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Graphical Abstract

Lipid nanoparticles containing levofloxacin and DNase for lung delivery.
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Highlights

e Levofloxacin is successfully encapsulated into lipid nanoparticles (SLN and NLCs).

e NLC formulation exhibits a controlled release profile of Levofloxacin for 2 days.

o The presence of DNase could decrease viscoelasticity found in the Cystic Fibrosis

patient lungs.

e The formulation shows an active antimicrobial activity against Cystic Fibrosis

pathogens.

e Lipidic nanoformulations are new alternatives for the Cystic Fibrosis treatment of

infections.



Abstract

Levofloxacin (LV) is a hydrophilic wide broad-spectrum antibiotic commonly used in
pulmonary treatment ef—Cystie—Fibrosts{(CF) against recurrent infections of Pseudomonas
aeruginosa, and particularly in cystic fibrosis (CF) disease. In order to study feasible carriers for
LV, solid lipid nanoparticles (SLN) of myristyl myristate were prepared by the ultrasonication
method in the presence of Pluronic®F68 under different experimental conditions and
characterized by dynamic light scattering, optical, transmission and scanning electron
microscopy for size and morphology. Alternatively, nanostructured lipid carriers (NLCs) were
developed to improve LV encapsulation and storage. SLN showed 20.1+£1.4% LV encapsulation
efficiency, meanwhile the NLCs encapsulated 55.9+1.6% LV. NLC formulation exhibited a
more controlled release profile eempared-te than SLN formulation, but both showed a biphasic
drug release pattern with burst release at the first 5 hours and prolonged release afterwards,
demonstrated by in vitro tests. The hydrodynamic average diameter and zeta potential of NLC
were 182.6+3.2 nm and -10.2+0.2 mV, respectively, and were stable for at least 3 months.
Additionally, DNase type I was incorporated into the formulations as a “smart” component,
since the enzyme could help to decrease the viscoelasticity found in the lungs of CF patients and
improves the antibiotic diffusion. FTIR, XRD, DSC, TGA and nitrogen adsorption isotherms of
the nanoparticles are-indieating indicate the presence of the loads in a noncrystalline state. The
developed formulation showed an active antimicrobial activity against Pseudomonas
aeruginosa and even against other opportunistic pathogens such as Staphylococcus aureus. The
presence of LV-loaded NLCs reduced the formation of a bacterial biofilm, which highlighted

the relevanee significance of the nanodevice as a new alternative for the CF treatment.

Keywords: Levofloxacin, solid lipid nanoparticles, nanostructured lipid carriers, DNase, cystic

fibrosis, pulmonary delivery.



1. Introduction
Among the illnesses with more cases of recurrent lung infections, cystic fibrosis (CF) is an

inherited autosomal disease and considered one of the most common lethal genetic human
disorders. It is produced by the defective function of a transmembrane conductance regulator
protein, causing abnormalities in the airway physiology and mucociliary clearance [1]. These
conditions are correlated with chronic lung infections recurrently predueced caused by
opportunistic pathogens, affecting more than 90% of all CF patients, and are the leading cause
of morbidity and mortality [2]. Many bacterial species have been found in CF sputum, directly
associated with the lung disease, e.g., Burkholderia cepacia, Haemophilus influenza and
Staphylococcus aureus, among others. However, Pseudomonas aeruginosa is considered the
main cause of lethality [3]. The bacteria not only colonize lungs forming biofilms but alse could
also mutate into mucoid-type strain, thereby producing considerable amounts of the
exopolysaccharide alginate [4]. These types of aggressive strains are capable of surviving strong
antibiotic therapies and once established become extremely difficult to eradicate [5].

The progressive deterioration of lung functions in CF patients is also attributed to the airway
obstruction caused by the accumulation of thick and purulent mucus. The dense secretions are
mainly composed of mucus glycoproteins and DNA [6]. DespiteAlthough the origin of the
extracellular DNA is not well established, it is suspected to be originated from necrotic
neutrophils and lung tissues, and—a—tess—eontribution—frem—and to a lesser extent, by the
contribution of infecting bacteria [7]. In addition, the alginate synthesized by the bacteria will
contribute to the viscoelasticity of the mucus and drastically worsen the patient’s health when
the mucoid type of P. aeruginosa colonizes the lungs. As a result, an early treatment of
exacerbations in pulmonary symptoms as well as effective antibiotic therapies become essential
tools for increasing the life expectancy and life quality of patients [8-9].

Aerosol delivery of antibiotics directly to the lungs has been proposed for the management
of infections in CF patients [10]. This type of treatment increases the local concentration of the
drug at the site of infection, thereby enhancing the its antibacterial activity and reducing the
selection of resistant species compared to the outcomes of systemic administration. Currently
approved CF therapies involve the use of tobramycin or aztreonam lysine solutions as inhalation
agents to treat P. aeruginosa infections [11-12]. For several reasons, such as low drug efficacy,
drug intolerance, novel emerging pathogens, and inconvenient # dosing, there is a real need for
alternative inhaled antimicrobial therapies to treat pulmonary infections caused by P.
aeruginosa and frem-other bacteria in CF patients [13].

Among the different vehicles for aerosol administration, solid lipid nanoparticles (SLN) have
been developed in recent years as a potential system for lung delivery [14-16]. The selection of
the lipid matrix is based on its properties of being nontoxic, biocompatible, of green chemical

composition, physicochemical characteristics and small sizes whieh-that allow them to penetrate



into almost all lung regions, enhancing the deep-lung deposition of the drugs and efficient
biodistribution [17]. Many lipids were tested for the preparation of SLN, but myristyl myristate
(MM) showed desirable properties as previously reported by Prof. Duran's group such as its
ability to produce SLNs using simple hot high pressure homogenization [18]. Also, MM is
considered as an excellent emulsion enhancer and effective thickening ester. Particularly, MM is
100% of natural origin (i.e., extracted from plants) and is present in some foods (i.e., it is
considered safe). In addition, it was proved that MM showed no toxicity in oral acute and
dermal toxicological tests on rats. Finally, the melting point of around 40°C is desirable for the
encapsulation of a wide range of molecules, even thermolabile drugs with biological activity.

An improvement in patients' compliance due to the reduction of drug side effects in kidneys
and extended drug dosing intervals due to the sustained drug release from SLNs was commonly
observed [16]. In order to improve the SLN properties, a new generation of nanoparticles named
as nanostructured lipid carriers (NLC) have—has been developed. NLCs consist of lipid
nanoparticles with liquid lipid included in their structure, that which decreases the crystallinity
degree of the matrix. After this modification, the storage stability, the encapsulation percentage
of drugs and the release profiles can be improved [4819].

In the present work, Levofloxacin (LV) is-ased has been selected as the antibiotic model for
encapsulation, due to its potent activity against key pathogens in CF patients, including P.
aeruginosa. Unlike tobramycin, LV activity is not reduced in the presence of mucus from CF
sputum. Furthermore, LV has stronger antimicrobial activity than tobramycin and aztreonam in
the presence of bacterial biofilms [+920]. Previous reports indicate that aerosol administration
of LV is more effective in terms of plasmatic concentrations and lower inhibitory concentration
ratios in the airways than those obtained with parenteral or oral administration [2021]. Despite
Although LV is one of the safety antibiotics among the quinolone family, its use in high
concentrations to reach the therapeutic levels in the lungs results in serious nephrotoxicity side
effects after oral administration [2422]. The encapsulation of LV in effective therapeutic
carriers for noninvasive systemic drug nanodelivery beeemes is an interesting alternative to be
explored.

CurrentlyIn the last years, LV encapsulation in SLN and NLCs has been mainly investigated
for ocular delivery, but the feasibility of the carriers to transport the drug to the deepest sites of
lungs is still unexplored [23]. The nanoparticles can offer a controlled release profile of the
drug, prolonging the airway residence time in the lungs and preventing the emergence of

resistant bacteria [2224]. Moreover, lipid nanoparticles could prevent the crystallization of the

free drug at the high administered concentrations, reducing the risks of LV-induced crystal




Inadditien-It is important to mention that the incorporation of an enzyme with the ability to
break down the DNA chains will improve the antibiotic biedispenibiity bioavailability [2326-
2427]. In this case, a DNase type I was incorporated into the formulation, and its effect on
nanoparticle stability and activity was studied. The simultaneous presence of DNase and LV in
the nanoparticles and the positive interaction between them are interesting properties that make
the nanocarrier a “smart” system. DNase plays a mucolytic role in the microbial biofilm that
surrounds the bacteria, enhancing the diffusion of the nanoparticles and consequently, the
antimicrobial activity of fluoroquinolone. LV inhibits DNA gyrase and topoisomerase [V
causing bacterial death and allowing DNase to hydrolyze all DNA material of the cells,

including genomic and potential plasmids, avoiding the release of potential antibiotic resistance

The aims of the present study are the development of lipid nanoparticles for an efficient

encapsulation of LV in the presence of DNase as mucolytic enzyme, the characterization of the
system in terms of the biophysicochemical properties (spectroscopies, microscopies,
thermogravimetric and light scattering analysis) and the evaluation of the antimicrobial activity

against common pathogens found in pulmonary infections.

2. Materials and methods:
2.1. Materials

The lipid myristyl myristate (Crodamol™ MM, melting point = 36-40°C) and the oil
(Crodamol™

donated by Croda (Argentina). Levofloxacin (LV, (S)-9-fluoro-2,3-dihydro-3-methyl-10-(4-

GTCC-LQ, a fully saturated emollient triester, melting point = -5°C) were kindly

methylpiperazin-1-yl)-7-oxo-7H-pyrido[ 1,2,3-de]-1,4-benzoxazine-6-carboxylic acid),
deoxyribonuclease (DNase) type I from bovine pancreas (MW= 31 kDa, isoelectric point= 5.2),
DNase test agar with toluidine blue, Pluronic®F68 (cat # A-6973) and the Live/Dead BacLight®
kit were provided by Sigma—Aldrich (Buenos Aires, Argentina). Pseudomonas aeruginosa
ATCC 15442 and Staphylococcus aureus ATCC 6538 were used in all antimicrobial
experiments. Other reagents were of analytical grade from commercially available sources and

used as received from Merck (Darmstadt, Germany) or similar brand-suppliers.

2.2. Selidipidnanopartietes SLN and nanestruetured-lipid-earrier NLC preparation
SLN and NLC containing LV were prepared by the ultrasonication method [2528]. Briefly,

200 mg of lipid (1.0% w/v) swere-was melted vnder-in a water bath at 60°C and mixed with 5 mg
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of LV (solid or dissolved in 100 ul of acetone). In the case of NLC, hgquidtipid—eoib
concentrations from 3.0% to 10.0% (w/w) of oil was-were incorporated. After 10 minutes, a hot
aqueous solution (20 ml) containing 1.5% (w/v) of Pluronic®*F68 was added to the lipid phase.
Immediately, the mixture was ultrasonicated for 50 min (40% amplitude) using an ultrasonic
processor (130 Watts, Cole-Parmer, USA) equipped with a 3 mm titanium tip. Then, the
dispersion was cooled at room temperature and stored at 5°C.

A stock of 10 mg/ml DNase type | was prepared in physiological solution (pH 5.0) and
different volumes were added to the obtained nanodispersion to reach increasing ratios from 6.5

to 650 pg of enzyme per milligram of lipid.

2.3. Measurement of loading efficiency

The final reaction volume was measured (evaporation occurs during the sonication
procedure) and the concentration of free— nonencapsulated LV was determined. Briefly, a
sample-ef£-500 pl of the final dispersion were transferred to the ultrafiltration centrifugal device
(MWCO= 10,000, Microcon, Millipore, Ma.) and centrifuged at 5,000 xg for 10 minutes to
retain the SLNs. The filtrate was ten—times diluted ten times in distilled water to measure the
nonencapsulated LV by UV and fluorescence spectroscopy. The encapsulation efficiency (EE)

was calculated as follows:

EE (%) = (Qo - (Crx V)) X 100 (1)
Qo

where Qq is the initial amount of LV, Cr is the concentration of LV in the filtered solution,

and V is the final volume after finishing the preparation.

2.4. Particle size, zeta potential and polydispersion index

The mean diameter and size distribution were measured by photon correlation spectroscopy
(PCS) (Nano ZS Zetasizer, Malvern Instruments Corp, UK) at 25°C in polystyrene cuvettes
with a path length of 10 mm. The zeta potential was determined by laser Doppler anemometry
also using the Nano ZS Zetasizer. Measurements were performed in capillary cells with path
lengths of 10 mm, using deionized water obtained from a Milli-Q system. The PDI value was

also determined. All the measurements were carried out in triplicate.

2.5. Physical stability
The physical stability of the nanoparticle dispersion was evaluated by examining changes of
mean particle size and zeta potential during storage at 4°C protected from the light. In addition,

variations in the amount of the encapsulated drug were determined.



2.6. Release studies

Molecular release experiments were performed using a dialysis membrane (MWCO 10 kDa).
The membrane was soaked in distilled water for 12 hours and filled with 5 ml of each
formulation, followed by immersion in 50 ml of physiological solution at pH 7.0. Every 1 hour,
samples of 1.0 ml were withdrawn and LV concentration was measured at 286 nm using a UV-
Vis spectrophotometer (Shimadzu, Japan). The volume withdrawn at each time was replaced by
fresh medium, and the dilution was taken into account for the calculation of the drug released.

All the assays were done in triplicate.

2.7. Microscopic observations
2.7.1. Optical microscopy (OM)
Optical microscopy observations of the nanoparticles were performed in a Leica DM 2500

microscope (Germany).

2.7.2. Scanning electron microscopy (SEM)

SEM studies were performed using freeze-dried samples made by sputtering their surfaces
with gold (Balzers SCD 030 metalizer) with a layer thickness between 15 and 20 nm.
Nanoparticle distribution and morphologies were observed using Philips SEM 505 model
(Rochester, USA), and processed by an image digitalizer digitizer program (Soft Imaging
System ADDA 1I (SIS)).

2.7.3. Transmission electron microscopy (TEM)

The nanoparticle dispersion was tea-times diluted ten times with ultrapure water, and a drop
of the dispersion was spread onto a collodion-coated Cu grid (400 mesh). Liquid excess was
drained with filter paper. One drop of phosphotungstic acid was added to the dispersion for
contrast enhancement. Finally, TEM analysis was performed using a Jeol-1200 EX II-TEM
microscope (Jeol, Ma, USA).

2.8. Differential scanning calorimetry (DSC) analysis

The thermal properties of myristyl myristate, LV, DNase, and NLC, NLCL, NLCLA
particles were determined by differential scanning calorimetry (DSC, PerkinElmer Inc., Model
Pyris 1, Waltham, MA, USA) under nitrogen atmosphere. Scans were carried out at a heating
rate of 10°C.min"" in the 0-250°C temperature range. The-degree—oferystallinity—of myristyl
mirystate—X.)—was—ealeulated—as: The crystallinity variations of myristyl myristate in the

nanoparticles were determined by considering the melting heat for pure myristyl myristate



(UHmm = 195.64 J g"), according to the equation proposed by Freitas et al. for a lipid
concentration of 100% [29]:

Xc (%) = (4H experimental/AH,,m) x 100 2)

2.9. Thermogravimetric analysis (TGA)

TGA was conducted to study the thermal stability of myristyl myristate, LV, DNase, and
NLC, NLCL, NLCLA particles. TGA data were obtained using a thermogravimetric analyzer
(TGA-50 Shimadzu, Japan). Then, 5-10 mg of sample was accurately weighed in an aluminum

pan and the measurement was conducted at a heating rate of 10°C.min"" under nitrogen purging.

2.10. X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns were taken on a PANalytical X Pert PRO diffractometer
equipped with an X-ray source (Philips PW 1830, PAN analytical BV) using CuKa radiation at
40 kV and 40 mA. Diffraction patterns were collected over the 20 range of 5°-75° with an

acquisition time of 1 second at each step of 0.02°.

2.11. Attenuated total reflectance/Fourier transform infrared spectroscopy (ATR/FTIR)
Fourier transform infrared spectroscopy (FTIR) spectra were obtained by using a Nicolet
6700 (Thermo Scientific, Inc., Waltham, MA, USA) spectrometer. Attenuated total reflectance

(ATR) mode was used to record spectra over the range 450—4,000 cm™ at a resolution of 2 cm’.

2.12. Nitrogen adsorption isotherms

Nitrogen adsorption—desorption at 77 K at a bath temperature of -195.800°C was carried out
for dried microparticles. The surface area, pore volume and pore size of the different
formulations were calculated with the Micromeritics ASAP 2020V3.00 Software considering

the Brunauer Emmett Teller (BET) equation or the Barrett Joyner Halenda (BJH) method.

2.13. Antimicrobial assay

Inhibition halos against Pseudomonas aeruginosa and Staphylococcus aureus were
determined by using the modified disk diffusion method according to international clinical
standards (CLSI/NCCLS), replacing disks for sterile glass cylinders (8x6x10 mm® of external
and internal diameter, and length, respectively). The glass cylinders were further-then placed

on the agar plate surface inoculated with bacteria (0.5 McFarland scale). Solutions of free LV,
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NLC, NLC (LV) and NLC (LV-DNase) were diluted in sterile distilled water to reach an LV
concentration of 10 pg/ml. Each solution (25 pl) was placed inside the cylinders and incubated
at 37°C for 24 hours. Then, inhibition zones were determined.

Additionally, Pseudomonas aeruginosa was grown in nutrient broth for 24 hours at 37°C.
An inoculum was taken and dropped on a clean glass surface, under sterile air. Treated bacteria
were placed in contact with 10 pl of the NLC formulation, mreanwhile and untreated ones, with
physiological solution. Samples were incubated for another 24 hours at 37°C to favor the
biofilm formation. Finally, they were fixed with by glutaraldehyde treatment (2.5 wt%), washed
with distilled water and dried with increasing concentrations of ethanol, and the culture was

observed by SEM.

2.14. Staining biofilms with &t the Live/Dead BacLight® kit

The commercial kit is composed of two fluorescent dyes, SYTO9® (green) and propidium
iodide (red). For the microbiological assays, P. aeruginosa growing at late exponential phase
was inoculated in a soft nutrient agar, and a drop of 20 ul was placed on the surface of a glass
slide, followed by incubation for 24 hours to allow biofilm formation. Subsequently, the biofilm
was covered with the NLC formulation (containing LV) for 30, 60 min and 24 hours. After
treatment, the biofilms were carefully washed with deionized water.

For biofilm staining, a mixture of both dyes was prepared in equal proportions (0.75 pl of
each one in 0.5 ml of sterile deionized water) and applied abeve-onto the entire biofilm and held
in darkness for 20 minutes. Then, the samples were washed using deionized water and observed
in a Leica DM 2500 epifluorescence microscope (Germany) equipped with UV filters (495-505
nm) to determine the viability of the bacteria. The filters used were U-MWG2 (excitation
between 510 and 550 nm and emission at 590 nm), which allows observing live (green) bacteria

with-a—green—eolor and U-MWB2 (excitation 460 and emission 490 520 nm), with-which-the
damaged-bacteria-were-observed-with-ared-eelor which shows dead (red) bacteria.

2.15. Statistical analysis
Experiments were carried out in triplicate. Comparisons of the means were performed by
analysis of variance (ANOVA) with a significance level of 5.0% (p< 0.05) followed by Fisher’s

least significant difference test at p< 0.05.

3. Results and discussion
3.1. Preparation of SLN and NLC for levofloxacin encapsulation

Different SLN formulations were prepared by the ultrasonication method, and the
encapsulation efficiency (EE) was calculated with Equation 1 (Table 1). The SLN1 formulation
was prepared by mixing the lipid phase with solid LV, followed by and—dispersion
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homogenization in 3.0% of Pluronic F68 (dissolved in distilled water). It showed a low EE with
a value around 5%, possibly due to the tendency of LV molecules to migrate towards the
aqueous solution. In the SLN2, the EE was increased to more than the—deuble twofold by
adjusting the pH of the aqueous solution to 7.4 (100 mM phosphate buffer), conditions in which
LV is in its neutral form and shows a reduced solubility [2630]. In the other tested formulation,
SLN3, the polarities of LV molecules and the lipid phase were brought closer together by the
use of acetone as solvent for LV dissolution, in such a way that the EE reached a value of 20%.
Inanextstep-In order to increase the amount of encapsulated LV, 3.0 wt% oil was added to the
lipid phase #erder to produce nanostructured nanoparticles [+819]. As a result, NLCs with a
high encapsulation of more than 50% were obtained, that-which can be explained considering
the higher solubility of LV in a liquid lipid than in the solid lipid phase. The EE value was
superior-compared—te—greater than in previous reports of lipid carriers containing quinolones
[2#31]. The formulation was named as NLC1. Our results were in agreement with previous
work in which the NLC was prepared by using 2.5% oil with an increased stability of the lipid
nanoparticles [32]. Particularly, 3.0% Crodamol™ GTCC-LQ oil was enough to disrupt the
crystal packing structure of SLN and increase almost 3 times the EE. Finally, NLC formulations
with inereased-increasing elee—oil concentrations showed negative effects on the LV EE, and
they were discarded for next experiments. The use of 10% oil concentration in the lipid matrix
showed low LV encapsulation and burst release (data not shown) compared with the developed
formulations (Table 1).

Considering the experimental results, the NLC1 formulation was selected for the analysis of
particle size, polydispersity index (PDI) and zeta potential (Z pot). The NLC1 was determined
at two sonication times and in the presence or in the absence of the LV (Fable2 Table S1). The
particle size values showed a tendency to increase the particle—size mean diameter in the
presence of the drug, suggesting its incorporation inside into the matrix. Pespite A direct
relationship between the sonication time and size reduction was observed up to 30 minutes was
commenly-ebserved. However, a slight increase in the average diameter of nanoparticles by
extending the sonication time was found, and it could be attributed to the raise-rise of the
solution temperature and therefore, fusion of the small nanoparticles [2833]. The Z potential (Z
Pot) and PDI values were in the ranges from -8.65 to -10.3 mV and 0.302 to 0.367, respectively,
indicating that the NLCs possess a negative charge surface due to the presence of negatively
charged Pluronic”F68. Furthermore, the PDI range indicates that the samples were moderately
polydisperse [2934].

In order to obtain more information about the NLCI size and morphology, different
microscopy techniques were employed. Optical microscopy revealed a relatively narrow
distribution of the nanoparticles, which were observed as black dots at 1,000 magnifications

(Figure Sla). SEM images of the NLC formulation were obtained, but preparation of the
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sample by lyophilization induced the aggregation of nanoparticles. However, small particles can
be distinguished in the diameter range of the 100-200 nm (Figure S1b). On the other hand,
TEM analysis alewed-te-ebserve-revealed the presence of clear, spherical nanoparticles with
sphericalshape. The mean diameter of the NLCs was around 200 nm and in eencerdanee
agreement with the values found by Z-sizer measurement. Staining with phosphotungstic acid
increased the contrast of the nanoparticles, so that a black shadow around the surface was

observed (Figure 1a and 1b).

3.2. In vitro drug release

The dissolution profiles of SLN3 and NLCI1 showed a biphasic behavior consisting of an
initial burst release, followed by a slow release pattern (Figure 2). The SLN3 formulation
released almost 80% of LV in the first 4 hours, meanwhile the NLCs released less than 60% in
the same time. This initial fast release in both cases could be attributed to the presence of free
LV (non-entrapped) in the dispersion and solubilized by the surfactant micelles [35]. In
addition, there was a contribution of the drug adsorbed onto the surface of nanoparticles. On the
other hand, a slow release was observed afterwards, which corresponds to the drug encapsulated
within the lipid matrix. The presence of amorphous LV facilitated the solubilization and release.

In fact, differences in the release patterns were observed for SLNs and NLCs. An estimation
of the release rate in the slow stage was is shown in the inset of Figure 2 by a linear regression
(r* values of 0.98 and 0.94 for SLNs and NLCs, respectively). It was found that SLNs showed
the slowest rate because the drug mobility is usually reduced in the solid state of solid lipids
[+819]. However, an increase of more than 3 times was observed in the LV release from
NLCls, because the presence of liquid lipids within the solid lipids produced an imperfect
crystal lattice of the matrix, bringing causing high mobility of the loaded molecules and eausing
their fast diffusion. After 12 hours, the release was more similar to that of SLN. Finally, the

total drug content was released at 24 and 48 hours for SLN3s and NLCls, respectively.

3.3. Physical stability during storage

Physical stability of the nanoparticles in solution was followed by examining changes in
mean particle size and zeta potential (data not shown), but also variations in the encapsulation
percentage of LV for three months (Figure S2). No considerable changes in the parameters
were found unti in the tested period and slight variations could be due to the polydispersity of
the nanodispersion [3836]. This indicates that NLC1 formulation could be kept in a fridge (4°C)
for at least three months without losing ef+their its therapeutic properties.

3.4. DNase incorporation
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The feasibility of DNase incorporation into the lipid nanoparticles was a key issue for the
formulation in order to improve the delivery of LV to infected lungs in CF disease. In this sense,
the diffusional barrier composed of large amounts of DNA could be surpassed by enzymatic
hydrolysis of the DNA molecules. Increasing ratios of DNase from bovine pancreas in the range
of 6.5 to 650.0 pg per mg of lipid were added to the NLC1s formulation containing LV, and the
effect on the mean size, Z potential and PDI of the nanoparticles was studied (Figure S3).

Considering that the pH of the formulation was close to 5.0, the incorporated DNase will be
near its isoelectric point of 5.2, and potential interactions with hydrophobic motifs of the NLC1s
structure could be established. In the present study, the mean diameter of the NLCl1s increases
20 nm the size ratio after the addition of 65 ug of DNase per milligram of NLC, indicating a
possible adsorption of the enzyme on the nanoparticle surface (Figure S3a). In relationship-with
that-this regard, at the same enzyme/carrier ratio more negative Z pot values around -15 mV
were obtained, suggesting an increase in NLCI1 stabilization (Figure S3b). Although more
polydispersity was observed after that point, the PDI values were under 0.35, which corresponds
to particles with a medium degree of polydispersion (Figure S3c¢) [3437].

Finally, DNase activity was evaluated in a semisolid medium (DNase agar test), which is
similar to the environment found in the lungs of CF patients (Figure S3d). The DNA
degradation halos showed that the enzyme activity was unaffected after incorporation into NLCs
compared with the free enzyme. The results suggest that DNase adsorption does not change the
tridimensional structure of the biocatalyst. This fact is very advantageous since DNase activity
will be the first agent to reduce the mucus viscosity in the lungs, increasing the antimicrobial
efficiency of the antibiotic.

TEM images revealed that DNase incorporation did not change the morphology of
nanoparticles, which kept their spherical shape. The nanoparticle mean diameter was around
200 nm with a medium degree of polydispersion (Figure S4a). Also, the NLC nanoparticles are
very stable, being spherical without aggregation at 5°C for 90 days (Figure S4b).

3.5. Physicochemical characterization of NLCs

The porosity of the NLCs was determined by nitrogen adsorption isotherms, which allew—te
establish indicate the presence of pores in the lipid nanostructure and also # whether these pores
could be filled by the DNase (Figure 3). Considering the quantity of N, adsorbed as a function
of the relative pressure, #-was-established the presence of nanopores in the NLCs with a mean
diameter of 4.2 nm was established (Figure 3a). Moreover, gas adsorption in the P/Py=0.01-0.2
range gave a specific surface area of 7.3 m?/g, calculated by the BET equation (inset in Figure
3a). On the other hand, the NLC formulation containing LV and DNase showed a reduction in
the surface area to 3.8 m?/g, representing almost a 50% decrease of the initial value observed for

empty NLCs. This result can be explained mainly by the presence of the DNase with
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approximately 31 kDa MW, which coats the nanoparticle surface. In addition, the porosity
analysis showed that the pore size of the NLCs did not change in the presence of the enzyme,
suggesting that it was not incorporated into the lipid matrix (Figure 3b).

In order to obtain additional structural information, the diffractograms diffraction patterns of
the nanoparticles eentaining-ornet with or without LV and DNase (abbreviated NLC, NLC-LV,
and NLC-LV-A, respectively) were analyzed (Figure 4). LV exhibited several intense peaks at
20=6.61°,9.69°, 13.05°, 15.75°, 19.45°, 26.35°, 31.49°, and 45.37°. However, these peaks were
not observed in the XRD patterns from NLC-LV and NLC-LV-A nanoparticles, suggesting that
the antibiotic would be molecularly dispersed within the matrix or distributed in the lipid matrix
in an amorphous state. The patterns from nanoparticles correspond to peaks of myristyl
myristate (26=19.11°, 21.59° and 23.29°).

The surface composition of nanoparticles was analyzed by ATR-FTIR (Figure S5). Myristil
myristate showed characteristic peaks at 2917 cm™ and 2848 cm’ ([1, C-H and I C-H in CH,,
respectively); 1735 em™ (11C=0 in ester); 1463 cm'and 1342 cm™ (1/C-H in CH,), related to
their the ester structure. These peaks are visible in the spectra of the NLC, NLC-LV and NLC-

LV-A nanoparticlcs. Eevefloxaeinspeetra—showed-theirits—characteristic peaks—in-theranseof
+000-em ' t0-4000-cm-asprevioustyreported—{32}—Fhese-peaksare-associated-to-the-presence

generationflueroquinelonestraeture. The LV FTIR spectrum showed characteristic peaks of the
carboxylic group bound to the aromatic ring (peak at 3265cm™), the carbonyl group (C=O
stretching vibration at 1724 cm™), the amine group (C-N stretching band at 1294 cm™) and the
fluorine group (C-F stretching bands at 1084 cm™) of the molecule, which describe the

distinctive chemical groups of fluoroquinolones [3238].

ATR-FTIR spectra of NLCL and NLCLA nanoparticles did not show peaks that could be
associated with LV, DNase or Pluronic at the surface. However,-the Zpotential-valuesdisplayed

aVa N 1 on " h N1

results suggest the incorporation of the molecules into the lipid core of nanoparticles. The small

amounts of LV and DNase on the NLC surface could not be detected, probably due to the low
sensitivity of the ATR-FTIR mode. However, the Z potential values previously obtained (Table
S2 and Figure S1) displayed a change in surface potential after LV and DNase incorporation
into the lipid matrix and can be explained considering the migration of the drugs from the core

of the particle surface in aqueous medium [39].
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DSC and TGA techniques allowed the thermal characterization of loads and NLCs. The
thermal transition of free LV, DNase, NLC, NLC-LV and NLC-LV-A were was determined by
differential scanning calorimetry. DSC thermograms are shown in Figure S6, whereas the
melting temperature (Tm), melting enthalpy (AHm) and crystallinity degree (Xc) are
summarized in Fable-St+ Table S2.

DSC thermograms of LV and DNase displayed a melting endotherm. These melting peaks
are suppressed in NLC-LV and NLC-LV-A nanoparticles, indicating a good dispersion of
amorphous LV and DNase in the NLC matrix. On the other hand, myristyl myristate
crystallinity in the matrix decreased compared to plain myristyl myristate (Table S2). This
change could be associated with the processing technique used to prepare the particles, which
affects the crystallization process in many ways. Also, the formation of new amorphous regions
of the matrix favors the molecular dispersion of the drug [3340].

Thermogravimetric curves of LV, DNase, myristyl myristate and NLC show a simple
thermal degradation process (Figure S7). On the other hand, NLC-LV and NLC-LV-A
nanoparticles have a complex thermal behavior. In both cases, a continuous weight loss starting
at 140°C was observed, and two thermal events occurred. The first thermal event (41 wt% loss)
occurred in the range of 140°C to 320°C and is related to the myristyl myristate ester. The
second degradation event occurred between 320°C and 450°C with 59% weight loss, and could
be ascribed to the degradation of LV and DNase. More detailed information about the weight-
loss start and finish temperatures ef-weightless-are-is provided in Table S3.

The characterizations strongly suggest that LV was included into NLCs in a noncrystalline
state and was feasiblete-be likely dissolved in the environment, in agreement with previous

release assays (Figure 2).

3.6. Antimicrobial assays

The antimicrobial activity of LV-loaded NLCls was tested against two opportunistic
pathogens commonly associated with CF disease: Pseudomonas aeruginosa and Staphylococcus
aureus (Figure 5). The same inhibition halo was observed in the case of NLC-LV and NLC-
LV-A (containing DNase) in both strains, indicating that the presence of the enzyme is not
interfering with the antibiotic activity under the tested conditions. However, #—-was-expeeted an
increase of the antibiotic diffusion in the CF lung conditions, where the viscous mucus medium
was mainly composed of DNA, was expected. A 10% reduction in the inhibition halo was
observed for the NLC-LV formulations compared with free LV, due to the decrease of the LV
diffusional rate in the encapsulated antibiotic (Figure Sa and Sb). An approach to the seeding
zone of empty NLCs revealed that Staphylococcus aureus was more susceptible to inhibition
than Pseudomonas aeruginosa, which may be due to the presence of the NLC surfactant that is

affecting the cell membrane stability.
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Finally, the ability of the NLC-LV-A to reduce biofilm formation was determined in
Pseudomonas aeruginosa, the most important mucoid bacteria in the complications of CF
pathologies (Figure 6). The bacteria were able to produce a dense biofilm after 12 hours, as was
shown by SEM images (Figure 6a). A mix of death and live bacteria were was immersed in an
exopolysaccharide matrix, mainly composed of alginate [5]. After treatment with NLC-LV-A, a
clear antimicrobial effect was observed and the biofilm was totally disrupted (Figure 6b).
Collapsed bacteria, membrane damage and cellular debris were observed after treatment.

In order to determine the time dependence of the biofilm integrity after treatment with the
NLC formulation, the viability of the bacteria were was tested with the Live/Dead BacLight®
kit (Figure 7). The untreated biofilm was mainly composed of live bacteria, which were green-
stained. However, after a 30-minute expesition exposure to NLC-LV-A formulation, a red
population began to appear, indicating the presence of damaged bacteria with loss of membrane
integrity. One hour later, only few green bacteria were observed in comparison with red ones,
which suggested an important damage of the bacteria immersed in the biofilm after treatment.
After 24 hours with NLCs, all bacteria were red-stained due to the antimicrobial activity of LV-

loaded nanoparticles.

4. Conclusions

In the present work, novel solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLCs) containing LV were successfully prepared and characterized. A DNase was also
incorporated into the formulations, and its relevant activity can be associated with a decrease in
the mucus viscoelasticity found in the CF patients’ lungs, and—therefore—impreving which
improves the antibiotic diffusion. The preparation of nanoparticles can be tailored by changing
the pH of the aqueous environment, the dissolution kinetics of the antibiotic in the lipid phase or
the nanostructuration of the matrix by the addition of oil. Consequently, different encapsulation
percentages were obtained in the range from 5% to 56 %. A good matching between the DLS
results and TEM images swere was observed, since SLNs and NLCs seem to be spherically with
an average diameter of 200 nm and narrow size distribution. Lipid nanoparticles showed a
controlled release of LV for at least two days, which is advantageous to reduce the high
antibiotic concentrations and represents a reduction in dose enhancing the patient’s comfort.
The formulation could be sterage-stored for at 5°C for at least 3 months without changes in their
its macroscopic properties and antimicrobial activities. Characterization of the formulation by
FTIR, XRD, DSC and TGA revealed the presence of the antibiotic inside the nanoparticles and
suggested the attachment of the DNase onto the surface. In addition, both components were in a
noncrystalline state. Lipid nanoparticles showed a strong antibacterial activity against the gram-

positive and gram-negative microorganisms tested. Also, they were able to destroy biofilms of
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Pseudomonas aeruginosa strain, the most relevant pathogen in the compliance of CF disease
patients.

The dual capability of nanoparticles to simultaneously deliver an antibiotic and a
hydrolytic enzyme of DNA is an interesting “smart” feature to reduce the biofilm formation of
the bacteria and increase antimicrobial activity, which highlights the importance of this
nanosystem as a new alternative to improve the current CF therapy against infections. Similar
approaches were previously developed in our laboratory using microspheres loaded with
ciprofloxacin and alginate lyase (i.e., a hydrolytic enzyme of alginate) [41-42]. Also, the use of
nanoparticles as effective carriers to overcome the mucus barrier for lung delivery of DNA in
gene therapy or for antibiotic therapy has been reported [16-43]. The encapsulation of
quinolones in SLN for ocular therapies has also been published [44]. To the best of our
knowledge, this is the first report of the LV-DNase system inside solid lipid nanoparticles with
special application in lung delivery. PresentFurther studies are earrying being carried out to
adeguate-adjust the formulations in order to provide better therapeutic effects in animal models

and test the mucoadhesive/mucopenetration potential of these nanocarriers.
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Figures

Figure 1 TEM images of Levofloxacin loaded NLCs at different scale (a-b). Nanoparticles are

dyed with phosphotungstic acid to enhance the contrast.

Figure 2 Release profiles of Levofloxacin from SLN and NLC formulation (4.0 pg/ml of initial

LV). Inset shows the initial release from each type of nanoparticles. Errors: SD, n=3.

Figure 3 Nitrogen adsorption—desorption isotherms of NLC (a) and NLC-LV-A (DNase)
formulation (b). The insets refer to the BET specific surface area analysis. Filled and

open circles refer to adsorption and desorption isotherms.

Figure 4 XRD patterns of Levofloxacin, DNase, and NLC, NLC-LV, NLC-LV-A

nanoparticles.

Figure 5 Antimicrobial assays of free LV, NLC, NLC (LV) and NLC (LV-DNase)
formulations. Inhibition halos are observed against Pseudomonas aeruginosa (a) and

Staphylococcus aureus (b).

Figure 6 SEM images of the bactericidal and anti-biofilm formation produced by treatment of
Pseudomonas aeruginosa with the NLC (LV-DNase) formulations. a) untreated
bacteria with a clear biofilm formation and b) treated bacteria at 5,000X

magnification.
Figure 7. Pseudomonas aeruginosa biofilm dyed with the LIVE/DEAD BacLight® kit and

observed at epifluorescent microscope at 400X. Overlay images of untreated biofilm

(a) and biofilm after treatment with NLC formulation for 60 min (b).
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Figure 7
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TABLE

Table 1. Different Solid lipid nanoparticles (SLN) and Nanostructured lipid carrier (NLC)

formulations for Levofloxacin incorporation by sonication method. Composition and

encapsulation efficiency (EE).

EE Mass
Sample Aqueous phase' Hydrophobic phase (%) LV/lipid
(ng/mg)
Lipid Oil LV
(&  (wth) (mg)”
SLN1 distilled water 0.2 - 5.0 (solid) 5219 1.3
SLN2 PBS 100 mM pH=7.4 0.2 - 5.0 (solid) 12.5+0.4 3.1
SLN3 PBS 100 mM pH=7.4 0.2 - 5.0 (acetone) 20.1 £1.4 5.0
NLC1 PBS 100 mM pH=7.4 0.2 3.0 5.0 (acetone) 55.9+1.6 14.0
NLC2 PBS 100 mM pH=7.4 0.2 10.0 5.0 (acetone) 12.2 1.6 3.1

Obs.: SD, n=3;! Containing Pluronic®F68 at 3.0 wt%; % Solid or dissolved in 100 ul of acetone.
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