37–39]. The fine particle fraction (FPF)
was calculated by converting the FPD mass as the percentage of
the ED.

2.5.2. In vitro LVX release studies
Release studies were performed at 37 ± 0.5 �C in PBS (pH 7.4)

under sink conditions. The LVX-loaded MS powder (15 ± 1 mg)
was dispersed in 150 mL PBS and the release medium was main-
tained under a uniform shaking of 250 rpm using a VWR� incubat-
ing mini shaker. At pre-determined time points 1 mL aliquots were
taken and centrifuged at 3500 rpm for 5 min (Hettich� Zentrifugen
Universal 320R, Germany). Then, 50 lL of supernatant was
collected for LVX HPLC determination. The remaining 950 lL were
vortex-mixed and added back to the flasks. Experiments were
conducted in triplicate.

2.5.3. In vitro antibacterial activity
Antibacterial activity of free LVX was compared with chitosan

and LVX-loaded chitosan MS by measuring the minimal inhibitory
concentrations (MICs). Two P. aeruginosa strains (CF2_2004 and
CF7_2005) isolated from sputum of two CF patients (Pediatric
Unit, Coimbra Hospital Centre, CHC, Portugal) were used.
Identification was made by both MicroScan WalkAway� (Dade
Behring, West Sacramento, CA) and API� 20NE (Biomérieux Vitek,
Inc. Hazelwood, Mo., USA) systems. The bacteria were incubated
on Trypticase soy agar for 24 h at 37 �C. Few colonies were trans-
ferred to physiological saline in order to obtain a 0.5 McFarland
standard (1.5 � 108 CFU/mL) inoculum, as described for the broth
microdilution method [40,41]. In 96-well plates, Mueller–Hinton
broth (100 lL) and LVX solution or MS/chitosan suspensions in a
40% (v/v) ethanol–water mixture (100 lL) were added per well.
These solutions/suspensions were then sequentially diluted (from
5 to 0.078 mg/L LVX). Then, 100 lL of inoculum was added.
Negative controls with MS suspensions (in all the concentrations)
and growth controls were also included. After 24 h of incubation
at 37 �C and under 100 rpm, optical density was measured at
600 nm in a Synergy™ HT microplate reader (BioTek
Instruments�, Inc., Winooski, VT, USA). Values lower than 0.1 were
considered as zero bacterial growth and the lowest concentration
that yields an optical density value <0.1 indicated the MIC [42].
As a complementary study, the bacterial susceptibility was also
evaluated by the disk diffusion test in Mueller–Hinton agar, mea-
suring the diameter of the inhibition zone (mm) [41].
Experiments were done in three different occasions.
3. Results and discussion

3.1. Optimization

The first step of the process optimization was carried out with
GL as crosslinker using factorial design. Some formulation param-
eters (presence of drug, x1, chitosan concentration % (w/v), x2 and
GL concentration (mmol/g), x3) and one operating condition (inlet
temperature (�C), x4) were investigated as their effect on the geo-
metric diameter of MS, a crucial parameter for lung delivery using
solid particles. Actually, the geometric size was useful in the
screening step to foreseen the aerodynamic properties and it is
much quicker to perform than the impactor measurements. The
response function obtained from the factorial planning was as
follows: D = 7.78 + 1.43x1 + 0.26x2 � 0.33x3 + 0.63x4 + 0.27x1x2 �
0.01x1x3 + 0.55x1x4 + 0.09x2x3 � 0.09x2x4 � 0.11x3x4. The b coeffi-
cient with the higher value corresponds to the higher effect on
the particle size. A positive coefficient means an increasing effect
in particle size and a negative one the opposite. In this case, the
presence of drug (b1 = 1.43) and the inlet temperature (b4 = 0.63)
were the main factors affecting the MS size, both in an increasing
way with an increasing level of the variable. This result can be
explained by the higher temperature that leads to a faster droplet
evaporation and to polymer precipitation at the liquid–air inter-
face, resulting in larger microspheres [43]. The presence of drug
represents an amount of material that the chitosan matrix has to
incorporate resulting also in larger particles, which is in accor-
dance with some results already published that state that a higher
amount of solute leads to larger particles [44–46,43]. In addition,
the b14 coefficient of interaction between these two factors shows
a synergistic effect for particle growth (Fig. 1). The coefficients for
the other variables corresponded to lower values and were not
statistically significant (see t-values, Table 2). However, higher
chitosan concentrations tend to be associated with larger particles
(b2 = 0.26). Similar results have already been observed and were
attributed to larger droplets formed when higher concentrations
of the polymer increase the viscosity of the nebulized phase [37].
A slight decrease of size was also observed for MS crosslinked with
a higher concentration of GL (b3 = �0.33), which can be attributed
to the tightly covalently bonded structure [47].

The geometric size of the MS prepared according to the exper-
imental design ranged from 4.70 ± 0.45 lm to 12.65 ± 2.82 lm, as
indicated in Table 3. The results from the factorial planning
allowed the selection of parameters for MS with a suitable geomet-
ric size, also allowing a rapid preparation and good yield (Table 3),
i.e. 0.5% (w/v) chitosan, 120 �C inlet temperature, and 5 mmol/g GL
concentration. Although 10 mmol/g concentration tends to reduce
the size of MS by intermolecular tightening, it was observed that
some powder adhered to the cyclone during the preparation



Table 3
Particle size of MS for formulations used in factorial planning and corresponding
values of Yield (%), DL (%) and EE (%). Results are expressed as mean ± SD, n = 3, except
for Yield, n = 1.

Formulations Dv (lm) Yield (%) DL (%) EE (%)

F1 7.3 ± 1.1 58 – –
F2 4.7 ± 0.4 51 – –
F3 6.4 ± 2.4 64 – –
F4 7.0 ± 2.6 45 – –
F5 6.6 ± 2.7 66 – –
F6 6.5 ± 1.8 50 – –
F7 6.4 ± 1.2 66 – –
F8 5.8 ± 1.2 50 – –
F9 7.4 ± 2.6 75 43.2 ± 0.5 108 ± 1
F10 8.5 ± 4.2 67 39.8 ± 0.8 120 ± 3
F11 9.9 ± 3.6 67 42.5 ± 0.8 106 ± 2
F12 8.8 ± 4.2 58 42.4 ± 0.3 128 ± 1
F13 8.2 ± 2.6 79 43.2 ± 0.5 108 ± 1
F14 8.0 ± 2.8 59 40.7 ± 0.6 123 ± 2
F15 12.6 ± 2.8 72 46.7 ± 1.1 117 ± 3
F16 10.1 ± 3.7 51 41.4 ± 0.8 125 ± 2

Table 2
Coefficients obtained for model from the factorial design and respective t value and significance level.

Coefficients b0 b1 b2 b3 b4 b12 b13 b14 b23 b24 b34

Values 7.78 1.43 0.26 �0.33 0.63 0.27 �0.01 0.55 0.09 �0.09 �0.11
t value 37.5 6.9 1.3 �1.6 3.0 1.3 �0.1 2.7 0.4 �0.4 �0.5
Significance level 100.0 100.0 76.9 86.7 99.0 77.5 3.9 97.9 33.6 33.5 38.1
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process (leading to lower yield), and it was difficult to spray dry
those formulations owing to their high viscosity. Therefore, the for-
mulation that was selected was F13 (Table 1). After the optimiza-
tion step, MS were prepared with alternative crosslinking agents,
i.e. GNP, GA or GLY, using the same operating conditions as for
F13, but adapting their concentrations to their reactivity. These
formulations and F13 were further analyzed by different tech-
niques, whose results are described below. For clarity purposes,
F13 is also referred to as MS_LVX_GL in the text that follows. For
comparison, unloaded and uncrosslinked 0.5% (w/v) chitosan MS
(MS_uncross), as well as unloaded MS crosslinked with GL
(MS_GL), GNP (MS_GNP), GA (MS_GA) and GLY (MS_GLY) were
also prepared using the same operating conditions.
3.2. MS properties

3.2.1. SEM
The crystalline nature of LVX alone was confirmed by SEM anal-

ysis, with the presence of pointed and rod-shaped powder
(Fig. 2A). In turn, spherical structures were observed for all the
spray dried formulations. The LVX-loaded MS appear to have sizes
up to 5 lm and are spherical with a uniformly smooth surface,
without visible free LVX crystals on the surface (Fig. 2C–J). The
appearance is not affected by the crosslinking agents or by the
entrapment of LVX. However, results of geometric size for MS
crosslinked with GL were higher than those obtained with SEM
images which were attributed to the possible agglomeration of
MS when dispersed in water.
3.2.2. XRD
Sharp diffraction peaks of raw materials denoted their crys-

talline nature. The absence of the sharp peaks of LVX in the XRD
spectra of corresponding MS (Fig. 3) indicated that LVX was in
amorphous state and/or molecularly dispersed in the MS, irrespec-
tive of the crosslinking agent.
3.2.3. DTA/TGA
DTA/TGA (Fig. 4) were performed to further characterize the MS

formulated with different crosslinking agents. On the LVX thermo-
gram, an endothermic event was observed at 78 �C corresponding
to a weight loss of 2.35% (w/w) measured by TGA, that agrees with
the theoretical water content (2.43%) from the LVX hemihydrate.
The endothermic peak at 225 �C corresponds to the anhydrate
LVX melting [48]. For GNP, GA and GLY, the melting temperatures
were observed at 125 �C [49,50], 100 �C and 140 �C, respectively.
The GA boiling point was observed at 265 �C [27]. Concerning
uncrosslinked and unloaded chitosan MS (MS_uncross), the
endothermic peak near 60 �C corresponds to the absorbed water
loss [22]. An exothermic peak was observed above 225 �C, which
was attributed to the chemical degradation of chitosan [16,51].
Independently of the crosslinking agent, these two previously
mentioned thermal events were observed for LVX-loaded MS with
some differences in the shape of peaks and different values of
weight loss (TGA, Fig. 4B). Therefore, the dispersion of LVX in the
MS was confirmed by the absence of the respective melting peak,
being in accordance with the results from XRD [22,16]. With
respect to the gravimetric analysis, non-crosslinked MS tend to
lose ca. 60% of the mass up to 300 �C. If the MS are crosslinked,
the weight loss is slightly lower. Upon addition of the drug, the
percentage weight loss drops to values close to 40%. However, this
value indicates a total weight loss somewhat exceeding what
would be predictable from the separate components of the MS
(ca. 33%) [49].
3.2.4. ATR-FTIR
ATR-FTIR studies were conducted in order to analyze the poten-

tial LVX chemical modification in the MS and to evaluate the chem-
ical interactions developed by the crosslinking agents. The LVX
spectrum presented the characteristic peaks at 1724 (C@O acid),
1618 (C@O carbonyl) and 1289 cm�1 (C–O acid) [52,53]. These
three peaks were present in all the LVX-loaded MS, confirming
there was no change in the functional groups of LVX after its incor-
poration, suggesting that no chemical reactions occurred between
LVX and other components of the MS (Fig. 5). Concerning unloaded
and uncrosslinked MS (MS_uncross), characteristic bands of chi-
tosan were present in the region 3000–3500 cm�1 for amino and
hydroxyl groups. Other characteristic absorption peaks were found
at 1633 cm�1 corresponding to amide I (C@O) and 1547 cm�1 to
amide II (NH) [49,54]. The band observed at 1400 cm�1 may be
attributed to the C–N or C–OH stretch. The two bands at 1064
and 1018 cm�1 correspond to C–O–C, C–O and C–N stretchings.
For unloaded MS, crosslinked with GL, MS_GL, the change in inten-
sity of the band at 1633 cm�1 may be due to the presence of the
C@N group (Fig. 5) that confirmed the crosslinking reaction,
responsible for the formation of the imine, resulting from the reac-
tion of the amine group of chitosan with GL. [27]. With respect to
the MS crosslinked with GNP (MS_GNP, Fig. 5), this crosslinking
agent reacts with the amine groups of chitosan, which is accompa-
nied by a change in color to dark blue. This is due to the formation
of a heterocyclic amine by the nucleophilic substitution by the
amino group of chitosan on the C-3 carbon atom of GNP, followed
by a ring opening [49,23]. GNP showed two intense bands at 1680
and 1620 cm�1 corresponding to the C@O and C@C stretchings. The



Fig. 2. SEM images of LVX crystals (A), of unloaded uncrosslinked MS (B) and of LVX-loaded MS crosslinked with GL (C, D) (=F13), GLY (E, F), GA (G, H) or GNP (I, J).
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Fig. 3. XRD patterns of raw materials (LVX, GLY, GNP, GA), of unloaded
uncrosslinked MS (MS_uncross), of unloaded MS crosslinked with GL
(MS_GL = F5), and of LVX-loaded MS crosslinked with GL (MS_LVX_GL = F13), GNP
(MS_LVX_GNP), GA (MS_LVX_GA) or GLY (MS_LVX_GLY).

Fig. 4. DTA (A) and TGA (B) thermograms of raw materials (LVX, GLY, GNP, GA), of
unloaded uncrosslinked MS (MS_uncross), of unloaded MS crosslinked with GL
(MS_GL = F5), and of LVX-loaded MS crosslinked with GL (MS_LVX_GL = F13), GNP
(MS_LVX_GNP), GA (MS_LVX_GA) or GLY (MS_LVX_GLY). Total weight loss (%) is
indicated on TGA curves.
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change in the profile in this region in the MS crosslinked with GNP
is an indication that the crosslinking actually took place. For MS
crosslinked with GA (Fig. 5) no significant changes were observed
when comparing uncrosslinked MS (MS_uncross) with MS cross-
linked with GA, MS_GA. However, the band at 1696 cm�1 in the
GA IR spectrum is no longer present in the MS crosslinked with
GA, which could be an indication that a transformation occurred.
It has been reported in the literature that ionic interactions
between chitosan and GA as well as the hydrogen bond between
the carboxylic group of GA and amino group of chitosan are possi-
ble [27]. There is paucity of data with respect to the crosslinking
reaction of GLY with polymers such as chitosan. Only the interpre-
tation from swelling behavior and release studies have been used
to demonstrate its efficacy as a crosslinking agent [28,29]. In this
case, no significant information can be obtained by comparing
the IR spectra (Fig. 5).

3.2.5. Swelling properties
LVX-loaded MS crosslinked with GL presented the lowest swel-

ling value, which was constant over time (Table 4). MS crosslinked
with the other crosslinkers swelled to a larger extent. With GLY the
swelling value was close to 500%. With GNP or GA, swelling values
were the highest (around 1000%) and a dark blue solid-like gel and
a slight yellow weak gel were observed, respectively. The higher
swelling of GNP- or GA-crosslinked MS compared to
GL-crosslinked MS was attributed to lower degrees of crosslinking
[55]. El Sherbiny et al. studied the relationship between the swel-
ling properties of MS and their phagocytosis by macrophages



Table 4
MS degree of swelling (%) at two time points. Results are expressed as mean ± SD,
n = 3.

Formulations Crosslinkers and
concentrations (mmol/g
chitosan)

Swelling (%)

30 min 16 h

MS_LVX_GL (=F13) Glutaraldehyde 5 243 ± 23 247 ± 51
MS_LVX_GNP Genipin 0.2 935 ± 14 1154 ± 47
MS_LVX_GA Glutaric acid 1 991 ± 67 1097 ± 113
MS_LVX_GLY DL-Glyceraldehyde 1 458 ± 24 535 ± 9

Table 5
Values of Yield (%), DL (%) and EE (%) for MS prepared after the optimization process.
Results are expressed as mean ± SD, n = 3. All formulations include LVX with
LVX:chitosan preparation ratio of 1:1 (w/w).

Formulations Yield (%) DL (%) EE (%)

MS_LVX_GNP 89 48.4 ± 5.8 99 ± 12
MS_LVX_GA 91 50.5 ± 0.3 107 ± 1
MS_LVX_GLY 88 50.8 ± 0.9 106 ± 2

Table 6
In vitro aerosolization properties of MS (values are expressed as means ± SD, n = 3).

Formulations ED (%) FPF (%) FPD (mg) MMAD (lm)

MS_LVX_GL (=F13) 89.8 ± 1.1 23.7 ± 5.3 1.2 ± 0.2 8.4 ± 2.3
MS_LVX_GNP 89.5 ± 0.7 31.8 ± 1.3 2.2 ± 0.5 5.4 ± 0.2
MS_LVX_GA 91.9 ± 1.9 32.3 ± 4.0 2.3 ± 0.3 5.9 ± 1.2
MS_LVX_GLY 88.0 ± 3.2 27.3 ± 1.1 1.6 ± 0.1 7.4 ± 1.1

Fig. 5. ATR-FTIR spectra of raw materials (LVX, GLY, GNP, GA, GL), of unloaded
uncrosslinked MS (MS_uncross), of unloaded MS crosslinked with GL (MS_GL = F5),
GNP (MS_GNP), GA (MS_GA) or GLY (MS_GLY), and of LVX-loaded MS crosslinked
with GL (MS_LVX_GL) (=F13), GNP (MS_LVX_GNP), GA (MS_LVX_GA) or GLY
(MS_LVX_GLY).

Fig. 6. In vitro release profiles of LVX-loaded MS. MS_LVX_GL corresponds to F13.
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in vitro and showed that MS of swelling values P1000% were dra-
matically less phagocytosed than nonswellable particles [13].
Therefore, the GNP- and GA-crosslinked MS have a great potential
to escape from macrophages once deposited in the lungs.

3.2.6. DL (%) and EE (%)
EE values were around 110% and 120%, respectively for MS

crosslinked with 5 mmol or 10 mmol GL per g of chitosan
(Table 3). Taking into account that the GL boiling point is 101 �C
in aqueous solution [56], we hypothesized that a fraction of GL
did not react and evaporated during the spray-drying process,
which can explain the high values of the EE (%). Using GNP, GA
and GLY as crosslinkers, the EE were around 100% (Table 5). Such
high EE values allow also concluding that LVX did not appreciably
react with the crosslinkers in the preparation process. In what per-
tains to the DL (%), the aim was to maximize the content of LVX in
order to minimize the amount of powder material to be adminis-
tered into the lungs. DL ranged from 40.7 to 55.8% (w/w) (Tables
4 and 6). An efficient dose with inhaled LVX solution, MP-376,
(Aeroquin™) was shown to range from 120 to 240 mg (once or
twice a day) [57,7]. With the present MS, the amount of material
to administer such a dose would range from 250 to 500 mg a
day, considering a therapeutic efficiency equivalent to the aeroso-
lized LVX solution. This deserves to be evaluated in terms of safety.
Alternatively, the present LVX-loaded MS may be used as a
short-term therapeutic option for out-of-home patients, as an
alternative to fastidious and demanding aerosol therapy with liq-
uid formulations [58].
3.3. In vitro studies

3.3.1. In vitro deposition studies using NGI
The experimental conditions for aerodynamic determinations

were selected to ensure high aerosol performance. The 60 L/min
flow rate was higher than that considered to be attainable by
patients using a Handihaler� device, but it provided a high pressure
drop through the inhaler (around 8 kPa) [59], thus a high energy
input to disperse efficiently the microsphere powder [60]. In addi-
tion, the pump was turned on twice to ensure complete emptying
of the capsules. Results of the selected formulations are presented
in Table 6. All the formulations showed a high dispersibility with
ED values around 90%, indicating that the microsphere powder
was efficiently emitted from the DPI. MMAD values were dependent
on the crosslinker used. For MS crosslinked with GNP and GA, MMAD



Table 7
MIC and disk diffusion test results from LVX and loaded MS crosslinked with GL, GNP,
GA and GLY.

Formulation or compound MIC (mg/L) Inhibition zone
diameter (mm)a

CF2_2004 CF7_2005 CF2_2004 CF7_2005

Chitosan – – 0 0
LVX 0.625 0.625 26 22
MS_LVX_GL (=F13) 0.625 0.625 20 24
MS_LVX_GNP 0.625 0.312 20 23
MS_LVX_GA 0.625 0.625 20 24
MS_LVX_GLY 0.625 0.625 18 25

a Values obtained from theoretical value of 0.5 lg/lL LVX.
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values were found around 5 lm, a value satisfactory for delivery to
the conductive zone of the lungs (trachea, bronchi and terminal
bronchioles) where the P. aeruginosa infection is mainly present
[2]. These results were consistent with SEM analyses (Fig. 2).
However, for MS crosslinked with GL and GLY, MMAD values were
close to 8 lm. For MS prepared with GL, MMAD mean values exceed-
ing the range of the higher aerodynamic cutoff plate consist of
extrapolated values established from the cumulated mass percent-
age distribution. Since SEM images revealed an MS diameter close
to 5 lm (Fig. 2C and D, and E and F respectively), the MS may not
fully de-aggregate in the inhaler despite the high pressure drop
applied [61]. For MS crosslinked with GNP, GA and GLY, FPF was high
(around 30%), i.e. in the upper values reported for marketed powder
formulations for inhalation [62]. For MS crosslinked with GL, FPF
was slightly lower. Thus, in general, the MS obtained in the present
work should be efficient to deliver LVX into the lungs.

3.3.2. LVX release from MS
All the formulations resulted in an almost immediate release of

LVX (Fig. 6). This allows concluding that chitosan crosslinking has
no impact upon LVX release. This was attributed to the high solu-
bility in water of LVX associated with the high drug loading and
with the large surface area developed by the micrometric-sized
particles, which allowed the rapid diffusion of the drug from the
MS matrix. In addition, the amorphous state of LVX, evidenced
by XRD and DTA analyses, is usually associated with higher disso-
lution rate compared to crystalline state [38]. Similar results were
obtained by Corrigan et al. by the preparation of salbutamol sulfate
loaded in formaldehyde-crosslinked chitosan MS [63] with no dif-
ference between crosslinked and non-crosslinked systems. Despite
some authors having reported drug controlled release with cross-
linked chitosan matrices, it is usually observed for drugs with
low hydrophilicity and/or at low drug content values [16,22]. In
this work, we found that with a hydrophilic high soluble drug as
LVX, and with high values of drug content it is not possible to
obtain a controlled release profile using a crosslinked chitosan.

3.3.3. Antibacterial activity of MS
Antibacterial activity of free LVX, chitosan and selected

LVX-loaded MS was evaluated for two bacterial isolates of P. aerug-
inosa (CF2_2004 and CF7_2005) by the broth microdilution
method. The aim was to investigate whether the LVX activity is
altered by encapsulation in MS, and to understand whether there
is some antibacterial synergistic effect due to chitosan and LVX
in loaded MS. The MIC value for LVX was 0.625 mg/L for both bac-
terial isolates. Regarding the MS, the MIC value of 0.625 mg/L was
observed for CF2_2004, regardless of the crosslinking agent that
was used. Very similar results were obtained from CF7_2005, but
MS crosslinked with GNP demonstrated a lower MIC value
(0.312 mg/L), see Table 7. This effect may be due to the presence
of some uncrosslinked GNP, taking into consideration that this
crosslinker has already been reported as an antimicrobial and
anti-inflammatory agent [50,64]. Chitosan alone did not exhibit
any antibacterial activity against the two isolates that were used
(bacterial growth was observed for all the concentrations in the
range 0.078–5 mg/L). Actually, some antibacterial activity has been
recently reported for chitosan, but it was observed only at higher
concentrations such as 0.0125% (w/v) [65] and 0.05% (w/v) [14]
for P. aeruginosa. The similarity between the results from LVX
and loaded MS is in accordance with the fast drug release that
was already explored and it is apparent that LVX can be safely
encapsulated in MS without losing its antibacterial activity.
Concerning the results from the disk diffusion test, which was used
to evaluate bacterial susceptibility, very similar diameters of the
inhibition zone were obtained for free LVX and all the MS. In fact,
all the values were in excess of 17 mm (Table 7), meaning that the
bacterial isolates CF2_2004 and CF7_2005 may be classified as
‘‘sensitive’’ to LVX [41]. No inhibition zone was observed for
chitosan.

4. Conclusions

MS crosslinked with GL were prepared by spray drying and
according to a factorial design for the size optimization. After this
step, MS with high LVX loading and using less toxic crosslinking
agents (GNP, GA and GLY) were successfully prepared to control
swelling properties. Entrapped LVX was shown to be in an amor-
phous or well dispersed state within the polymeric matrix. All
the MS formulations gave similar immediate release profiles
in vitro. Their antibacterial activities against bacterial isolates of
P. aeruginosa were equivalent to free LVX. The highest degree of
swelling was obtained with MS crosslinked with GNP and GA,
which make these MS the best candidates to escape from phagocy-
tosis. In addition, these MS possess satisfactory aerodynamic prop-
erties for lung delivery as dry powder. They therefore may offer an
easy-to-use alternative to LVX solution for inhalation.
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