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ABSTRACT

Compared to parenteral administration of colistin, its direct pulmonary administration can
maximize lung drug deposition while reducing systemic adverse side effects and derived
nephrotoxicity. Current pulmonary administration of colistin is carried out by the
aerosolization of a prodrug, colistin methanesulfonate (CMS), which must be hydrolized
to colistin in the lung to produce its bactericidal effect. However, this conversion is slow
relative to the rate of absorption of CMS, and thus only 1.4% (w/w) of the CMS dose is
converted to colistin in the lungs of patients receiving inhaled CMS. We synthesized
several aerosolizable nanoparticle carriers loaded with colistin using different techniques

and selected particles with sufficient drug loading and adequate aerodynamic behavior to
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efficiently deliver colistin to the entire lung parenchyma. Specifically, we carried out 1)
the encapsulation of colistin by single emulsion-solvent evaporation with immiscible
solvents using polylactic-co-glycolic (PLGA) nanoparticles; ii) its encapsulation using
nanoprecipitation with miscible solvents with poly(lactide-co-glycolide)-block-
poly(ethylene glycol) as encapsulating matrix; iii) colistin nanoprecipitation using the
antisolvent precipitation method and its subsequent encapsulation within PLGA
nanoparticles; and iv) colistin encapsulation within PLGA-based microparticles using
electrospraying. Nanoprecipitation of pure colistin using antisolvent precipitation showed
the highest drug loading (55.0 + 4.8 wt.%) and spontaneously formed aggregates with
adequate aerodynamic diameter (between 3 to 5 um) to reach the entire lung. These
nanoparticles were able to inhibit the growth of Pseudomonas aeruginosa in an in vitro
model of lung biofilm infection at 5 pg/ml (MIC), while completely eradicating the
bacteria at 10 pg/ml (MBC). This formulation could be a promising alternative for the
treatment of pulmonary infections improving lung deposition and, therefore, the efficacy

of aerosolized antibiotics.
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INTRODUCTION

Colistin (polymyxin E) is a polypeptide antibiotic of last resort, which is normally used
in combination with other antibiotics in the treatment of multidrug-resistant (MDR) and
extensively drug-resistant (XDR) Gram-negative infections (Ahn et al., 2017). Colistin
binds to lipid A of the outer membrane lipopolysaccharides (OM) of Gram-negative

bacteria, then disrupts the OM and inner membrane and causes cell lysis. To reduce its



neuro- and nephrotoxicity, colistin is administered as the prodrug colistin sodium
methanesulfonate (CMS), which is hydrolyzed after parenteral administration or after
inhalation releasing its active form (i.e., colistin). However, intravenous (IV) colistin
shows limited pulmonary diffusion and has a significant nephrotoxicity (Rello et al.,
2017). Nowadays, CMS is administered by the pulmonary route as a powder, in PEG-
gelatin capsules (Colobreathe®), or as solutions using nebulizers (eFlow® rapid, PARI
LC PLUS®), to treat chronic pulmonary infections caused by Pseudomonas Aeruginosa
in patients with cystic fibrosis (Schuster et al., 2013).

However, CMS is not an optimal prodrug. In fact, CMS is inactive against P. aeruginosa
and has to be converted by non-enzymatic hydrolysis into colistin to produce its
bactericidal effect (Bergen et al., 2006). This conversion is slow compared to the CMS
pulmonary absorption rate (Boisson et al., 2017, 2014; Couet et al., 2012). In addition, in
critically ill patients receiving CMS by nebulization, only 1.4% (w/w) of the CMS dose
is converted into colistin in the lung (Boisson et al., 2014). Therefore, relatively high
CMS concentrations are required to obtain effective colistin concentrations in the
pulmonary epithelial lining fluid (ELF). Still, the International Consensus Guidelines for
the Optimal Use of the Polymyxins, endorsed by the American College of Clinical
Pharmacy, the European Society of Clinical Microbiology and Infectious Diseases, the
Infectious Diseases Society of America, the International Society for Anti-infective
Pharmacology, the Society of Critical Care Medicine, and the Society of Infectious
Diseases Pharmacists indicate that despite the risks associated to the use of nebulized
colistin its potential benefits outweigh them due to a reduced associated nephrotoxicity
and increased concentration of the drug in the lung parenchyma; although those
professional associations indicate that more randomized clinical trials are needed to draw

solid conclusions (Tsuji et al., 2019). Therefore, site-specific drug delivery systems for



the efficient pulmonary delivery of colistin can increase the antibiotic local concentration
while avoiding unwanted side effects making them adequate even for patients with other
underlying pulmonary conditions.

The “respirable mass” (mass that is deposited on the lung parenchyma by gravitational
sedimentation) is maximum for particles having a mass median aerodynamic diameter
between 1 and 5 um. Larger particles are retained by inertial impaction or interception in
the upper airways (i.e., oropharyngeal deposition) and smaller particles remain suspended
for prolonged periods of time by diffusion being a large fraction exhaled. Alveolar
deposition is then maximum for those particle sizes in the 1 to 5 um range and also for
submicron particles (<100nm) (Kodros et al., 2018) but it is complex to maintain a stable
aerosol having submicron sizes, mainly because of their high surface reactivity and
tendency to agglomeration.

Different strategies have been followed in order to maximize drug accumulation in the
lung parenchyma when treating respiratory infections. Drug particle sizes have been
tuned in order to maximize deposition and avoiding exhalation in this targeted micron
size (Miller et al.,, 2021). Also, thiolated drug delivery vehicles (e.g., polymers),
commonly named thiomers, have been extensively used in pulmonary drug delivery to
promote antibiotic-loaded carrier mucoadhesion while avoiding mucus turn over due to
their ability to form disulfide bonds with the cysteine-rich subdomains of lung mucus
glycoproteins via thiol-disulfide exchange reactions (Diinnhaupt et al, 2015).
Hydrophobic interactions between most of the hydrophobic polymers used are also
responsible for the observed mucoadhesion (Nafee et al., 2014). PEGylation is also a
common strategy to either promote mucoadhesion or mucus-penetrating ability
depending on its structure (i.e., linear, brush) and molecular weight, avoiding, at the same

time, mucociliary clearance. PEG mucoadhesion ability has been attributed to the



hydrogen bonding of the two lone electron pairs of oxygen in PEG repeat unit with mucin
(Guichard et al., 2017). Its mucus-penetrating ability has been attributed to the neutral
hydrophilic character and steric hindrance of high-density low molecular weight PEGs
functionalizing drug-loaded nanoparticles which avoid particle agglomeration or
irreversible aggregation. PEGylation on polymer nanoparticles improves lung retention
and drug availability due to its rapid diffusion through the mucus layer reaching the
underlying epithelial cells (Schneider et al., 2017).

The aliphatic polyester polylactic-co-glycolic acid (PLGA) is one of the most frequently
used polymers for the sustained delivery of antibiotics due to its hydrolytic nature which
makes it to decompose in biodegradable endogenous lactic and glycolic acids. Its
molecular weight and the molar ratio of the monomers present can be tuned to provide
with different degradation half-lives and the consequent specific release kinetics.
Aerosolizable colistin has been previously encapsulated within PLGA showing prolonged
antibiofilm action against biofilm-forming P. aeruginosa ATCC 27853 with just one
single application compared to the multiple treatments required to exert the same
antimicrobial action when using the free antimicrobial peptide (d’Angelo et al., 2015b).
However, colistin loadings achieved using this single emulsion solvent evaporation
synthesis technique were not very high (i.e., 1.27 wt.%) (d’Angelo et al., 2015b). Other
works using a similar approach for the formation of colistin loaded PLGA microparticles
also rendered moderate drug loadings < 5wt.% (Nanjo et al., 2013). Using double
emulsion solvent evaporation Shi ef al. (Shi et al., 2010) encapsulated colistin sulfate salt
in PLGA microparticles having drug loadings up to 16 wt.%. Despite all these efforts, it
has not yet been possible to obtain high drug loadings of more than 50 wt% in PLGA
micro- and nanoparticles with hydrodynamic sizes suitable for pulmonary delivery.

Herein, we propose the encapsulation of colistin in PLGA nanoparticles intended for



pulmonary delivery using: i) single emulsion-solvent evaporation; ii) nanopreciptation
using miscible solvents with PLGA-PEG, poly(lactide-co-glycolide)-block-
poly(ethylene glycol), as encapsulating matrix; iii) colistin nanoprecipitation using the
antisolvent precipitation method to render nanoparticles used either standing-alone or
encapsulated within PLGA nanoparticles; and iv) colistin encapsulation within PLGA-

based microparticles using electrospraying.

EXPERIMENTAL SECTION

Materials and methods

Hydroxypropyl methylcellulose (HPMC, Mn ~10,000), poly(ethylene glycol) (PEG300,
Mn 300), Pluronic® F68 (average Mw 8350 Da), poly(ethylene glycol) methyl ether-
block-poly(lactide-co-glycolide) (PEG-PLGA, PEG average Mn 5,000, PLGA Mn
25,000, lactide:glycolide 50:50), sodium hydroxide (>98%), the contrast agent
phosphotungstic acid (reagent grade), as well as N,N-dimethylformamide (DMF) and
ethyl acetate, used as solvents, were supplied by Sigma-Aldrich. Acros Organics provided
the colistin sulfate salt (=77%). The polymer poly (D,L-lactic acid/glycolic acid) 50/50
ester terminated (PLGA, Mw 38-54 kDa) Resomer® RG 504 was purchased from Evonik
Industries AG (Darmstadt, Germany). All of these chemicals were used as received.
Synthetic procedures

Synthesis of hydrophobic unprotonated colistin (colistin base). Colistin sulfate salt was
dissolved in Milli-Q water at a final concentration of 20 mg/mL, after its complete
dissolution, its hydrophobic form was obtained by adding dropwise a 0.2 M NaOH
solution under stirring. The NaOH solution was constantly added until a pH of 11 was
obtained because colistin is comprised of five amine groups with an estimated pKaof~10

(Ma et al., 2009), and consequently the non-water soluble colistin precipitated as a white



solid. This solid was filtered under vacuum and washed with deionized water several
times. The solid was dried under vacuum overnight obtaining a 60 wt.% synthesis yield.
Preparation of colistin nanoparticles (CNPs)- coacervation. Colistin nanoparticles
(CNPs) were prepared using the anti-solvent precipitation technique adapted from a
previously reported method (Alejo et al., 2021). CNPs prepared using this technique were
chosen to increase the drug loading, compared to other synthesis techniques, because they
are composed of a large amount of pure drug. With this aim, 15 mg of hydrophobic
colistin were incorporated in 1.5 mL of PEG300 by stirring with mild heating. The anti-
solvent solution was prepared by adding 100 mg of HPMC in 3.5 mL of water. To allow
HPMC dissolution, the water was heated at 80 °C under stirring until the powder was well
dispersed, then, cooled down in an ice bath to solubilize the HPMC. The colistin in
PEG300 was quickly added to the HPMC solution under continuous stirring at 400 rpm
and room temperature during 2 min. The final organic and aqueous phase ratio was 3/7,
where HPMC content was 2% w/w in the final dispersion. After drug solution addition,
the solution turned into a stable opaque dispersion indicating the formation of CNPs
stabilized with HPMC. To precipitate the CNPs, the final dispersion was centrifuged at
13000 rpm for 30 minutes, then the supernatant was replaced with water and the solid
was redispersed. The CNPs were then washed with water to remove the excess of
unreacted polymer. Finally, the obtained CNPs were freeze-dried to obtain a white dry
powder and stored for further use.

Synthesis of PLGA-colistin nanoparticles (PLGA-col). PLGA-col nanoparticles were
prepared using the oil-in-water (o/w) single emulsion solvent evaporation method.
Briefly, 50 mg of PLGA polymer, 150 mg of Pluronic-F68 and different amounts of
hydrophobic colistin (12.5-50 mg) were dissolved in 5 mL of ethyl acetate. Then, this

organic phase was emulsified with 10 mL of Milli-Q water as aqueous phase by



sonication in an ice bath for 25 seconds using an ultrasonic probe of 0.13 inches of
diameter and setting an amplitude of 40% (Digital Sonifier 450, Branson, USA). The
resulting o/w emulsion was maintained under continuous stirring (600 rpm) during 3 h in
order to evaporate the ethyl acetate. The obtained nanoparticles were washed by
centrifugation at 7500 rpm for 15 min and lastly dispersed in 2 mL of Milli-Q water before
use.

Synthesis of PLGA-PEG-colistin nanoparticles (PLGA-PEG-col). Hydrophobic colistin
was encapsulated in PLGA-PEG using the nanoprecipitation method. In this method, 5
mg of PLGA-PEG and different amounts of hydrophobic colistin (2.5-9 mg) were
dispersed in 1 mL of acetone. This dispersion was dropwise added at a flow rate of 2
mL/h using a syringe pump (model PHD Ultra, Harvard Apparatus, Holliston, MA, USA)
over 1 mL of Milli-Q water under constant magnetic stirring. When the addition was
completed, the acetone was evaporated by stirring at room temperature for 2 hours to
induce the precipitation of the polymer nanoparticles. The resulting PLGA-PEG-colistin
nanoparticles were purified by centrifugation and washing with Milli-Q water (10000
rpm/10 min).

PLGA-colistin  microparticles  (PLGA-col MPs) electrospraying. PLGA-col
microparticles were prepared by electrospray using an Yflow 2.2 D500 electrospinner
(Electrospinning Machines/R&D Microencap-sulation, Valencia, Spain) equipped with
an 8 cm diameter aluminum disc plate covered with an aluminum foil as collector, as
previously reported (Gamez-Herrera et al., 2020). A dispersion of PLGA (10% w/w) and
hydrophobic colistin in DMF containing different amounts of colistin (10, 15, 20, 30 wt.%
referred to the polymer mass) was prepared by stirring the solution overnight at room
temperature. The PLGA-col mixture was loaded into a 10 mL syringe and supplied to the

electrospinner nozzle using a syringe pump connected to a 22-gauge needle that



functioned as the spraying nozzle and positioned at 30 cm from the collector plate in order
to efficiently evaporate the DMF solvent during the electrospraying process. The flow
rate was set at 0.5 mL/h and the applied voltage at -3.80 kV for the collector, and between
+ 10.0 kV and +14.5 kV for the needle, obtaining a stable Taylor cone-jet. Digital
visualization of the spraying process was performed through a video camera. The
microparticles were obtained at room temperature and a relative humidity between 30%
and 50%. The resulting microparticles were obtained as a white dry powder by gently
scratching the aluminum foil with a spatula.

Nanoparticle characterization

The hydrodynamic size of the resulting nanoparticles was measured using dynamic light
scattering (DLS) in a Brookhaven 90Plus particle size analyzer with a detection angle of
90°. Measurements were taken at 25 °C £ 0.1 °C. Zeta potential measurements were
performed on a Brookhaven 90Plus particle size analyzer using the ZetaPALS software
in 1 mM KCI aqueous solution at a pH = 6 and 25 £+ 0.1 °C. The zeta potential was
determined by studying their electrophoretic mobility and then applying the
Smoluchowski equation.

Transmission electron microscopy (TEM) images were recorded in a T20-FEI Tecnai
thermionic microscope operated at an acceleration voltage of 200 kV. Samples were
dropped on carbon coated copper grids, dried at room temperature and stained with a
negative staining agent (3% phosphotungstic acid) to improve the contrast of the
polymeric nanoparticles. Morphological characterization of the NPs was also performed
using an Inspect F-50 Scanning Electron Microscope, (SEM FEI, Holland), with the NPs
previously coated with a palladium layer. Microscopy images were analyzed using the
open source image processing software ImagelJ to obtain the corresponding particle size

distribution histograms.



Aerodynamic particle diameter analysis

The aerodynamic particle size distribution of CNPs and PLGA MPs was studied using a
Next Generation Impactor (NGI, Copley Scientific Limited, Nottingham, UK), equipped
with a TPK 2000 critical flow controller and a HCP5 vacuum pump (Copley HCPS,
Nottingham, UK). The flow rate was adjusted to get a pressure drop of 4 kPa in the
powder inhaler (Handihaler®, Boeringher, Ingelheim, Germany), and the time of
aspiration was adjusted to obtain 4 L of air. For each test (N=3), the inhaler was loaded
with a size 3 hard gelatin capsule filled with 21 + 1 mg of the corresponding dry particles.
Then, two cycles of aspiration were carried out. After the particles were emitted, the
particles staying in the capsule, in the inhaler, and deposited in the induction port and all
the stages of the NGI were recovered. The mass of particles with aerodynamic diameter
less than 5 um, expressed as a percentage of the total mass emitted and recovered, was
considered the fine particle fraction (FPF). The mass median aerodynamic diameter
(MMAD) and FPF were calculated as previously described (Gaspar et al., 2015; Lamy et
al., 2019, 2018; Tewes et al., 2020). Particles with aerodynamic diameters between 3 and
5 um were collected and used for colistin release studies.

Colistin loading and in vitro release

For the evaluation of in vitro drug release kinetics, 2 mg of CNPs particles with an
aerodynamic diameter between 3-5 pm were dispersed in 12 mL of ammonium acetate
buffer (0.1 M, pH 7). Aliquots of this suspension were placed in tubes and incubated for
24 hours. (37 °C, 120 rpm). At predetermined time points, tubes (N=3 per time point)
were centrifuged at 13.000 rpm for 5 min (Eppendorf centrifuge 5418R) and supernatants
were collected. The colistin concentration in the samples was determined by a validated
LC-MS/MS method as previously described (Gobin et al., 2010; Marchand et al., 2010;

Gontijo et al., 2014; Boisson et al., 2014, 2017; Tewes et al., 2020). Briefly, the
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chromatography was performed on an Alliance 2695 system (Waters, France) with a
Jupiter 300-A column (5.0 um, 50mm, 2.0-mm i.d.; Waters, St.-Quentin en Yvelines,
France) and a mobile phase (flow rate 0.2 mL/min) consisting of 0.1% (v/v) formic acid
in acetonitrile — 0.1 % (v/v) formic acid in water (25:75 v/v). The mass spectrometer
Micromass Quattro microAPI (Waters, France) was used in the positive/ion mode. The
calibration standard curve was prepared with seven samples in ammonium acetate buffer
with colistin base concentrations ranging between 0.01 and 10 pg-mL™".

To measure the colistin loading and encapsulation efficiencies of the different synthesized
particles, liquid/liquid extractions of the PLGA or PLGA-PEG polymers were performed
using a 1:1 (v/v) mixture of methylene chloride/0.1% (v/v) formic acid in water. For
CNPs, complete dissolution of colistin in 0.1% (v/v) formic acid in water was performed
for 24 hours. Then, a similar LC-MS/MS method was used to assay colistin in the 0.1%
(v/v) formic acid in water phase. Controls made of a known amount of colistin showed
100% recovery of colistin in both cases. The encapsulation efficiency (EE) and the drug

loading (DL) were calculated with egn. 1 and 2, respectively:

mass of entrapped colistin (mg)

EE (%) = x100 (1)

mass of colistin added (mg)

mass of entrapped colistin (mg)
DL (%) = — . x100 (2)
Total mass of colistin loaded particles (mg)

Microbiological studies

P. aeruginosa loaded alginate beads preparation. Pseudomonas aeruginosa PAO1 strain
made bioluminescent by chromosomal integration of the luxCDABE operon was
provided by Professor Patrick Plesiat (Centre National de Référence de la résistance aux
antibiotiques, Centre Hospitalier Universitaire de Besancon, France). Mueller-Hinton
Broth (MHB), parafilm oil, sorbitan monooleate (SPAN®60), Trizma® hydrochloride

(TRIS-HCL) and calcium chloride were purchased from Sigma Aldrich, France.
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Alginate beads loaded with PAO1 were prepared according to the method described by
Torres et al. (Torres et al., 2019). PAOI cultures in MHB were incubated to reach
exponential growth phase and then diluted to an ODsoo of 0.3. One mL of this suspension
was washed by centrifugation with 0.9 % (w/v) NaCl and then dispersed in 9 mL of 2 %
(w/v) alginate. Then, this preparation was emulsified with 100 mL of paraffin oil
containing 0.01 % (v/v) of SPAN®60 using a mechanical stirrer (RZR-2021, Heidolph,
France) at 1300 rpm. For the gelation of the droplets containing the alginate, 20 mL of
0.1 M TRIS-HCI buffer pH 7 containing 0.1 M of CaCl> were added dropwise to the
emulsion and kept under stirring. Finally, the emulsion was allowed to cool for 1 hour by
putting an ice bath around the beaker under moderate stirring (300 rpm). After the
formation, the alginate beads were centrifuged at 5000g for 10 min and washed 4 times
with 0.9% (w/v) NaCL

Antimicrobial activity of CNPs. Mueller-Hinton agar (MHA), colistin sulfate salt, sodium
citrate dihydrate and sodium bicarbonate were purchased from Sigma Aldrich, France.
Freshly prepared alginate beads loaded with PAO1 were dispersed in 5 mL of Mueller-
Hinton broth (MHB). Then, 100 pL of the suspension was dispensed in each well of
white, flat-bottomed 96-well microplates (Greiner®, France). The bioluminescence of the
wells was recorded over time until an intensity of <1000 RLU was achieved. At that
moment, 100 uL of MHB solutions with increasing concentrations of colistin and CNPs
(from 0.2 to 40 pg/mL). Then, the plates were sealed with a clear membrane to prevent
evaporation and luminescence was recorded every 30 min for 24 h at 37 °C using a
microplate reader (Infinite 200 Pro, Tecan, France). After 24h, in order to release the
bacteria from the alginate beads, cultures were diluted in a citrate - bicarbonate buffer

(0.02 M citric acid, 0.05 M Na>COs3) and incubated 10 min at 37 °C in an orbital shaker
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(200 rpm). Solubilized beads were then serially diluted in 0.9 % (w/v) NaCl and plated

on MHA plates for bacterial count by colony formation.

RESULTS

Preparation and characterization of colistin-loaded nano and microparticles

In this work, several different polymeric nano- and microparticles have been developed
for the encapsulation of colistin. Depending on the particle size desired, and in order to
achieve high drug loadings, different fabrication techniques were used to obtain the
desired colistin-loaded particles; namely, o/w emulsification, nanoprecipitation, complex
coacervation, and electrospraying.

The oil-in-water (o/w) single emulsion solvent evaporation method was successfully used
for preparing PLGA-col nanoparticles. The amount of hydrophobic colistin added to the
emulsion was varied to explore the optimal amount for an improved drug loading. Figure
la depicts a representative SEM image of the resulting PLGA-col nanoparticles prepared
using 50 mg of hydrophobic colistin in the synthesis. SEM and TEM images of the
nanoparticles obtained using 12.5 and 30 mg of hydrophobic colistin are presented in Fig
S1. The resulting PLGA nanoparticles exhibited the characteristic spherical shape, and
the particle size distribution histogram obtained from the SEM images showed that
narrow particle size distributions were achieved, resulting in a mean diameter value of
113 + 31 nm (when using 12.5 mg of colistin in the synthesis), 118 + 34 nm (when using
30 mg of colistin in the synthesis), and 105 = 28 nm (when using 50 mg of colistin in the
synthesis) (Figure 1 and Figure 1S). The size and shape of the polymeric nanoparticles
were not significantly affected by the amount of drug incorporated during the synthesis.
TEM images of stained PLGA-col nanoparticles (Figure 1b) exhibited spherical
monodisperse nanoparticles. Furthermore, it is possible to observe dark grey regions

located inside the particles that are more noticeable in the samples with the highest
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concentration of colistin used (Fig. 1b), which can be ascribed to the presence of colistin
inside them and that is also stained by the contrast agent used to improve electron
microscopy imaging. When the nanoparticles were incubated in an aqueous medium with
a pH adjusted to 6-7 those grey areas disappeared in the TEM images (Figure 1c),
probably due to the solubilization and release of the encapsulated colistin. This can be
explained by the fact that colistin is positively charged at neutral pH due to the presence
of amine functional groups in its structure and becomes soluble in water (Dubashynskaya
and Skorik, 2020). The hydrodynamic size of PLGA-col nanoparticles with 50 mg of
colistin used during their synthesis determined by DLS was 300 £+ 60 nm. Table 1 shows
that the colistin loading using this technique was less than 2 wt.% (1.8 + 0.6 wt.%).

As described in the introduction section the surface modification using specific
polyethylene glycols (PEGS) can increase the pulmonary biodistribution of drug-loaded
nanoparticles, protects nanocarriers from the immune system, and also enhances the
mucopenetration of nanoparticles administrated through the nasal and pulmonary routes
when forming inhalation aerosols (Muralidharan et al., 2014). Therefore, colistin-loaded
PLGA-PEG nanoparticles were prepared using the nanoprecipitation method as described
above. Different concentrations of colistin in the organic phase (2.5, 5, 7, and 9 mg/mL)
were evaluated. Representative histograms and SEM images of the nanoparticles obtained
are shown in Fig 1e, 1f and Fig S2, exhibiting nanoparticle mean sizes centered at 77 nm,
which are slightly smaller than the size of PLGA nanoparticles obtained using the
emulsification method (Fig. 1d). TEM images (Fig 1g and Fig S2) also showed the
formation of PLGA-PEG-colistin nanoparticles at different colistin concentrations. Table
1 shows that the colistin loading using this technique was 5.3 wt.% =+ 2.9. The

hydrodynamic size, determined by DLS, of those PLGA-PEG-colistin nanoparticles
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having the highest loading was 424 + 55 nm, which may indicate that colistin induced
incipient nanoparticle agglomeration.

A different approach was also explored to improve drug loading in the nanocarriers, by
nano-coacervation of hydrophobic colistin. By changing the size of the drug crystals to
the nanosize range, the specific surface area is increased and, consequently, it is possible
to obtain nanomaterials with high drug loadings being efficient drug delivery systems
(Mohammad et al., 2019). The amount of colistin added to the synthesis was optimized
using different concentrations ranging from4.2 to 15 mg (Fig. S3), finding the best results
when 15 mg of colistin were used (Fig. 2a and 2b). TEM images in Fig. 2a-c revealed the
formation of spherical CNPs with a mean diameter size of 20.5 = 3.1 nm (N= 100)
obtaining a monodisperse particle size distribution. The hydrodynamic size of colloidal
dispersions based on CNPs measured by DLS was 415 nm. The zeta potential value
obtained for CNPs was +1.71 £ 0.25 mV at pH = 6, close to the isoelectric point, which
could explain the agglomeration of CNPs observed by DLS. Table 1 shows that the
colistin loading using this technique reached 55.0 wt.%. Those resulting CNPs were also
encapsulated within PLGA by the oil-in-water (o/w) single emulsion solvent evaporation
method in order to prepare PLGA nanoparticles loaded with separately prepared CNPs.
For that purpose, 100 mg of CNPs separately prepared were dispersed in ethyl acetate and
emulsified following the same protocol described above. Results showed monodisperse
PLGA nanoparticles of 114 nm in size loaded with CNPs (Figure S4). However, the drug
loading obtained (1.1 wt.% =+ 0.1) was not much higher than that obtained by
encapsulating free colistin instead of nanoparticles (see Table 1). This is probably
attributed to the loss of the CNPs during the solvent evaporation stage.

Finally, in order to obtain particles in the microscale range, the preparation of PLGA

microparticles loaded with colistin was explored using the electrospraying technique. An
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initial battery of colistin concentrations were screened in the polymeric precursor
solution, in order to obtain optimal DLs and reduced particle polydispersity. Figures 2d-
e depict SEM images and size distribution histograms of PLGA-col microparticles
fabricated by electrospraying using PLGA 10 % (w/w) and colistin sulfate 20 wt.%
(referred to the PLGA mass) in DMF. The particles showed a monodisperse size
distribution centered at 1.9 + 0.3 um (Figure 2f) which would be potentially adequate for
pulmonary delivery.

The drug loading and encapsulation efficiency of the different optimized formulations
were analyzed by LC-MS/MS. Results are summarized in Table 1, where it can be seen
that the highest loading values were achieved for the nanoparticles of colistin obtained by
nano-coacervation of hydrophobic colistin comprising of a 55.0 wt. % of drug. PLGA-
MPs obtained by electrospraying showed higher colistin loadings compared to the ones
retrieved for PLGA NPs obtained by nanoprecipitation and by o/w emulsification. The
drug contents achieved for electrosprayed microparticles (15 wt. %) are in accordance
with previous values found for this technique (Aragoén et al., 2019; Yus et al., 2020). In
addition, the drug loadings obtained for PLGA-col and PLGA-PEG-colistin nanoparticles
were similar to those previously reported in the literature when using PLGA (Andreu et

al., 2019; Gheffar et al., 2021).
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Table 1. Size, drug loading and encapsulation efficiency parameters of the different
formulations prepared

PLGA-col

NPs PLGA-col
(ol NPs  PLGA-PEG-col b GA-colMPs  CNPs
. (o/w NPs .
emulsion) . e (Electrospraying)
. emulsion) (nanoprecipitation)
with free .
. e with CNPs
colistin
Size/nm 105 +£ 28 114 £ 27 77+ 20 1900 + 300 20.5+3.1
DL% 1.8+0.6 1.1+0.1 53+£29 15+4 55.0+5.0
EE% 9.0£3.0 1.5+0.1 8.3x45 75 £20 265

Considering that the highest drug loading values were obtained using the electrospraying
technique and by nano-coacervation of colistin, we selected both formulations for their
subsequent evaluation of the aerodynamic particle diameter using a Next Generation
Impactor (NGI) for classifying aerosol particle into size fractions. As previously stated,
in order to achieve optimal lung deposition, the aerodynamic size of particles intended
for inhalation should be between 1 and 5 um (Edwards et al., 1997; Malamatari et al.,
2020).

During the aerosolization process in the NGI, most of the electrosprayed colistin-loaded
PLGA microparticles remained deposited in the induction port, indicating that they form
aerosols of large aerodynamic sizes that are not suitable for pulmonary delivery. On the
contrary, the aerodynamic properties retrieved in the NGI for the CNPs (Figure 3)
demonstrated that this formulation is adequate for pulmonary inhalation, showing a mass
median aerodynamic diameter (MMAD) of 3.3 £ 0.2 um and a geometric standard
deviation (GSD) of 2.4 + 0.2 um. The reported MMAD is in the range of the breathable
fraction of an aerosol (1 to 5 um) considered suitable for pulmonary drug delivery and
typical respiratory treatments (Healy et al., 2014). Particles having a MMAD between 1
and 3 um show higher deposition in the deep lungs in contrast with particles having a
MMAD near 5 um (Carvalho et al., 2011). The percentage of inhaled fine particle mass

(particles having an aerodynamic diameter less than 5 pm) relative to the total mass of
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particles in the assay was 32.6 + 0.3 %. Therefore, the synthesis of CNPs was the one
which rendered the highest drug loadings (55.0 = 5.0 %) and appropriated aerosol sizes
for pulmonary delivery because after aerosolization those nanoparticles agglomerated
forming particles of micron sizes adequate for achieving large pulmonary deposition.
Nanoparticles agglomerate into micro-size particles due to their large surface reactivity
prone to form supramolecular interactions and also because atmospheric carbon acts as a
binder.

Drug release kinetics for the colistin in the CNPs evaluated in acetate buffer showed an
immediate burst release profile of all the colistin content under 10 minutes (results not
shown), implying a rapid solubilization of colistin from the HPMC matrix. Thus, upon
contact with any solubilizing medium at the appropriate pH, CNPs would release their
encapsulated colistin, which is a positive outcome because by preventing having bacteria
at sub-MIC concentrations the chances to select antimicrobial-resistant mutants would be
reduced.

Antimicrobial activity assays against the biofilm model of P. aeruginosa showed that
CNPs had an antimicrobial activity slightly superior to that observed for the hydrophilic
free drug (colistin sulfate salt) (Figure 4). Considering that the drug loading of colistin in
the CNPs was 55.0 wt.%, the bactericidal action of colistin against this bacterial model
was enhanced, as it is shown in Table 2.

Table 2. Antimicrobial activity of colistin (free and in CNPs) against PAOL in alginate-
beads biofilm model after 24h

Colistin sulfate  Unprotonated colistin
(free) (in CNPs)
MBC (ug/mL) 10 55
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DISCUSSION

Pulmonary delivery of antibiotic-loaded nanoparticles has a clear advantage over enteral
delivery because first-pass metabolism is avoided and because by adjusting the size and
surface characteristics of the particles, it is possible to target the drug to the lung
parenchyma, providing localized treatment of pulmonary infections. Here we evaluated
different protocols for the synthesis of colistin nanoparticles having high drug loadings
and an appropriated particle size for pulmonary delivery. Single emulsion-solvent
evaporation of PLGA in immiscible solvents (e.g., ethyl acetate and water) is a reliable
synthesis technique commonly used for antibiotics encapsulation. Despite its obvious
advantages, such as obtaining a homogeneous particle size and its simplicity, the need to
use surfactants and the low drug load are its main drawbacks (d’Angelo et al., 2015a;
d’Angelo et al., 2015; Nanjo et al., 2013). Herein, we observed drug loadings < 5wt.%
when using single emulsion-solvent evaporation and also by nanoprecipitation.
Comparing both techniques a superior colistin encapsulation was observed when using
nanoprecipitation probably because, in this technique, drug loss is reduced because the
organic solvent rapidly diffuses into the aqueous phase due to its miscibility, precipitating
the water-insoluble polymer and entrapping the colistin present. Also, a higher vapor
pressure of acetone (231 mmHg at 25°C) compared to that of ethyl acetate (93 mmHg at
25°C) would facilitate solvent evaporation for the former and a consequent rapid polymer
precipitation and drug entrapment. Drug loss during electrospraying is minimized due to
the fast solvent evaporation during the ejection of the dissolved polymer from the needle
tip to the collector plate. As shown in Table 1, the encapsulation efficiency obtaining by
electrospraying is the second highest of the synthesis techniques tested in this work. Drug
loadings as high as 15 wt.% were obtained confirming the cost effectiveness of this

technique compared to emulsion or nanoprecipitation-based techniques. Also, this
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technique operates at room temperature without the need of preserving the polymer from
thermal degradation as in the case of emulsion-based techniques where the high shear
stress used in the syntheses requires cooling down the resulting suspensions below the
glass transition temperature of the polymer (35.7°C for the 50:50 PLGA) (In Pyo Park
and Jonnalagadda, 2006). However, the electrosprayed-loaded PLGA microparticles
remained deposited in the pre-separator and in the first stage of the NGI, reflecting their
large aerodynamic sizes probably due to their high aggregation, which makes them
unsuitable for pulmonary delivery. In agreement with previous reports, we observed that
without the use of dispersion modifiers or specific surface coatings, in dry powder
inhalation PLGA formulations, a large amount of the microparticles remained in the
capsule and in the inhalation device (ScherlieR and Janke, 2021). In our study we did not
considered the use of surface or intraparticle modifiers such as plasticizers and anti-
tacking agents because those would have jeopardized the drug loading of the final
aerosolizable pharmaceutical formulations.

Drug nanoprecipitation allows increased drug loadings when using the anti-solvent
precipitation technique. HPMC acts as a growth inhibitor on the surface of the growing
drug nuclei. This nutrient diffusion barrier allows controlling the particle size in the
nanoscale. Once supersaturation is reached, nucleation starts and depending on the
availability of the precursors, particle growth begins. The diffusive barrier that HPMC
exerts on the surface of the colistin nanoparticles prevented them from further growing.
All in all, colistin nanoparticles composed of 55.0 £ 5.0 % of colistin were obtained
following this technique (Table 1). Due to their reduced size the resulting CNPs showed
enhanced solubility as it has been reported for other nano-coacervates following the same

approach (Alejo et al., 2021).
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Colistin is a mixture of molecules that forms amorphous solids with high free energy
which makes them easy to be dissolved (Zhou et al., 2016). This fact was corroborated
by the drug release kinetics obtained for the CNPs in ammonium acetate pH 7.0 where in
the first 10 minutes all the drug present in the CNPs was released and its concentration
remained constant in the time span analyzed (10 hours) (results not shown). Although
drug delivery systems based on HPMC have been reported to cause a gradual release of
the drug over time (Li et al., 2010), the highly water soluble HMPC polymeric matrix at

the nanometric scale (20.5 nm) could be the reason for the burst release kinetics observed.

Conclusions

Out of four different synthesis protocols tested to obtain high colistin loadings and
appropriated aerodynamic sizes to efficiently reach the lung parenchyma, the
nanocoacervation of colistin using the antisolvent precipitation method outperforms the
other ones (i.e., single emulsion solvent evaporation, nanoprecipitation and
electrospraying). The nanocoacervation of the unprotonated form of colistin within
HPMC allows reaching drug loadings as high as 55.0 wt.% + 5.0 showing a mass median
aerodynamic diameter of 3.3 £ 0.2 um, making them adequate for pulmonary delivery.
Compared to the free drug, those particles showed enhanced antimicrobial action in a

biofilm model of Pseudomonas aeruginosa PAOL1 strain.
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Figure 1 SEM (a) and TEM (b) images of PLGA-colistin nanoparticles obtained by o/w emulsification using 50 mg of colistin.
(c) PLGA-colistin nanoparticles obtained by o/w emulsification using 50 mg of colistin after incubation in water with a pH
adjusted to 6. (d) Size distribution histogram retrieved from SEM measurements (N=100) of nanoparticles in (a).
(e) Histogram of PLGA-PEG-colistin nanoparticles obtained by nanoprecipitation using 9 mg of colistin in the synthesis. SEM
(f) and TEM (g) images of PLGA-PEG-colistin nanoparticles obtained by nanoprecipitation using 9 mg of colistin.
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Figure 2 (a) and (b) TEM images of colistin nanocrystals obtained by anti-solvent precipitation technique using 15 mg of colistin.
(c) Size distribution histogram retrieved from TEM measurements (N=100) of colistin nanocrystals obtained by anti- solvent
precipitation. (d) and (e) SEM images of PLGA-colistin microparticles obtained by electrospraying. (f) Size distribution histogram
retrieved from SEM measurements (N=100) of PLGA-colistin microparticles obtained by electrospraying.
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Figure S1 SEM (a) (c)and TEM (b) (d) images of PLGA-colistin nanoparticles
obtained by o/w emulsification using 12.5 mg (a) (b) and 30 mg (c) (d) of
colistin.
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Figure S2 SEM (a) (b) (c) and TEM (d) (e) (f) images of PLGA-PEG-colistin nanoparticles obtained by nanoprecipitation using
2.5 mg (a) (d), 5 mg (b) (e) and 7 mg (c) (f) of colistin.
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Figure S3 TEM images of colistin nanocrystals obtained by anti-solvent precipitation technique using 4.2 mg (a), 7.5 mg (b) and
12 mg (c) of colistin.



Figure S4 SEM (a) and TEM (b) images of PLGA-colistin nanoparticles obtained by o/w emulsification using 100 mg of CNCs. Arrows
indicate dark grey regions located within the particles (indicated with an arrow) attributed to the presence of colistin. (c) Size distribution
histogram retrieved from SEM measurements (N=100).
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Figure 3 Cascade impactor results for the CNCs. In blue, the cumulative fraction of the particles mass versus Effective cut-off
diameter. In red, frequency distribution of the particles mass.
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Figure 4 Antimicrobial activity of colistin sulfate and CNCs against PAO1 in alginate-beads biofilm model after 24h. Note that the colistin
content in the CNCs is 55.03wt.%.
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