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Abstract

Previous studies have shown that combining colistin (Col), a cationic polypeptide antibiotic, with
ivacaftor (Iva), a cystic fibrosis (CF) drug, could achieve synergistic antibacterial effects against
Pseudomonas aeruginosa. The purpose of this study was to develop dry powder inhaler (DPI)
formulations for co-delivery of Col and Iva, aiming to treat CF and lung infection simultaneously.
In order to improve solubility and dissolution for the water insoluble Iva, Iva was encapsulated
into bovine serum albumin (BSA) nanoparticles (Iva-BSA-NPs). Inhalable composite
microparticles of Iva-BSA-NPs were produced by spray-freeze-drying using water-soluble Col as
the matrix material and L-leucine as an aerosol enhancer. The optimal formulation showed
irregular-shaped morphology with fine particle fraction (FPF) values of 73.8 = 5.2% for Col and
80.9 + 4.1% for Iva. Correlations between “D X \/p;qppeq” @nd FPF were established for both Iva

and Col. The amorphous solubility of Iva is 66 times higher than the crystalline solubility in the
buffer. Iva-BSA-NPs were amorphous and remained in the amorphous state after spray-freeze-
drying as examined by powder X-ray diffraction. /n-vitro dissolution profiles of the selected DPI
formulation indicated that Col and Iva were almost completely released within 3 hours, which was
substantially faster regarding Iva release than the jet milled physical mixture of the two drugs. In
summary, this study developed a novel inhalable nano-composite microparticle using a synergistic
water-soluble drug as the matrix material, which achieved reduced use of excipients for high-dose
medications, improved dissolution rate for the water-insoluble drug and superior aerosol
performance.
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The compositions of formulations are presented in Supporting Information to show the concentration of each component in each
formulation.
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1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disease triggered by mutations in the gene
encoding the CF transmembrane conductance regulator (CFTR) proteinl. Many organs such
as lungs, pancreas, kidneys, and intestines are affected by CFTR mutations. In the lung,
mutations in the CFTR protein result in the production of thick and sticky mucus, which
leads to airway obstruction, severe recurring infection, inflammation and eventual lung
failure3. Recent studies have identified the main bacterial species underlying lung infections
in CF patients as Staphylococcus aureus (SA) and/or Pseudomonas aeruginosa (PA). Lung
infections caused by SA and PA play a key role in morbidity and mortality in CF patients,
which is why treating lung infection is one of the therapeutic goals for CF4.

Ivacaftor (lva), approved by the Food and Drug Administration (FDA) recently for the
treatment of CF, is a CFTR “potentiator”. It extends the opening time of the ion channel
formed by the CFTR protein® 6. Due to the quinoline ring structure, Iva demonstrated
antimicrobial activity against SA with a MIC of 8-32 mg/L"- 8. In addition, recent research
reported that Iva has significant antimicrobial activity against PA when combined with
polymyxin B.

Colistin (Col), which belongs to the polymyxin family, is a polycationic cyclic peptide that
has potent bactericidal activity against Gram-negative bacteria including PA, Acinetobacter
baumanniiand Klebsiella pneumoniael®. The antibacterial mechanism of Col is due to
strong electrostatic interactions between the positively charged drug molecule and the
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negatively charged bacterial membranell. Recently, due to the development of rapid
resistance against first-line antibiotics, Col has been increasingly used as a last-line
antibiotic against multidrug-resistant Gram-negative bacteria in CF patients1® 12, However,
previous studies showed that the efficacy of parenteral Col for lung infections in CF patients
is low due to the suboptimal delivery of parenterally administered Col to the infection sites
at the surface of lungs!3. Simply increasing the dose of parental Col is not an option due to
dose-limiting severe nephrotoxicity!#. In the past decade, inhaled Col has become a
complementary therapy for lung infections in CF patients?3.

Pulmonary drug delivery system (PDDS) can directly deliver drugs to the lung to increase
the local drug concentration and limit systemic adverse effects®17/. Among PDDS
technologies, dry powder inhalers (DPIs) exhibit advantageous portability and stability181°,
Co-delivery DPIs containing both Iva and Col are a promising approach for the treatment of
CF and its associated lung infections. However, the solubilities of lva and Col vary widely;
the former is hydrophobic and the latter is hydrophilic. Consequently, it is necessary to
improve the aqueous solubility of Iva so as to enhance its dissolution and therapeutic activity
in the lungs.

Nanoparticles have popular to improve drug physicochemical properties and formulation
performance such as enhanced stability, controlled drug release and enhanced binding
capacity of various drugs?® 21, Bovine serum albumin (BSA) is a widely employed
nanocarrier attributed to its low cost, safety and non-immunogenicity?2 23, In addition, BSA
is known to bind many compounds with different structures and solubility characteristics24.
Moreover, the unique ligand-binding properties of BSA may improve the solubility and or
dissolution of bound poorly water soluble drugs and enhance their bioactivity2°.

In this study, lva-loaded BSA nanoparticles (Iva-BSA-NPs) were prepared by an antisolvent
method to enhance Iva solubility. Then, DPI formulations for co-delivery of Col and BSA-
Iva-NPs were produced by spray-freeze-drying. Literature has shown spray-freeze-drying
may produce porous particles with low density and superior aerosol performance.26: 27 The
resultant formulations with different initial solid contents for the spray-freeze-drying feed
solution were characterized regarding size distribution, true density, morphology, and /-
vitro aerosolization properties. Also, /n-vitro dissolution and cytotoxicity of the optimal
formulation were determined.

Materials and methods

Materials

Ivacaftor (lva) and colistin (Col) were purchased from AOKChem (Shanghai, China) and
Betapharma Co. Ltd. (Jiangsu, China), respectively. Bovine serum albumin (BSA, purity >
98%, Mw 66.5 kDa), glutaraldehyde and L-leucine were supplied by Sigma-Aldrich Inc. (St.
Louis, USA). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and
acetonitrile (HPLC grade) were obtained from Thermo Fisher Scientific Inc. (Massachusetts,
USA). The fetal bovine serum and Dulbecco’s Modified Eagle Medium (DMEM) were
purchased from Gibco Life Technologies Corporation (Eugene, USA). All other reagents
and chemicals were analytical grade.
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2.2. Determination of crystalline solubility and amorphous solubility for Iva

The equilibrium crystalline solubility in pH 6.8 buffer was determined by measuring the
concentration of dissolved drug in a saturated solution. An excess amount of Iva was added
to the buffer and the solution was stirred at 300 rpm for 48 h at 37 °C. The undissolved solid
was removed from the saturated solution by ultracentrifugation (Optima L-100 XP, Beckman
Coulter, Brea, CA) at 35000 rpm. The concentration in the supernatant was analyzed with a
high performance liquid chromatography (HPLC) system (1260 Infinity, Agilent
Technologies, Santa Clara, CA) with an Ascentis Express C18 column (10 cm x 3.0 mm, 2.7
um, Sigma-Aldrich, St. Louis, MO). The mobile phase consisted of 60% acetonitrile and
40% water (v/v). A flow rate of 0.35 mL/min at 210 nm were used.

The amorphous solubility was measured by determining mass flow rate of Iva across a
cellulose acetate membrane at different lva concentrations.28: 29 It has been shown that the
flux across a membrane increases linearly with an increase in free drug concentration until
the amorphous solubility is reached.?8 A side-by-side diffusion cell (PermeGear, Inc.
Hellertown, PA) of 34 mL volume (donor or acceptor compartment) and 30 mm orifice
diameter was used to evaluate Iva flux across the membrane at various lva concentrations. A
cellulose membrane with cutoff of 6-8 kDa was placed between the donor and acceptor
compartments. Both the donor and acceptor compartments contained 33 mL of pH 6.8
phosphate buffer with 100 pug/mL hypromellose acetate succinate MF grade (HPMCAS-MF,
to prevent crystallization of the drug in the buffer). Various aliquots of an Iva stock solution
in dimethyl sulfoxide (5 mg/mL) were added to the donor compartment to achieve the
desired concentration. Drug concentration in acceptor compartment was analyzed as a
function of time by HPLC. At each sampling point, 100 pL of solution was withdrawn from
the acceptor compartment. The slope of concentrations in the acceptor compartment vs. time
when plotted represented the mass flow rate across the membrane. The mass flow rate across
the membrane increased with an increase in concentration in the donor compartment, until
the amorphous solubility was reached. At the concentrations above amorphous solubility, the
maximum free drug concentration was reached, and the mass flow rate across the membrane
remained unchanged. Thus, amorphous solubility of lva was estimated as the concentration
where the mass flow rate first reached the plateau value.

2.3. Preparation of Iva-BSA-NPs

Iva-BSA-NPs were produced by the antisolvent method with some modifications2%: 30. 31,
Initially, BSA and Iva with mass ratios of 20:2, 25:2 or 30:2 were dissolved in ultra-pure
water and dimethyl sulfoxide (DMSO), respectively. The volume ratio of aqueous phase to
organic phase was set at 3:1. The nanoparticles were obtained by a continuous dropwise
addition of Iva solution into BSA solution at a constant rate of 1.0 mL/min under an
ultrasonic dispersion (Ultrasonic Bath 5.7L, Thermo Fisher scientific Inc.). After the
antisolvent process, glutaraldehyde solution (8.0%, v/v) was added into the nano-suspension
at a volume ratio of 1:100 with magnetic stirring (400 rpm) for 24 hours at ambient
temperature to fully crosslink the amino groups of BSA. Finally, the resulting Iva-BSA-NPs
were obtained by centrifugation (16,000 g for 20 min), and were washed three times with
ultra-pure water to eliminate free BSA, Iva and excess glutaraldehyde.
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2.4. Preparation of DPI formulations by spray-freeze-drying for co-delivery Col and lva-
BSA-NPs

The co-delivery DPI formulations were prepared by spray-freeze-drying. L-leucine was used
as the matrix and aerosol enhancer excipient in all formulations. The preparation process
was slightly modified from the previous studies32 33, Col solution (4.0 mg/mL) was mixed
with an equal volume of Iva-BSA-NPs suspension (4.0 mg/mL). The doses here may not
represent the final clinical doses, which should be optimized in /n-vivo studies. The resultant
suspensions were added to solutions of L-leucine to generate a total initial solid content of
1.0, 2.0, 3.0, 5.0, 8.0 or 10.0% w/w, which were termed as F1 to F6 respectively. It is worth
pointing out that the maximum concentration of L-leucine was 20 mg/mL in this study.
When the initial solid content can’t achieve the preset value (1.0, 2.0, 3.0, 5.0, 8.0, 10.0%,
respectively), Col was the supplemented matrix material in L-leucine solution. Therefore, in
addition to being a drug, Col is also a matrix for dry powder particles in F3~ F6. Next, the
suspension was pumped through an ultrasonic atomizer nozzle (9230 Flawil, Switzerland)
into liquid nitrogen with the power set at 3.5 watt with a controlled feed rate of 2.0 mL/min.
Subsequently, the atomized droplets were frozen, collected and transferred to a Labconco
freeze dryer under vacuum (chamber pressure below 0.5 mbar) at —25°C for 48 hours to
achieve the sublimation of solvents. Finally, the microparticles were collected and sealed in
a desiccator with silica beads for further studies.

2.5. HPLC analysis

Iva and Col were analyzed by HPLC (1260, Agilent, Germany) for dispersion and
dissolution studies as described previously with some modifications3# 35. An Eclipse plus
C18 column (4.6x150 mm, 5 um, Agilent, Santa Clara, USA) was employed for the
simultaneous determination of lva and Col. The mobile phase for Col was a mixture of 30
mM sodium sulfate solution (pH adjusted to 2.5 with H3PQ4, 76% v/Vv) and acetonitrile
(24% v/v), while for lva was acetonitrile/water/methanol (3:1:0.17) mixture with pH 3.0 (pH
adjusted with triethylamine). Flow rate was set as 1.0 mL/min and injection volume at 20
uL. Col was detected at 215 nm and lva at 254 nm. Linearity was found at 0.5~100.0 pg/mL
with correlation coefficients (R2) of 0.995 for Col and 0.5~200.0 ug/mL with correlation
coefficients (R?) of 0.999 for Iva.

2.6. Characterization of Iva-BSA-NPs

2.6.1. Particle size and Zeta potential (ZP)—The prepared Iva-BSA-NPs were
analyzed regarding particle size, polydispersity index (PDI) and ZP by Malvern Nano Series
(ZS90, Malvern Instruments Ltd., Malvern, UK). Each parameter was measured in triplicate.

2.6.2. Encapsulation efficiency (EE%) of nanoparticles—During the preparation
of Iva-BSA-NPs, the free Iva in the supernatant after centrifugation was collected and
analyzed by HPLC. Then the EE% was calculated using the following equation.

M -
EE%:(] —M)x 100 % (Eq. 1)
Mtotal Iva
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The Mtree 1va @Nd Migtal 1va Fepresent the unbound and the original concentration of added
drug, respectively.

2.6.3. Morphology of nanoparticles—In order to examine the morphology of the
optimal nanoparticles, a freeze dryer (Free zone 4.5, Labconco, Kansas City, USA) was used
to lyophilize nanoparticles after being washed and collected. Samples were fixed onto
double-sided tape and gold-coated at 40 mA for 60 s using a sputter coater (208 HR,
Cressington Scientific Instruments, Watford, UK). Images were captured by a field emission
scanning electron microscope (NOVA nano SEM, FEI Company, USA) at an acceleration
voltage of 10.0 kV.

2.6.4. Crystallinity of nanoparticles—The physical state of the drug (crystalline or
amorphous) in the optimal lva-BSA-NPs were characterized by the powder X-ray diffraction
(PXRD), using a physical mixture (PM) of BSA and Iva as the control. PXRD
measurements were made using a SmartLab™ diffractometer, (Rigaku Americas, Austin,
USA) with a Cu-Ka radiation source, operating at 40 kV and 44 mA. The scanning 26 range
was set as 5 to 60° with a scanning rate of 5°/min36.

2.7. Characterization of DPI formulations

2.7.1. Particle size, tapped density and true density—The particle size of batches
F1 to F6 was measured by a Malvern MasterSizer 3000 (Malvern Instruments, Malvern,
UK) using a dry dispersion unit with air pressure of 2.0 bar, a refractive index value of 1.65
and feed rate vibration of 50%. The Sya, values were calculated by Eq. 2 based on Dgg, D19
and Dsg, which represent the volume diameter of particles at 90%, 10% and 50% levels,
respectively. Samples were analyzed in triplicate.

Dgo — Djo

Span = Eq. 2
pan D50

The powder bulk density was defined as powder density without consolidation and
determined by carefully pouring the powder into a 100 mL measuring cylinder. Tapped
density (ptapped) Was determined by measuring the mass and volume of the powder after
1000 taps to ensure the density reach a plateau.

The true density of the co-delivery microparticles was determined using a Micromeritic
Pycnometer (AccuPyc 1340, Micromeritics, USA). Each measurement was repeated five
times.

2.7.2. Crystallinity of DPI formulations—Crystalline states of DPI formulations and
the PM of BSA, lva, Col, raw L-leucine and spray-freeze-drying (SFD) L-leucine were
characterized by PXRD using a similar method as described above for the nanoparticles.

2.7.3. Morphology of DPI formulations—Morphology of the co-delivery
microparticles (F1 through F6) were also observed by SEM as described above for the
nanoparticles.
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2.7.4. In-vitro aerosolization—/n-vitro aerosol performance of powder formulations
was assessed using a Multi-Stage Liquid Impinger (MSLI) (Copley Scientific Limited,
Nottingham, UK). Each sample (approximately 10 + 2 mg) was loaded into #3
hydroxypropyl methylcellulose capsules (Qualicaps, Whitsett, USA). Five capsules were
dispersed through a low-resistant RS01 DPI device (Plastiape S.p.A., Osnago, Italy) using a
standard dispersion procedure of 2.4 s at 100 L/min to generate an approximately 4 kPa
pressure drop across the inhaler3®, The cutoff diameters for Stages 1 to 4 of the MSLI were
10.4, 4.9, 2.4, and 1.2 um, respectively36. Drugs retained in each part of dispersion
equipment were washed and dissolved by the Iva mobile phase. Emitted dose (ED) and fine
particle fraction (FPF) were calculated by Eq. 3 and Eq. 4 respectively. Each sample was
evaluated in triplicate.

ED% = USP induction port+S{ + Sy + S3 + S4 + Filter
? ™ Capsule+Device + USP induction port+ S| + S + S3 + S4 + Filter ~ Eq.3
x 100 %

FPF% — S3 + S4 + Filter 100%
? ~ USP induction port+S; + S, + S3 + S, + Filter X 0 Eq. 4

2.7.5. Flowability test of DPI formulations by FT4 Powder Rheometer—The
standard dynamic test was performed to characterize the flowability of DPI formulations
using a FT4 Powder Rheometer (Freeman Technology Ltd., Tewkesbury, UK). The vessel
was filled with 25 mL of powder, then the blades were rotated into the sample while the
rotational torque and axial force were measured3’. Each sample was conditioned with a tip
speed of 100 mm/s and seven replicates, followed by variable tip speeds of 100, 70, 40, and
10 mm/s38, The flow properties are quantitatively expressed by the total energy (TE), basic
flow energy (BFE), and specific energy (SE), where TE is derived from measurements of all
forces acting on the rheometer blade when displacing powder after completion of the test
cycle, while BFE and SE represent the energy required to move down and move up the
blades through the powder, respectively3°.

Dissolution tests

Dissolution experiments were performed at 37.0 £ 1.0°C using a Franz cell (V6B,
PermeGear Inc., USA) with the preset stirring speed of 600 rpm. Samples were fired into the
next generation impactor (NGI, Copley Scientific Ltd., UK) with the flow rate of 100 L/min
for 2.4 s to collect the aerosolized particles in the S4 plate (the cut-off mean aerodynamic
diameter is 1.31pum) with a membrane (Whatman, Buckinghamshire, UK). Twenty milliliter
of phosphate buffered saline (PBS pH 7.4) with 0.5% SDS was used as the /n-vitro
dissolution medium. The membrane containing the aerosolized powder was placed on the
top of the Franz cell and fixed by a holder and a clamp, being in contact with the dissolution
media“®: 41, At each time point of 5, 10, 20, 30, 60, 120, 180 and 360 min, an aliquot of 100
pL dissolution medium was withdrawn and an equal volume of fresh media was added to
maintain a constant dissolution volume. After the last time point, the membrane was rinsed
using the dissolution media in the cell reservoirs to determine the total recovered dose. The
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contents of Col and Iva were determined by HPLC, and each test was performed in
triplicate.

2.9. Cytotoxicity of DPI formulations

The cytotoxicity of selected formulations were evaluated by the MTT assay using a human
lung carcinoma cell line (A549 cells, ATCC, Manassas, VA, USA), which was cultured by
DMEM supplemented with 10% (v/v) fetal bovine serum, penicillin (100 U/mL) and
streptomycin (100 pg/mL). The cells were seeded on 96-well plates at a density of 1x104
cells/well and incubated under 5% CO, and 37°C until adherent growth. Afterwards, the
medium was replaced by 100 pL fresh medium containing 2.0, 4.0, 8.0 and 16.0 pug/ mL of
Iva, and then incubated for an additional 24 h or 48 h. Cells treated with pure fresh medium
were used as the blank control group. At the end of incubation, culture medium containing
drugs was substituted by fresh DMEM and MTT solution (9:1, v/v). Following another 4 h
of incubation, the medium was removed and DMSO was added to dissolve the formazan
crystals. Finally, the optical density (OD) value of each well was measured at 490 nm using
a microplate absorbance reader (BioTek Instruments, Inc., Winooski, USA). Cytotoxicity of
the samples, indicated by the relative cell viability, was calculated by the Eq. 5 (/7=6):

oD

sample cells « 100 % Eq.5

Relative cell viability (% ) = oD
control cells

2.10. Statistical analysis

Data were presented as mean + standard deviation (SD). One-way analysis of variance
(ANOVA) was employed for statistical analysis using SPSS 19.0 software (IBM
Corporation, Armonk, USA). The significant difference was recorded if p<0.05.

3. Results and discussion

3.1. Crystalline and amorphous solubility

The crystalline solubility of Iva in pH 6.8 buffer was 80.1 + 3.7 ng/mL. The amorphous
solubility was determined by measuring the diffusion mass flow rate versus lva
concentration in the donor chamber, shown in Fig. 1. When donor chamber concentration
was below ~5-6 pg/mL, Iva mass flow rate across the cellulose membrane increased linearly
as a function of lva concentration in the donor compartment. At donor chamber
concentrations above 5-6 pg/mL, the diffusion mass flow rate reached a plateau, indicating
maximum free drug concentration had been achieved in the donor compartment. Thus, lva
amorphous solubility was determined as around 5-6 ug/mL. Amorphous Iva is
approximately 60—70 times more soluble than crystalline Iva.

3.2. Characterization of Iva-BSA-NPs

3.2.1. Particle size, ZP and EE%—The main characteristics of lva-BSA-NPs are
presented in Table 1. The mean particle size of lva-BSA-NPs was below 250 nm in all cases,
with a relatively narrow size distribution, characterized by PDI values below 0.3. ZP was
negative due to the charged groups of BSA and the negative charge increased with an
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increase in the mass ratio of BSA. ZP is important to reduce the tendency of aggregation in
the nano-suspension, and therefore to maintain physical stability#2. Moreover, the negative
surface charge of nanoparticles may enhance interactions with the positively charged Col
through electrostatic charge, in the preparation of composite microparticles.

The EE% of Iva-BSA-NPs was higher than 70% due to the high binding capacity of the two

main binding sites (sites I and 11) of BSA with small molecule drugs30. The BSA to Iva ratio
of 25:2 was selected as the optimal formulation for subsequent studies considering size, PDI,
EE% and actual drug loading.

3.2.2. Morphology and crystallinity of nanoparticles—Representative SEM image
of Iva-BSA-NPs (BSA: lva=25:2) are shown in Fig. 2A, demonstrating spherical particles
with a size below 200 nm, and a relatively uniform particle size distribution. PXRD
diffractograms of the raw lva and the PM of BSA and Iva showed sharp crystalline peaks
(Fig. 2B). In contrast, Iva-BSA-NPs did not show peaks, suggesting nanoparticles were
likely amorphous.

The formation mechanism of lva-BSA-NPs is shown schematically in Fig. 2C. In the
antisolvent process, with the addition of organic solvent to the BSA aqueous solution, BSA
undergoes phase separation due to its diminished solubility*3. Subsequently, based on the
binding of protein with small drug molecules via Van der Waals interactions and hydrogen
bonds, coacervates were formed?%: 25 31 Subsequently, the coacervates were further
hardened, attributed to condensation reactions between aldehyde groups of glutaraldehyde
and amino moieties of lysine residues or guanidino moieties of arginine residues** 4°. More
importantly, this process converted the crystal form of Iva to the amorphous glassy state,
which is likely to enhance water solubility and the dissolution rate of the poorly water
soluble Iva.

3.3. Characterization of DPI formulations

3.3.1. Particle size and true density—The particle sizes of powder formulations with
different initial solid contents for the spray-freeze-drying feed solution are shown in Fig. 3.
With the increase in initial solid contents, the mean particle diameter was found to be larger.
All formulations exhibited a Gaussian distribution with the Sp,, value less than 2.0, which
indicated a satisfactory uniformity of particle size.

The true density increased from 0.29 + 0.01 to 0.77 + 0.02 g/cm3 with an increase in initial
solid content of the spray-freeze-drying feed solution (Table 2).

3.3.2. Crystallinity of DPI powders—The PXRD results for powder formulations (F1
through F6), raw drugs (lva and Col), BSA, raw L-leucine, PM, and SFD L-leucine are
shown in Fig. 4A. Because the sharp crystalline peaks of raw L-leucine masked the peaks of
other materials, L-leucine and PM results were excluded in Fig. 4B. The peaks in F1 to F6
correspond to the peaks of SFD L-leucine (e.g. at around 6°, 12°, 19°, 24°, 31° and 33° 26),
but the sharp peaks present in raw Iva are not observed, indicating that Iva was amorphous in
the DPI formulations. These results were consistent with the PXRD data for nanoparticles.
L-leucine, is present in samples F1-6 in crystalline form.
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3.3.3. Morphology of DPI formulations—Fig. 5 shows SEM micrographs of DPI
formulations (F1~F6) at two different magnifications. lva-BSA-NPs were visible in the
microparticles for F1 and F2.

The effect of initial solid contents in the spray-freeze-drying feed solution on the
morphology of powder is apparent. As the initial solid content increased from 1.0% to
10.0%, the morphology of particles changed from irregular to spherical. This could be due to
low solid content fails to form a continuous matrix or because at low initial solid contents,
particles are very fragile and collapse during lyophilization under vacuum, which are
consistent with previous reports26: 27,

3.3.4. Flow property of DPI formulations by FT4 Powder Rheometer—The
powder flow properties are important to not only the DPI manufacturing processes such as
filling powder into a capsule or a blister, but also the emitted dose.#” The flow properties are
shown in Fig. 6. The high repeatability of the initial seven tests indicates a stable rheology,
and the sensitivity to flow rate is determined by tests eight to eleven8. As shown in Fig. 6A,
F1 to F5 had constant TE in the initial seven tests with the exception of F6, reflecting the
weaker resistance to forced flow for this system when compared with other formulations.
During tests eight to eleven, F5 and F6 exhibited an increase in TE, which meant it needed
more energy to move the blade through the samples. This is because the dense and spherical
microparticles (F5 and F6) are more resistant to flow during the measurements. Therefore,
the porosity of irregular microparticles with lower bulk density (Table 3) means that they are
relatively less resistant to flow*8: 49, Similarly, BFE (Fig. 6B) and SE (Fig. 6C) values of F1
to F6 were also showed the same variation tendency as the TE. Usually, BFE and SE were
affected by the gravitational forces and the inter-particulate forces, respectively. And a high
BFE and SE indicated the microparticles were hard to be driven by airflow, that was, the
formulations with poor aerosolization properties.

3.3.5. Aerosolization properties of DPI formulations—The ED values of all
formulations were higher than 90% and there was no significant difference between the
formulations (£>0.05) (Table 2). An increase in initial solid content led to lower FPF values
for both Col and Iva, except for F1. It is interesting that particles of F1 and F2 collapsed
during freeze drying under vacuum. However, the irregular shape of collapsed particles did
not compromise the FPF. The microparticles with lower initial solid contents in the spray-
freeze-drying feed solution have lower true density and tapped density (Table 3), which
leads to significant smaller aerodynamic diameter (D) (Table 3) and better aerosol
performance®0-53,

The particle Dy is determined by the equation below®*:

Dy =D x |2 Eq.6

Po

Where p is the mass density of the material, and po=1.0 g/cm?3. D is particle geometric
diameter.
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We have plotted the correlations between “D x \/p;appea” @nd FPF in Fig. 7. piappeq is used

here as p.5* It is clear that there is a strong correlation between these two parameters with R2
values of 0.9341 for Col and 0.9091 for Iva.

F2 was selected for the dissolution study because it had the highest FPF value of 73.8 =
5.2% for Col and 80.9 * 4.1% for Iva.

3.4. Dissolution tests

F2 and the jet-milled PM counterpart were selected for dissolution tests. For the jet-milled
PM, only 29.71 + 7.86% of Iva dissolved within 180 min and less than 60% after 6 h (Fig.
8). This is attributed to the high hydrophobicity and low aqueous solubility of lva
molecules®®. In contrast, about 94% of Iva was dissolved in 3 h for F2, and the dissolution
rate was similar to the water-soluble Col. Such substantially enhanced dissolution is likely
due to a combined effect of amorphous form, binding to BSA and nano-meter particle size
of Iva in the Iva-BSA-NPs. Water-soluble materials such as Col also provide a fast-
dissolving matrix to prevent the aggregation and facilitates the dispersion of nanoparticles in
the dissolution medium.

3.5. Cytotoxicity of DPI formulations

The cytotoxicity study of F2 and the corresponding jet-milled PM was performed on A549
cell lines with concentrations ranging from 2.0 to 16.0 pg/mL. Fig. 9 shows the cell viability
results. Compared with the blank control group, neither the DPI formulation nor the PM
showed toxic effects on cells within 24 h in the concentrations studied. However, when co-
incubated for 48 h, the cell proliferation of the group with a drug concentration of 16.0
ug/mL showed significant decreases for both DPIs and PM. This might be due to inhibitory
effects of the drugs on the cells if the concentration exceeds the tolerance dose.

Previous studies have shown that a combination of polymyxin B and Iva with a
concentration of 2 ug/mL and 8 pg/mL respective, displayed synergistic killing activity
against polymyxin resistant PA isolates®. Statistical analysis revealed no significant
difference (p > 0.05) in cytotoxicity between the control group and the DPI formulation or
PM when the concentrations of both drugs are 8 pg/mL and below. However, caution should
be taken for high concentration delivery of Iva more than 16 ug/mL to the human lungs due
to potential toxicity.

4. Conclusions

Pulmonary delivery of the hydrophilic drug Col and the hydrophobic drug Iva by a dry
powder inhaler directly to the lungs could be effective in treating cystic fibrosis and its
complications such as multidrug resistant Gram-negative lung infections. In this study, Iva-
BSA-NPs were generated by an antisolvent method to convert the crystalline form of Iva to
amorphous nanoparticles with the goal of enhancing lva dissolution. Novel inhalable nano-
composite microparticle formulations were developed by dispersing Iva-BSA-NPs in a
matrix composed of a water-soluble synergistic antimicrobial, Col, to achieve co-delivery.
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It was demonstrated that the initial solid contents of feed solutions significantly affected the
physico-chemical properties of DPI formulations, including morphology, particle size, true
density, flow property and aerosolization. Correlations were established between

“D X \[ptappea” @nd FPF. The optimal composite DPI formulation had an irregular-shaped

morphology and excellent aerosolization performance with an FPF value of 73.8 + 5.2% for
Col and 80.9 + 4.1% for Iva. More importantly, the formulation achieved up to 94%
dissolution for lva within 3 h, whereby Iva had a comparable dissolution rate to the water-
soluble Col in the /n-vitro dissolution test. Such synchronized dissolution behavior of two
synergistic drugs is attributed to the substantially increased solubility of amorphous Iva,
binding of Iva by BSA, and the use of the water-soluble Col as nano-composite matrix,
whereby this co-delivery system could potentially demonstrate superior bioactivity. Future
studies of in-vivo efficacy are warranted in an established mouse lung infection model®>-57,
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DPI dry powder inhaler

ED Emitted dose

EE Encapsulation efficiency

FDA Food and Drug Administration

FPF fine particle fraction
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Fig. 1.
Diffusive mass flow rate versus Iva concentration in the donor compartment for determining

amorphous solubility of Iva
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(A) SEM image of Iva-BSA-NPs with the scale bar of 500 nm; (B) PXRD patterns of Iva,
PM of Iva and BSA, Iva-BSA-NPs and BSA; (C) schematic formation mechanism of Iva-
BSA-NPs
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Particle size distributions of powder formulations with different initial solid contents in the
spray-freeze-drying feed solution
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Fig. 5.
Representative SEM images for DPI formulations at two different magnifications
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FT4 Dynamic test results (/7=3). **represents p<0.01 as compared to F2
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Correlations between “D x \/piapped” and FPF (mean + SD, /7=3)

Mol Pharm. Author manuscript; available in PMC 2021 September 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

Cumulative release rate (%)

Page 24

80 -

60 -

—a— F2-Col
—eo— F2-lva
—a— PM-Col
—v— PM-lva

) !
200 250

Time (min)

I I
0 50 100 150

Fig. 8.
Dissolution profiles of F2 and the jet-milled PM counterpart (7= 3)
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Relative cell viability(%)
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Cytotoxicity of DPIs (F2) and the corresponding jet-milled PM in A549 human cells (A: 24
h, B: 48 h, n=6, mean = SD). * means significant difference, P < 0.05
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Table 1

Physico-chemical characteristics of Iva-BSA-NPs (/7=3)

BSA: Iva (w/w) Particle size (nm) PDI

ZP (mV)  Actual drug loading% EE%

20:2 234.5%6.5 0.22+0.09
25:2 173.2+4.1 0.13+0.04
30:2 171.5+4.3 0.14+0.03

-20.3+2.8 6.7+1.08 73.1+£3.6
-27.9%£3.0 5.8+0.31 78.7+2.6
-30.5+2.9 5.0+0.47 79.4+2.5
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Table 2
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Physico-chemical characteristics and /n-vitro aerosolization properties of co-delivery DPI formulations with
different initial solid contents in the spray-freeze-drying feed solution (mean + SD)

F Initial solid content (%)  Trye density (g/cm3)® ED ((.‘,ol)b FPF (Col)b ED (Iva)b FPF (Iva)b
F1 1.0 0.29+0.01 95.8+2.1 67.8+3.7 97.5+1.1 75.6x1.0
F2 2.0 0.31+0.01 97.4+1.5 73.845.2 96.4+2.0 80.9+4.1
F3 3.0 0.32+0.02 95.3+1.9 56.6+2.0 96.2+2.9 63.24+2.2
F4 5.0 0.43+0.01 96.5+3.4 46.416.9 96.4+3.2 38.848.8
F5 8.0 0.56+0.01 99.0+1.6 28.0+9.8 94.7£3.5 18.2+6.6
F6 10.0 0.77+0.02 94.942.3 25.2+2.1 91.9+1.3 17.4+1.6

an:S;

bn:3
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Table 3
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Geometric diameter, aerodynamic diameter, bulk and tapped densities of co-delivery DPI formulations with
different initial solid contents in the spray-freeze-drying feed solution (mean + SD, 7=3).

F  Geometric diameter (um)  Bulk density (g/cm?)  Tapped density (g/cm3)  Aerodynamic diameter (m)
F1 3.4+0.5 0.09+0.03 0.14+0.02 1.4+0.3

F2 4.1+04 0.12+0.02 0.19+0.02 2.0+0.2

F3 10.7:0.4 0.230.01 0.310.03 664097

F4 12.6+0.6 0.3020.02 0.38+0.02 854147

F5 15.5+1.1 0.33+0.03 0.41+0.03 109+1.2 %

F6 17115 0.5120.04 0.630.02 14.942.7*

*
represents p<0.05 as compared to F2

Mol Pharm. Author manuscript; available in PMC 2021 September 08.



	Abstract
	Graphic Abstract
	Introduction
	Materials and methods
	Materials
	Determination of crystalline solubility and amorphous solubility for Iva
	Preparation of Iva-BSA-NPs
	Preparation of DPI formulations by spray-freeze-drying for co-delivery Col and Iva-BSA-NPs
	HPLC analysis
	Characterization of Iva-BSA-NPs
	Particle size and Zeta potential (ZP)
	Encapsulation efficiency (EE%) of nanoparticles
	Morphology of nanoparticles
	Crystallinity of nanoparticles

	Characterization of DPI formulations
	Particle size, tapped density and true density
	Crystallinity of DPI formulations
	Morphology of DPI formulations
	In-vitro aerosolization
	Flowability test of DPI formulations by FT4 Powder Rheometer

	Dissolution tests
	Cytotoxicity of DPI formulations
	Statistical analysis

	Results and discussion
	Crystalline and amorphous solubility
	Characterization of Iva-BSA-NPs
	Particle size, ZP and EE%
	Morphology and crystallinity of nanoparticles

	Characterization of DPI formulations
	Particle size and true density
	Crystallinity of DPI powders
	Morphology of DPI formulations
	Flow property of DPI formulations by FT4 Powder Rheometer
	Aerosolization properties of DPI formulations

	Dissolution tests
	Cytotoxicity of DPI formulations

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Table 1
	Table 2
	Table 3

