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Abstract

Albendazole is a first line drug for the treatmehseveral parasitic diseases in humans.
Some parasites target the lungs, however lungetglief albendazole has so far not been
reported. We have developed albendazole-based pswdigable for pulmonary
delivery, and studied the impact of surfactantrenformulation properties. High-
pressure homogenization followed by spray drying wsed to produce inhalable
particles of albendazole containing the bile sstidium taurocholate and sodium
glycocholate. The process resulted in porous mantages, that exhibited good spray
drying yield (> 50%), low moisture contents (< 1&bh)d aerodynamiDg < 5 pm. The
particles showed adequate aerosolization perforenaitiber for normal conditions
(respiratory fraction > 71%) or conditions that slate decreased respiratory capacity
(respiratory fraction > 49%). The powders did nistwtb lung surfactant function. The
comparison between both formulations has revealgdthe properties of the surfactants
affect mainly the particle size of the suspenseams the porosity of the powdefhe
higher porosity of the albendazole-sodium taurcateopowder led to an enhanced
aerodynamic performance of the formulation compaoeaibendazole-sodium
glycocholate. The developed albendazole powderspaag a way for local lung

treatment of parasitic diseases.

Keywords
Nanoaggregates; high-pressure homogenization; spyéyg; sodium taurocholate; sodium

glycocholate, dry powder inhaler.
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1. Introduction

Hydatidosis or human cystic echinococcosis (CEB)essmopolitan zoonotic disease that
can be found in people and livestock infected whthlarval stage of the nematode
Echinococcus granulosus [1]. In humans, the outcome of this infection istcy
development in different organ systems, with thierl(65%) and the lungs (25%) being
the most commonly affected organs [2, 3]. Sincgdumave high elasticity, pulmonary
cysts grow very fast [4].

Albendazole (ABZ) is the drug of choice for chenwtpeutic treatment of CE [5, 6]. It
Is known that the success of the chemotherapeeatment of CE depends on the
capacity of the drug to access to the hydatid ayatlequate concentrations for sufficient
periods of time [7]. Since drugs administered l®/dhal route, once absorbed, access to
the liver through the portal vein to be metaboljzéds route is useful for treatment of
hepatic hydatid cysts. Treatment of pulmonary CHologl administration of ABZ

through the pulmonary route has so far been anploled alternative. There are several
advantages of delivering drugs directly to the kjrigallows the use of lower doses than
those required orally, while it reduces possibtke ®ffects and, at the same time, high
local concentrations are reached at the site afraf].

Designing suitable aerosols for inhalation is aading. Particle size is one of the most
important characteristics in dry powder inhalenfatations, together with shape,
porosity, density, electrical charge and hygrostiop[9]. In order to reach the lower
respiratory tract and optimize pulmonary drug dépos the formulations need to have
aerodynamic diameters between 0.5 and 5 um [1GJe@nthe respiratory parts of the
lungs, particles can interact with components eflting surfactant (LS) film and this
interaction depends on the physical propertieb®farticles [11].

A widely used method to produce particles for pulany delivery is spray drying (SD)
[9]. One of the main advantages of this technigubat the characteristics of the
resulting particles can be controlled by adjustmgformulation and process parameters

[12, 13]. This scalable technology is able to pssca variety of liquids. If the water
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solubility of drugs is very low preparation of stiuns using organic solvents or aqueous
suspensions are some of the available alternafifesmain disadvantage of organic
solvents is their toxicity related to the preseoteesidual solvents in the final product,
therefore, aqueous suspensions are preferred [9].

Since suspensions are unstable heterogeneous egixtiiey must be stabilized. One
way to stabilize suspensions is by using surfastdntthe literature on pulmonary
delivery, bile salts, such as salts of cholate xgleloolate, glycocholate,
glycodeoxycholate, taurocholate and taurodeoxytb@ee used [14-21]. Bile salts have
other important roles in drug absorption and thre@mamic properties of powders [14].
Therefore, the selection of the surfactant is evat formulation factor.

During the spray drying process, solid drugs irpsusion aggregate and form dried
particles with a larger size than the starting mait9]. Hence, in order to obtain
microparticles suitable for pulmonary deposition3iy, suspensions need to be
previously processed to obtain particles in theonaetric range (e.g. by high-pressure
homogenization, HPH).

As mentioned above, to date, no formulations tangeaBZ to the lung have been
reported. Therefore, the present study has addréssgroduction, characterization and
comparison of new dry powder formulations basedlbendazole and two different bile
salts, namely sodium taurocholate (STC) and sodjycocholate (SGC), for pulmonary
delivery. The novel formulations were obtained byogssing ABZ-bile salts
suspensions by high-pressure homogenization fotldwyespray drying. Both
formulations were characterized and compared mdef particle size, surface tension,
morphology, powder density, porosity and aerodyogmbperties. The effect of the
ABZ-bile salt formulations on LS function was aksealuated.

The ABZ-bile salt formulations manufactured andrelsterized in the present article
have the potential for filling the therapeutic reabf treating pulmonary parasitic

diseases, such as CE.
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2. Materials and methods

2.1. Materials

ABZ and lactose monohydrate (both pharmaceuticdej;, as well as gelatin capsules
number 3 were purchased from Saporiti (Buenos Akegentina). Sieved lactose (+100
ASTM mesh) withDig= 167.8 umPse= 234.9 um ang= 336.4 um was used as a
carrier. STC and SGC (both analytical grade), vpemrehased from Sigma Aldrich (St.
Luis, MO, USA). Curosurf was produced by Chiesir(Ra, Italy). The unidose RS01
high resistance inhaler (Plastiape, Milano, Itag)l the multidose Turbuhaler device
(AstraZeneca, Gothenburg, Sweden) were used asl mbdéers. Ethyl alcohol 96%

(Pharmacopoeia quality, Porta, Argentina) and tildid water were also used.

2.2. Characterization of the ABZ-bile salt suspensions

2.2.1. Preparation and particle size analysis of suspensions

Aqueous solutions containing either STC or SGC3%hQ@v/v) were prepared. ABZ
suspensions were obtained by adding ABZ (1% w/tiheéosurfactant solution under
magnetic stirring for 30 min. The bile salt concation in the suspension was selected
based on stability [22] and safety consideratid?s 1] (for more details, please see
Section 1.S in the Supplementary material).

After dispersion, the suspensions were subjecteditst size reduction step using a
PRO200 homogenizer (Tecnolab, Argentina) at 30rpa0d(10 min for a sample of 500
mL). Then, a second reduction/deagglomeration stepy sonication (Cole Parmer
ultrasonic cleaner) (10 min for a sample of 500 atla frequency of 40 kHz) was
performed. Samples were withdrawn after each stepaluate particle size
distributions.

The patrticle size distributions were determinedibiyng laser diffraction (LA 950V2,
Horiba, Kyoto, Japan, Liquid methodéor the measurement, 2 mL of suspensions were

added to 200 mL of recirculating bidistilled waberm the laser diffraction equipment.
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The average size distribution was reported as medibumetric diamete¥sy) and the
distribution width was informed as span (see Eq.1).

Span = 220=P10 (1)

In EQ. 1,D40, D5y andDg represent the diameters where the 10%, 50% andod@&e
population is below each value, respectively. Sgdnes below 2 indicate relatively

narrow distributions [23].

2.2.2. Surface tension determination

In order to analyze the effect of the type of Isidt over the surface tension of the
suspensions, the surface tension of bidistilledewy&TC solution (0.03% wi/v), SGC
solution (0.03% w/v), ABZ-STC suspension after hgermzation/sonication and ABZ-
SGC suspension after homogenization/sonicationdegemined.

The measurements were performed with a ring Keissiometer (Kriiss GmbH,
Hamburg, Germany). All determinations were carpatlin duplicate at a temperature of

20.7 £ 0.4 °C.

2.3. Preparation and particle size analysis of nanosuspensions

The suspensions were further processed by HPHitrah(APVY homogenizer, Soeborg,
Denmark) to obtain nanosuspensions. The coarserssisps (Section 2.2.1) were
subjected to HPH for 10, 20 and 30 cycles at 800Bausing an external heat
exchanger, the suspension temperature was maidtairezound 30°C. The intensity-
weighted average hydrodynamic diameter and polgdssyy index (Pdl) of the aqueous
nanosuspensions were determined by photon comelggiectroscopy (PCS) using a
Zetasizer Nano ZS (Malvern Instruments, UK). Fag theasurement, the

nanosuspensions were diluted with bidistilled wateto an ABZ final concentration of
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0.25%w/v. Mean particle diameters were reported as “@rage” diameters. All

determinations were carried out in triplicate.

2.4. Spray drying

The aqueous nanosuspensions were atomized insadddspray drier (Mini Spray

Dryer B-290, BUCHI, Flawil, Switzerland) equippedthva high performance cyclone.

A two-fluid nozzle with a cap-orifice diameter of @fn was used. The nanosuspensions
were spray dried under constant stirring to keepstimples homogeneous. The

following conditions were used during the procedaieinlet temperature (co-current
flow): 110°C; drying air flowrate: 35 ; liquid feed flowrate: 1.5 mL/min and
atomization air flowrate: 670 L/h. These conditiorese selected based on preliminary
studies. The process yield was calculated as tleeafthe powder weight obtained in

the product collection vessel with respect to thaltsolids fed to the system. All

determinations were carried out in duplicate.

2.5. Characterization of the SD products

2.5.1. Moisture content

The moisture content of the SD products was medsisimg a halogen moisture
analyzer (MB45, Ohaus, Pine Brook, United Staf8ls¢ determination was carried out
using samples of around 500 mg. They were heated 8D°C until the weight changes

were less than 1 mg in 60 s.

2.5.2. Particle size analysis

The particle size distribution (PSD) of powdersantéd by spray drying (SD ABZ-STC
and SD ABZ-SGC) was obtained by laser diffractibA @50V2, Horiba, Kyoto, Japan),
using the dry powder method. Since the resultingdsys were cohesive, the SD
samples were dispersed in relative coarse lactasefle:lactose =1:4) to improve the

flow from the feed hopper to the measuring cell [24je lactose PSD did not interfere
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with the PSD of the microparticles obtained by gpuigying. The PSDs for ABZ and

lactose were also measured in triplicate.

2.5.3. Scanning electron microscopy (SEM)

The morphology of ABZ raw material and the SD porgd&BZ-STC and ABZ-SGC

was analyzed by scanning electron microscopy (SEMhg a EVO 40-XVP, LEO
scanning electron microscope (Oberchoken, Germdimg samples were metalized with
a thin layer of gold using a sputter coater (PELEIO00, TellPella, Canada). The

scanning electron microscope was operated at ateaation voltage of 10 kV.

2.5.4. Bulk and tap density

Bulk and tap density of ABZ raw material, SD powslghBZ-STC and ABZ-SGC) and
lactose were measured by using a 10 mL graduatediey. Bulk density k) was
calculated as the ratio of the weight of the powatarred in the cylinder with respect to
the volume occupied by the powder. Tap densigy)was calculated by tapping the
cylinder until no measurable change in volume waseoved. All determinations were
made in triplicate. Carr IndexC() was calculated using Eq.(2) and the results were

interpreted according USP classification [25].

CI (%) = Ze=0butk 4 100 )

5tap

2.5.5. Porosity

Pore size distribution of the SD ABZ-STC and SD AB&C powders was determined
in a Autosorb iQ gas sorption analyzer (Quantaclerémtruments, Boynton Beach, FL,
USA) by using the Brunauer-Emmet-Teller (BET) metlielative pressure range: 0.05-
0.30). Samples were degassed at 50°C for 24dnebahalysis. Pore volume

distribution was calculated with the Barrett-Joyhkalenda (BJH) model.
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2.5.6. Aerodynamic performance

The aerodynamic patrticle size distribution of SDZABTC and SD ABZ-SGC powders
was determined using a Next Generation Impactor (RGplay, Nottingham, UK) [26,
27] equipped with a pre-separator (PS).

To ensure an adequate dispersibility of the padidhe samples were mixed with lactose
in a ratio 1:2 (SD powder:lactose w/w) and 1:1 (@wder:lactose w/w). It is known
that during inhalation, the drug particles are de¢a from the surface of lactose, the
carrier particles impact in the oropharynx andupper airways and they are swallowed,
while the inhalable drug particles go to the lowarts of the respiratory traf@8].

A 3-size gelatin capsule was filled with 80 mg af fowder The doses used represent
3.25% or 5% of the maximum dose administered omalBdults (400 mg twice per day).
The filled capsule was placed in a RS01 high resest inhaler (Plastiape). The NGI
stages were precoated with glycerin to avoid partie-entrainment.

Pressure drops of 2 and 4 kPa across the NGI v8seyed, being the circulating air
flowrate 42.5 and 60 L/min, respectively. AlthoudBP specifies as a standard test
condition a pressure drop of 4 kPa, the formulatioave also been tested at 2 kPa to
evaluate the effect of the inspiration rate ona@msolization performance [26]. For
both flowrates analyzed, the aerodynamic cutoffnditers of each stage of the NG| were
calculated as previously described [25-27, 29].

The powders deposited on the NGI stages, inhalducition port, mouthpiece adapter
and PS were recovered with an appropriate volunehainol. The ABZ content in each
stage or NGI component was determined by UV spelbttometry at 217 nm.
Experiments were done in triplicate. The emittedtion (EF), the fine particle fraction

(FPF) and respirable fraction (RF) were calculagdollows [30]:

drug mass deposited on induction port, pre—separator and all the NGI stages

EF% =

x100  (3)

total drug recovered
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FPF% = drug mass deposited on stages 3—7 and micro—orifice collector 00 (4)
0= drug mass deposited on induction port, pre—separator and all the NGI stages
drug mass deposited on stages 3—7 and micro—orifice collector
RF% = —2& . & 100
total drug recovered
®)

The mass median aerodynamic diametviAD, Dsg), D1g andDgy as well as the
percentage of particles with aerodynamic diamdielsw 5 um, 3 um and 1 um were
determined by using polynomial equations that adpufor the passing volume
cumulative distribution (built considering the dmmgss collected in NGI-1-7 stages and
the micro-orifice collector).

The geometric standard deviatidB3D), which represents the spread of an aerodynamic

particle size distribution, was calculated Bg/{D1¢)*>

, whereDg, andD,¢ represent the
diameters at which 84% and 16% of the drug maseeaevered from the NGI 1-7

stages and micro-orifice collector, respectively.

2.5.7. Constrained drop surfactometer analysis

The effects of ABZ-STC and ABZ-SGC powders on tigefunction were analyzed by
the constrained drop surfactometer (CDS) methodSBiface Instruments, Honolulu,
HI) under the operating conditions previously dissat by Sgrli et al [31-33]. Curosurf
(porcine lung surfactant, LS) was diluted in wateachieve a final concentration of 2.5
mg/mL. For exposure experiments, a drop (10 ulthefcurosurf solution was placed on
a pedestal. The drop was compressed/expandedh&&s8@% of its initial area, at a
cycling frequency of 40 cycles/min to simulate thevements of the lung during
breathing. For each experiment, a baseline (fouttexposed LS drop) was determined.
The powders were continuously introduced into tm@naber by a Venturi tube connected

to a multidose aerosol device Turbuh&8l&the deposited doses were measured with a
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quartz crystal microbalance (Vitrocell, Waldkirébermany) in real time. The dose was
increased from O to approximately 11 pg of ABZ-Sar@l ABZ-SGC powders per mg of
LS. The minimal surface tensions of the drop beforé during exposure were analyzed
for the whole range of doses using ADSA (Axisymmeeilrop Shape Analysis) [33].

The experiments were performed five times (N=5).

2.6. Satistical analysis

Statistical analysis was performed using multigtiests, using GraphPad Prism software
v6.05 (GraphPad Software Inc, San Diego, Ca, UBARnlues lower than 0.05 were
considered statistically significant. Data représka mean value + standard deviation.
The number of repetitions of the experiments iscaed in each section of Material and

methods.

3. Results and discussion

3.1. Characterization of the suspensions of ABZ with bile salts

Table 1 shows information about the particle sisgrithutions of the raw ABZ powder
and the suspensions before and after the homodenizand sonication processes. ABZ,
as supplied, presented a median size of 7@31By producing a suspension of ABZ
with bile salts, an important decrease infhgvalue of ABZ could be observed.
Interestingly, théds, of the initial ABZ-STC suspension was about 3 tifaeger than
the Dsp exhibited by the initial ABZ-SGC suspension, suggesthat SGC is more
effective as surfactant than STC. A similar behawias found for suspensions of
tobramycin with STC and SGC [34].

To reduce particle size, homogenization and sapicalf the dispersions were
performed prior to HPH (Table 1). The homogenizaficocess produced a 52%
reduction in thég, of theABZ-STC system, while it did not change tbg, of ABZ-
SGC suspensio@n the other hand, sonication significantly redu@dund 50%) the

particle size of both suspensions, obtairigof 11.87 and 6.08m for the ABZ-STC
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and ABZ-SGC systems, respectively. The span vales close to or higher than 2,
indicating that all the particle size distributionsre dispersed before HPH process.

In order to confirm the higher capacity of SGC adactant, the surface tensions (ST) of
water, the solutions of STC and SGC in water, ardABZ-STC and ABZ-SGC
suspensions were measured. The initial surfacéten$ water was 73.3 mN/m. By
adding SGC, the surface tension of the solutiomedeed to 54.0 mN/m, whereas the
addition of STC reduced the water surface tengid@Bt4 mN/m. These results
confirmed that SGC is more efficient at reducing sarface tension of water than STC.
When the surface tension of the solutions of STCSGC in water and the suspensions
of ABZ containing SGC or STC were compared, andase in the surface tension was
observed for the ABZ-SGC suspension (64.4 mN/m)leathe value remained almost
unchanged for the ABZ-STC suspension (67.9 mN/h@s€ results suggest that the
SGC is interacting strongly with the ABZ particiesuspension [35], which explains
the increase in the water surface tension, whéariteraction of STC with the ABZ
particles is low, leading to a similar water sugaension in the ABZ suspension.

It is well known that the amidation of the carbogybup with amino acids, such as
glycine or taurine, contributes to changes in hptiiac-lipophilic balance (HLB) of bile
salts. Thus, tauroderivatives are more hydropttién glycoderivatives, which are more
hydrophilic than the original salts [36]. Housaikbbet al.[37] synthesized
nanostructured inorganic particles with varioudatants, having different HLB values
and they found that particle size and PSD increastdincreasing surfactant HLB
values. These results are in agreement with oar; ddttich showed that the suspension
containing SGC has a significantly lower partidleeghan the suspension stabilized with

STC (with higher HLB) during the whole process.

3.2. Influence of the HPH processing on the particle size of the nanosupensions
After homogenization and sonication, the suspessidiABZ-SGC and ABZ-STC were

processed by HPH and patrticle size distributioneva@alyzed as a function of the

12
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applied homogenization cycles (Section 2S and TableSupplementary material). After
10 homogenization cycles (considered appropriapedduce the ABZ
nanosuspensions), the Z-average diameters werartb490 nm for ABZ-SGC and
ABZ-STC, respectively. Results from other authdrsveed that after HPH process, SGC
was more suitable to stabilize tobramycin nanosusipas, compared with STC, leading
to nanosuspensions of lower particle size [34ihincase of our formulations, although
the particle size of the ABZ-SGC nanosuspensiomdee to be smaller compared to
ABZ-STC in all the homogenization cycles performigud differences were not

statistically significant.

3.3. Spray-drying process yield and outlet air temperature

The nanosuspensions were then processed by syprag.dfable 2 shows the SD yield
and outlet air temperature for both systems. Thikebair temperature was
approximately 70 °C, well below the degradationgiermature reported for ABZ (140 °C)
[38]. FT-Infrared Spectroscopy results confirntleat processing did not affect the
chemical stability of the drug (Section 3.S, Supm@eatary material). The process yield
was 50% for SD ABZ-STC and 60% for SD ABZ-SGC. Btetistical analysis has
shown that the differences in the yields of therfaliations are not significant and that

they can be considered acceptable for lab-scatesdi39].

3.4. Characterization of the SD powders

3.4.1. Particle size distribution and powder moisture

Table 2 presents the moisture conténg, Dsy, Dgg and span of the SD ABZ-STC and
SD ABZ-SGC powders. Considering that a moisturegexanof 5% w/w is acceptable for
inhalation powders [40], the combination of theestdd operating conditions and
formulations allowed the production of particleshwiery low water contents (< 1%).
The comparison between formulations shows thatbisture content of SD ABZ-SGC

is significantly lower than SD ABZ-STC powder. Acding to Seville et al., a reduction

13
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in the ST decreases the moisture content of teel grarticles due to the greater
permeation of heat into the atomized liquid fedd @&ir results (Section 3.1) showed
that solutions and suspensions developed with S&€ lower surface tension than
solutions and suspensions of STC. Thus, the loveéstare content of SD ABZ-SGC
formulations compared with SD ABZ-STC can be duthtohigher capacity of SGC to
reduce the ST of ABZ formulations.

The SD ABZ-SGC and ABZ-STC powders also presentédtse geometric median
diameters (lower than dm) for pulmonary administration. The differencestinDsy
values of the SD ABZ-SGC and SD ABZ-STC powdersenest statistically significant.
According to the span values, the SD ABZ-STC plartsize distribution could be

considered narrow, while it was slightly more disgefor the SD ABZ-SGC.

3.4.2. Morphology

The morphology of the ABZ raw material and SD powd@BZ-STC and ABZ-SGC)
was analyzed by scanning electron microscopy (S@Eidure 1).

As shown in Figure 1A, the ABZ raw material exhdoita laminar structure [60]. The
ABZ raw material presented some particles that wareh larger than those observed
for the SD powders. This is in agreement with ddi@mined by laser diffraction for the
ABZ raw material Dsp = 76.31um, Table 1). On the other hand, the SEM micrographs
of the SD ABZ-STC and SD ABZ-SGC powders (Fig. I8l 4 C, respectively) suggest
that the particles were agglomerates of small gdagiwith a final size of approximately
4 um, also in agreement with the previous laser diffom results of the SD ABZ-STC
and SD ABZ-SGC powder®g, = 3.72um and 3.8Gum, respectively, Table 2). In
addition, the SD ABZ-STC and SD ABZ-SGC patrticlesmed to present pores, due to

the agglomeration of the nanopatrticles.

3.4.3. Flow properties
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A common indicator of powder flowability is the €arcompressibility indexdl). The
flow of ABZ raw material, SD ABZ-STC, SD ABZ-SGC adfactose was evaluated by
means of theCl. According to USPCI values higher than 30 indicate poor powder
flowability and values lower than 25 indicate goaflcharacteristics [25]. As shown
in Table 3, theCl of ABZ raw material was about 35%, exhibiting pdlow properties
according to the USP. The SD powders also showed fowability properties Cl
values of about 31% and 28% for SD ABZ-SGC and SBZASTC systems,
respectively).

The two main factors that generally affect powd@aability are particle shape and
size. Spherical particles (> 50n) with smooth surfaces often flow better than toug
non-spherical particles [41]. In addition, whentjzde size decreases, the flowability of
the powder is reduced due to interparticle forpesnarily the Van der Waals attractive
forces), which become larger in relation to gretwtaal and drag forces. Therefore, fine
powders with median diameters smaller than 30 ptenoéxhibit poor flow and a
tendency to agglomeral42]. Since particles suitable for pulmonary deliveryédto be
very small, they are usually cohesive. Although 8@ ABZ-STC and SD ABZ-SGC
particles were more rounded than the raw matetid, SD formulations presented
particle sizes of 3.72 um and 3.86 um respectifEdple 2) and the poor flowability of
the tested powders was expected.

Dry powder inhalers are usually formulated as a gmwmixture of coarse carrier
particles[43] to improve drug particle flowability, thus impran dosing accuracy and
minimizing the dose variability observed with driggmulations alone [28]. Hence, in
this work the SD samples were mixed with lactoséhvexcellent flow properties

(Cl=3.13, Table 3).

3.4.4. Porosity determination



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

16

The surface areas of SD ABZ-STC and SD ABZ-SGC $ssnpere 10.8 m?/g and 8.8
m?/g, respectively. These results could be atteithuid both particle size and porosity.
According to the pore volume distribution, the 0$&TC as surfactant resulted in
enhanced product porosity. Figure 2 shows that 8Btiparticle systems have similar
pore sizalistributions, SD ABZ-STC has pore diameters sliglarger than SD ABZ-
SGC. Moreover, SD ABZ-STC has more mesopores (2rd0and macropores (> 50
nm) than SD ABZ-SGC [44].

It has been reported that when suspensions aie loyi8€D, agglomerate-like particles
are formed. Typically, the transformation of th@asuspensions into aggregates by
spray drying employed pharmaceutical excipientshsas polymers, sugars and
surfactants. They act by forming “excipient bridgésterconnecting the nanoparticles
[45]. The evaporation of water from sprayed droplets pced the agglomeration of
particles, generating porous structures which enfsther moisture evaporation through
pores and capillaries [46]. These data agree withanalysis of surface area
determination (Figure 2) and with the microgragfigire 1), where some pores are
visible between the agglomerated crystals in batimiilations. Moreover, these results
are in accordance with the low moisture leveldamdbtained products (Table 2).

The differences in porosity found in SD ABZ-STC &id ABZ-SGC formulations
could be attributed to the interaction between ABid the surfactants used. In this
sense, based on the surface tension results (sgerS& 1), we concluded that SGC
showed higher interaction with the suspended ABZigdas than STC. Therefore, SGC
could generate more interparticle bridges, whicliliancrease the nanoparticle

proximity; and thus, it would decrease the porositthe final microparticles.

3.4.5. Aerosolization performance
In order to analyze the quality of SD ABZ-STC ardl ABZ-SGC for pulmonary
application, the aerosolization performance offigicle systems was evaluated by

using the NGI cascade impactor.
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Several articles have demonstrated the effect3 6f&hd SGC as enhancers of the
absorption of hydrophobic drugs and peptides-pnstddoth through the pulmonary
route [17] and other routes of drug administrafit®, 47-51]. However, to date, the
capability of the bile salts as enhancers of thhesadization properties has not been
exhaustively explored. Li et al. [15] found thaSiT C was incorporated into hon-viral
gene therapy formulations prior to SD of the solusi, this resulted in a powder with
cavities, with reduced deposition in the throat atadje 1 in the evaluation iofvitro
deposition of dry powders. The results showed $#7&@ improved the aerodynamic
properties by deaggregation of the powder aggloteefd5].

Our results for different SD powder:lactose rashewed that the EFs were above 90%
for both SD powders (Table 4). On the other hamel RPF and RF were significantly
higher for SD ABZ-STC than for SD ABZ-SGC. Accordito these results, the
performance of SD ABZ-STC was better than thatfABZ-SGC, which is consistent
with the data previously reported. Porous partictegtain a high void space, producing
particles with low density, leading to a low aerpdsnic diameter, and consequently,
high respiratory fractions [52]. As shown in Fig@yeghe SD ABZ-STC presented higher
porosity than SD ABZ-SGC, which may explain thdeténces in the percentages of
respiratory fraction of each formulation.

For a SD powder:lactose ratio of 1:2, M&AD for SD ABZ-STC was about 18,
whereas th&IMAD for SD ABZ-SGC was about 2;3@n (Table 5). The differences
between th&MAD values of both formulations were not statisticailynificant, but a
tendency to loweMMAD for the SD ABZ-STC, compared to SD ABZ-SGC, wasa.
In order to administer a suitable drug dose byptlienonary route, without significantly
decreasing the flow properties, a SD powder-lactage of 1:1 was used. The EF, FPF
and RF values (Table 4) and the percentage ofcfeatsmaller than 5 um and 3 um
(Table 5) for both formulations were similar tottisdtained with a SD powder:lactose

ratio of 1:2. Present results allow us to concliid the incorporation of a high dose of

17
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SD powder does not affect the aerodynamic behaarat it would be a good approach
for the administration of an effective dose of ABZ.

For both SD powders and different powder:lactoiesathe RF values were higher than
70% (Table 4), and 90% of the particles presentegiesodynamic diameter below 5 pm
(Table 5). The GSD values obtained (lower tharh@ed that the aerodynamic
diameter distributions were narrow [53]. Therefdhe, formulations could be adequately
deposited throughout all the regions of the lungs effectively reach the lower airways

[54].

3.4.6. Aerodynamic behavior under special conditions

Dyspnea is a frequent symptom in patients with jpmany CE [4, 55]. In order to
determine the performances of the SD ABZ-SGC and\BR-STC powders under
conditions that simulate reduced respiratory capacascade impactor experiments
were performed using a low pressure drop of 2 K3egtjon 2.5.6).

As shown in Table 4, the RF of SD ABZ-STC:lactakd ) and SD ABZ-SGC:lactose
(1:1) formulations were of 69.00% and 48.98%, respely (percentages lower than RF
values obtained under normal respiratory condijidmsaddition MMAD values and the
percentage of particles smaller thaprd were similar to those obtained under normal
conditions (Table 5). Even though the special doon affected some aerodynamic
parameters, all the values obtained are adequafBid administration by inhalation.
On the other hand, in agreement with our previesslt under normal pressure drop
(Section 3.4.5), the RF of SD ABZ-STC was signifitba higher than SD ABZ-SGC.
Again, it can be attributed to the higher porositysD ABZ-STC than SD ABZ-SGC

[52].

3.4.7. Effects of ABZ dry powders on LSfunction
LS plays an important role in ensuring lung funcélity [56]. The analysis of the

minimum surface tension is a useful tool to stu@&damage, given that a significant



492  increase in this parameter is indicative of detation in the surface film and could lead
493  to alveolar collapse. It has been proposed th#tgeiin vivo minimum surface tension
494  exceeds 10 mN/m, this may lead to atelectasis [57].

495 In this work, the effects of the SD ABZ-STC and 8BZ-SGC formulations on LS

496  functionality were studied by constrained drop actdmeter (CDS). Sarli et al. analyzed
497  the applicability of the CD& vitro model as a predictor for lung toxicity vivo both

498  for impregnation products and for potential pharendical enhancers (bile salts,

499 including the two used in the present study) [&], Bor impregnation products tie

500 vitro-invivo correlation demonstrated that all the analyzedpets that induced acute
501 respiration toxicity in mice upon inhalation alstibited the LS functioim vitro.

502  Therefore, they concluded that this method mayttyreaduce the number of animals
503 used for toxicity testing and formulation of nevogucts [58]. The bile salts induced
504  rapid shallow breathing upon inhalation by mice, toncentration that induced rapid
505 shallow breathing was ranked, and this rank wasdahnee as when compared to the
506  concentration that inhibited LS function [31] . Tihiée salt concentrations tested in the
507 paper by Sgarli et al (2018) was much higher thahenpresent work.

508 Figure 3 shows that when the SD ABZ-STC and SD ABAC powders were

509 aerosolized and introduced into the CDS chambemrimimum surface tension

510 increased slightly compared to the baseline valuatsthey were all well below 10

511  mN/m. Neither formulation affected the LS functiainthe analyzed doses, which

512 suggests that the SD powders do not disrupt thiih&ion.

513

514 4. Conclusions

515 Inthe present work, two formulations containing tiydrophobic drug ABZ and the bile
516 salts STC and SGC, for local delivery of ABZ thraube pulmonary route, were

517 developed and compared. Both products were obténg@rdocessing aqueous

518  suspensions using simple and scalable techniquels,as high-pressure homogenization

519 and spray drying. Thereby, the use of organic swb/eas avoided.
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Our results demonstrate that although SGC is aibatispension stabilizer than STC, the
formulation containing STC presented a better agrachic behavior, as a result of the
higher porosity of the powder, compared with SD AB&C. Thus, we conclude that the
bile salt type can differently affect the porosifythe nanoaggregates obtained, leading
to formulations with different aerodynamic profileghich is relevant for lung drug
delivery applications.

Nevertheless, both SD powders presented high yileldsmoisture content and high
percentages of respirable fraction (under normdlsp®cial conditions) and they did not
affect the lung surfactant functionality. Thus,b@rmulations could be attractive
strategies to target ABZ for the treatment of piticadiseases affecting the respiratory
system. However, drug dissolution andivo studies should be performed to establish a
correlation between tha vitro results obtained in this work and the efficacyhaf

formulations.
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Figure captions

Figure 1. Morphology of ABZ raw material (A) and the SD pasvd of ABZ-STC (B) and
ABZ-SGC (C) by scanning electron microscopy (SEMA anagnification of 8500 X and 20000

X.

Figure 2. Barrett-Joyner-Halenda (BJH) pore size distributfoom N, adsorption isotherm

expressed as pore volume.

Figure 3. Minimum surface tension of the lung surfactant (B&gr administration of the spray
drying products ABZ-SGC (A) and ABZ-STC (B) at dedmetween 1 and 11 ug/mg of LS. Data
represent the mean value + standard deviation. edperiments were performed five times

(n=5).



Table 1.Median volumetric diametebg) and distribution widthgpan) of ABZ-STC and ABZ-SGC suspensions (initial susgpens
and suspensions obtained after homogenization@ridagion operations).

Raw material Suspension ABZ-STC Suspension ABZ-SGC
Particles size ABZ Initial . Homogenization Homoggnlgatlon/ Initial . Homogenization Homoggnlgatlon/
suspension Sonication Suspension Sonication
Dy, (nm) 76.31+2.99 4497 +1.55 21.65+0.16 11.87 £0.79 1490 £0.12 15.57 £0.25 6.08 £ 0.00
(**) (**) (**)
Span 114 1.95 252 2.28 451 431 253

Asterisks (*) indicate significant differences beemDs, values of ABZ-STC and ABZ-SGC suspensions at stafpe of the process. **, p < 0.01.

Table 2. Particle sizeD,, DspandDgg), outlet temperature, yield and moisture of SD ABEZC and SD ABZ-SGC powders.

Oulet

i 0 i 0 D m D m D m
Yield (%) temperature (° C) Moisture (%) 1 (RM) 5 (M) o (HM) Span
ABZ-STC 50+10 68+1 0.70£0.04 1.10 £ 0.09 3.72£0.06 8.38 £0.40 1.96
ABZ-SGC 60+6 69+1 0.56 £0.02 (¥) 1.06 +0.02 3.86 £0.30 9.56 + 0.80 2.20

Asterisk (*) indicate significant differences beememoisture values of ABZ-STC and ABZ-SGC SD powd&rp < 0.05.

Table 3.Bulk density, Tap density and Carr Index deternameat of ABZ raw material, SD powders and

lactose.
Material ABZ raw material ABZ-STC ABZ-SGC Lactose
Opulk (g/mL) 0.34 +0.01 0.28 +0.01 0.27 £0.00 0.66 +0.00
Jtap (g/mL) 0.53 +0.02 0.38+0.01 0.40 £0.01 0.68 +0.01
Carr Index 35.43+1.54 27.61 +0.83 31.00+1.41 3.13+1.48

Flow (Classification) Poor Poor Poor Excellent




Table 4.Emitted fraction (EF), fine particle fraction (FP&0d respirable fractiofRF) of SD ABZ-
STC and SD ABZ-SGC powders under different opegationditions.

SDiI(;:gtose Pres(f(l:)r;e)drop EF (%) FPF (%) RF (%)
1:2 4 94.13 £1.46 83.40 +5.36 (*) 78.45 +3.83
ABS-STC 1:1 4 96.80 + 2.40 79.90 +0.71 (¥) 77.10 £1.06 (**)
1:1 2 93.27 +2.41 73.95+255 (*) (#)  69.00 +4.15 (**)(#)
1:2 4 96.50 £ 0.51 74.20 £1.44 70.50 £ 3.45
ABZ-SGC 11 4 93.50 £1.08 76.50 £ 1.57 7150 +£2.29
11 2 90.75+£0.78 53.97 +3.72 (###) 48.98 + 2.94 (###)

Asterisks (*) indicate significant differences dPI-RF values from SD ABZ-STC and ABZ-SGC, when carmg the

same experimental conditions. Hashtags (#) indiigt@ficant differences of FPF-RF values obtainden comparing the
pressure drops of 4 kpa and 2 kpa, for each forionlaOne symbol indicatgs< 0.05; two symbols indicage< 0.01 and

three symbols indicate< 0.001.



Table 5. Aerodynamic diameteiD(o, Dsy, Dgo andDgg), GSD and percentage of particles whose sizeoaverlthan 5 um, 3 um and 1 um
of SD ABZ-STC and SD ABZ-SGC powders.

SD/Lactose Pressure Particles Particles Particles
- D m D m D D
ratio drop (Kpa) 10 (M) so (M) oo (KM oo (M) <5um (%) <3um(%) <1 um(%) GSD
1:2 4 0.65+0.03 1.87+0.20 4.05+0.09 8.00+0.84 913 754 23+2 2.13+0.04
ABS-STC 1:1 4 0.80+0.01 221+001 435+0.06 8.02+0.01 891 67+3 10+1 1.99+0.01
1:1 2 0.76 £+0.00 2.07+0.01 4.07+0.07 4.89+0.15 921 74+1 10+1 1.98+£0.01
1:2 4 0.77+0.06 225+0.14 456+0.33 7.92+0.07 901 64 +6 13+1 2.05+0.03
ABZ-SGC 1:1 4 0.77+0.02 221+005 446+0.11 7.89+0.01 89z%2 65+3 10+1 2.03+£0.00

11 2 0.75+0.04 220+0.16 496+051 6.59+0.04 85%4 65+2 12+1 2.15+0.04
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