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Effects of Surface Composition on the Aerosolisation and Dissolution of Inhaled
Antibiotic Combination Powders Consisting of Colistin and Rifampicin
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ABSTRACT. Colistin is often the only effective antibiotic against the respiratory infections caused by
multidrug-resistant Gram-negative bacteria. However, colistin-resistant multidrug-resistant isolates have
been increasingly reported and combination therapy is preferred to combat resistance. In this study, five
combination formulations containing colistin (COL) and rifampicin (RIF) were prepared by spray drying.
The lowest minimum inhibitory concentration (MIC) value against Pseudomonas aeruginosa PAO1 was
measured for the formulation of COL/RIF =4:1 with relatively high emitted doses (over 80%) and
satisfactory fine particle fractions (over 60%). Data from X-ray photoelectron spectroscopy (XPS) and
nano-time-of-flight secondary ion mass spectrometry (ToF-SIMS) showed the surfaces of particles were
mainly covered by rifampicin even for the formulation with a mass ratio of COL/RIF =4:1. Because
colistin is hygroscopic and rifampicin is hydrophobic, moisture absorption of combination formulations
was significantly lower than the pure colistin formulation in the dynamic vapour sorption results. To
investigate the dissolution characteristics, four dissolution test methods (diffusion Franz cell, modified
Franz cell, flow-through and beaker methods) were employed and compared. The modified Franz cell
method was selected to test the dissolution behaviour of aerosolised powder formulations to eliminate
the effect of membrane on dissolution. The results showed that surface enrichment of hydrophobic
rifampicin neither affected aerosolisation nor retarded dissolution rate of colistin in the combination
formulations. For the first time, advanced surface characterisation techniques of XPS and ToF-SIMS have
shown their capability to understand the effect of surface composition on the aerosolisation and
dissolution of combination powders.
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Powder Aerosols of Combination Antibiotics

INTRODUCTION

Respiratory infections are one of the major global health
problems. Lower respiratory infections are among the top five
leading causes of death worldwide over the last decade (1).
Due to only limited disposition of most antibiotics at the
infection site after systemic administration, lower respiratory
infections are generally difficult to treat (2). Consequently,
parenteral antibiotic treatments with high doses are necessary
to generate and maintain drug concentrations above mini-
mum inhibitory concentrations (MIC) at the infection sites in
airways. However, systemic exposure of high-dose antibiotics
can result in severe toxicities and adverse effects in some
cases. For example, colistin has been used as the last-resort
therapy for respiratory infections caused by multidrug-
resistant (MDR) Gram-negative “superbugs” but can cause
severe dosing-limiting nephrotoxicity in up to 60% of treated
patients (3). There is a strong desire to design a highly
efficient delivery system for such toxic but life-saving
antibiotics like colistin with a purpose to improve therapeutic
efficacy and to reduce adverse effects.

Pulmonary drug delivery systems have attracted increasing
interests for the treatment of respiratory infections in the past
decade (4). As drugs can be delivered directly to the respiratory
tracts, local drug concentration in the respiratory tracts can
reach well above the MIC with minimal systemic exposure,
which has been evidenced by many preclinical and clinical
studies (5,6). In a recent clinical pharmacokinetic study, Yapa
et al. has shown that compared with the intravenous route,
significantly higher colistin concentrations in the sputum (Cpax
4-16 mg/L) can be achieved for a prolonged period (colistin
concentrations >3 mg/L for 12 h) by nebulised colistin
methanesulphonate solution (4 million IU) in cystic fibrosis
(CF) patients; importantly, the systemic drug exposure was
negligible (Cpax <0.5 mg/L) (7). Currently, only a limited
number of inhaled antibiotic products have been approved for
treatment of respiratory infections in CF patients (8).

Dry powder inhalers (DPIs) are advantageous over the
traditional nebulisers as DPIs are generally more portable,
more chemically stable and easier to use (9); albeit adminis-
tration of DPIs may cause more patient error due to misuse
of the different inhalers (10,11). Since only fine particles with
aerodynamic diameters of 1-5 um can efficiently reach the
lungs (12), drug particles are jet-milled in the conventional
manufacturing process of inhalable powders. Unfortunately,
fine powders generated by jet-milling are cohesive with poor
flow and dispersion properties, due to their high surface
energy (13). In industrial practice, coarse carriers are blended
with cohesive drug particles to manufacture dry powder
formulations of low-dose therapeutics, but this carrier system
can increase the mass and volume of each dose and make
inhalers bulky for high-dose medications (2). Therefore,
particle engineering is essential to formulate inhalable high-
dose antibiotics by generating free-flowing and highly dis-
persible fine drug powders with sparing amounts of inactive
excipients. Spray drying has been extensively employed to
produce high-efficiency inhalable drug particles. Spray drying
is a viable technique with scale-up capability and has been
successful employed to manufacture dry powder inhalers of
insulin (Exubera®, Pfizer), tobramycin (TOBI® podhaler®,
Novartis) and mannitol (Aridol®, Pharmaxis). Particle
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engineering techniques or strategies by addition of dispersion
enhancer (e.g. leucine) (14,15), development of porous
particles (i.e. Pulmosphere® technology) and formation of
nanomatrix particles (16,17) can also be combined with spray
drying to achieve superior formulation performance.

In our previous studies, an inhalable powder formulation
of colistin with high aerosol performance (fine particle
fraction (FPF) over the recovered dose >80%) was developed
by the spray drying approach without any additives (18). The
colistin powder was amorphous and absorbed a significant
amount of water when exposed to high relative humidity
(RH) measured by dynamic vapour sorption (DVS) over the
total measurement period of up to 90 h. Combining amor-
phous colistin with crystalline rifapentine has shown moisture
protection effects because the crystalline rifapentine particles
acted as a carrier which prevented the contacts between
hygroscopic colistin particles (19). Also the powder formula-
tions produced by co-spray-drying colistin with hydrophobic
rifampicin (in a mass ratio of 1:1) exhibited enhanced
antibacterial property and prevented humidity-induced
aerosolisation deterioration (6). The moisture protection
effect was attributed to the surface coating with rifampicin
(6). However, the effect of changing the ratio of the two drugs
(COL/RIF) on the surface coating and aerosolisation has not
been to be investigated. Moreover, dissolution behaviour of
the spray-dried formulations also requires investigation. In
this study, colistin was co-spray-dried with rifampicin at
various mass ratios. Surface coverage of the rifampicin
coating was characterized by the state-of-the-art ultra-
sensitive surface characterisation techniques of X-ray photo-
electron spectroscopy (XPS) and time-of-flight secondary ion
mass spectrometry (ToF-SIMS). Aerosolisation performance
was measured and dissolution behaviour of the selected
formulation was investigated.

MATERIALS AND METHODS

Chemicals

Colistin sulphate (COL) was supplied by Zhejiang
Shenghua Biology Co., Ltd. (Hangzhou, Zhejiang, China)
and rifampicin (RIF) from Hangzhou ICH Imp & Exp Co.
Ltd. (Hangzhou, Zhejiang, China). High-performance liquid
chromatography (HPLC) grade acetonitrile, ethanol and
methanol were purchased from Fisher Scientific (Fair Lawn,
NJ, USA) and trifluoroacetic acid from Sigma-Aldrich (Castle
Hill, New South Wales, Australia).

Bacterial Strain

Pseudomonas aeruginosa PAO1 was obtained from the
American Type Culture Collection (Manassas, VA, USA) and
maintained in tryptone soya broth (TSB; Oxoid Australia,
Adelaide, SA, Australia) with 20% glycerol at —80°C.

Production of Powder Formulation by Spray Drying

A Biichi 290 spray drier (Biichi Labortechnik AG,
Falwil, Switzerland) was employed to generate composite
particles at the following conditions: inlet temperature 60°C;
outlet temperature 38-42°C; aspirator 40 m’/h; atomizer
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setting 742 L/h (flow meter 60 mm); feed rate 2 mL/min. Feed
solutions (6 mg/mL) were prepared by dissolving colistin and/
or rifampicin (at the mass ratio of 4:1, 1:1 or 1:4 for the
combinations) in a co-solvent of water and ethanol (1:1, v/v).
The spray-dried product was stored in a desiccator with silica
gel at 20 +£3°C.

Minimal Inhibitory Concentration Against P. aeruginosa

P. aeruginosa can cause both acute and chronic respiratory
infections (20); hence, it was selected to evaluate the antibacte-
rial activity of the formulations. P. aeruginosa cultures were
grown overnight in 3 mL Luria Bertani medium with 10 g/L
NaCl (LB;o) incubated at 37°C with shaking. The broth
microdilution method was employed to measure the MICs
against P, aeruginosa PAOL. An aliquot of an overnight culture
was diluted 200 times to an optical density measured at a
wavelength of 600 nm (ODgg) of 0.005 in M9 minimal medium
(containing 48 mM Na,HPO,, 22 mM KH,PO,, 9 mM NaCl,
19 mM NH,CI, 2 mM MgSO,, 5 mM glucose, 100 pM CaCl,,
pH 7.0) giving approximately 10° cfu/mL for the inoculum (21).
Drug concentrations of 0.5, 1, 2, 4, 8, 16, 32 and 64 mg/L were
obtained by diluting the stock drug solution (5.12 mg/mL) with
fresh M9 medium. The MIC of the combinations was
determined by simple mixing of aliquots of the single
components. Microplates were incubated at 37°C in a
humidified incubator for approximately 20 h. MICs were
determined (n =4) by measuring ODg of supernatant directly
from the wells in 96-well plates using a microplate reader
(Wallac Victor?, PerkinElmer, Waltham MA, USA). MIC
values were determined as the minimum concentration of
treatment that inhibited growth by more than 90% after 24 h
of incubation (21).

Particle Size

Scanning electron microscopy and image analysis (SEM,
TM3030 Tabletop Microscope, HITACHI, USA) (22) was
used as a direct particle sizing method (23). The sample was
sputter-coated with gold and the images were captured at
15 kV. Martin’s diameter of 200 randomly selected particles
was determined in a fixed direction (up to down) from SEM
images and particle size was measured by the software of the
SEM instrument. D;y, D5y and Dgg, which are diameters at
10, 50 and 90% cumulative number, were calculated from the
size distribution data. The broadness of size distribution
(span) equals (Dgy — D1¢)/Dsp.

Particle Morphology

SEM (Carl Zeiss SMT AG, Oberkochen, Germany) was
applied to examine particle morphology of the powder formu-
lations. Each sample was spread on a carbon sticky tape and
mounted on an SEM stub, followed by sputter coating with gold
(15 nm thick) using a KS50X sputter coater (Quorum Emitech,
Kent, UK). The images were captured at 5 kV.

Crystallinity

Powder crystallinity was evaluated by X-ray powder
diffraction (XRPD) (Shimadzu XRD-6000, Shimadzu
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Corporation, Kyoto, Japan). Cu-Ka radiation was used at a
voltage of 40 kV and a current of 30 mA. Data were collected
at a scan speed of 2° per min in the range of 5-35°.

Dynamic Water Vapour Sorption

Moisture sorption behaviour was measured by a dynamic
vapour sorption system (DVS-1, Surface Measurement Sys-
tems Ltd., London, UK). Each sample was analysed in the
measurement chamber at the RH ranging from 0 to 90%. The
environmental RH was increased at 10% RH increments
from 0 to 90% for the sorption cycle and then decreased from
90 to 0% for the desorption cycle. Equilibrium moisture
content at each testing RH was determined by a dm/dt of
0.002% per minute (18).

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was
performed using an AXIS Ultra DLD Spectrometer (Kratos
Analytical Ltd., Manchester, UK), equipped with a
monochromated Al Ka source at a power of 140 W
(10 mA, 14 kV). A small quantity of each sample was filled
into shallow wells of custom-made powder sample holders
(24). Charging of the samples during irradiation was com-
pensated for by the inbuilt charge neutraliser. A reference
binding energy of 285.0 eV for the aliphatic hydrocarbon C 1s
component was used to correct for any remaining offsets due
to charge neutralisation of specimens under irradiation (25).
The pressure in the main vacuum chamber during analysis
was typically 10°° Pa. Spectra were recorded with the nominal
photoelectron detection normal to the sample surface. Note,
however, that in the case of powders of random orientations,
the microscopic emission angle is ill-defined. As a
consequence, the sampling depth might vary between 0 and
5-10 nm depending on the kinetic energy of the measured
photoelectrons. The area analysed on each sample had
approximate dimensions 0.3 mm X 0.7 mm. The elemental
composition of the samples was obtained from survey spectra
(160 eV pass energy) using sensitivity factors supplied by the
manufacturer. High-resolution spectra of individual peaks
were recorded at 20 eV pass energy which results in a peak
width (full width at half maximum) of typically 0.9-1.1 eV for
organic polymeric materials.

In order to determine relative fractions of colistin and
rifampicin on the surface of the combination particles,
reference data were acquired from the two pure compounds.
The data obtained from the combination particles were then
compared to the reference data and fractions of the pure
compounds estimated as follows. The atomic concentration of
each of the elements present (C, O, N and S) in the
combination particles was assumed to be a linear combination
of the corresponding concentrations in the pure compounds,
appropriately scaled and normalised using the number of
respective atoms in one molecule of colistin or rifampicin.
This method is particularly reliable in cases where the
concentrations in the pure compounds are very different (N
and S) but rather unreliable in cases where concentrations are
similar (C and O). However, in the case of C and O, the high-
resolution 1s spectra for the two compounds are very
different (as are the N 1s spectra) because of the different



Powder Aerosols of Combination Antibiotics

chemical structures. This allows the surface fractions of
colistin and rifampicin in the combination particles to be
estimated using curve fitting: the reference spectra of colistin
and rifampicin can be used as two model-fit components to
calculate optimised curve fits of the spectra of the combina-
tion particles. This yields the relative number of either C, or
O or N atoms which are present as part of either colistin or
rifampicin (24). Scaled using the respective number of C or O
atoms in one molecule of the pure compound, these fractions
can be converted to relative molecular fractions of colistin or
rifampicin.

Time-of-Flight Secondary Ion Mass Spectrometry

ToF-SIMS experiments were performed using a PHI
TRIFT V nanoTOF instrument (Physical Electronics Inc.,
Chanhassen, MN, USA) equipped with a pulsed liquid metal
7%* Au primary ion gun (LMIG), operating at 30 keV energy.
Dual charge neutralisation was provided by an electron flood
gun and 10 eV Ar" ions. Surface analyses were performed
using “unbunched” Au; instrument settings to optimise
spatial resolution. Raw data were collected in the positive
SIMS mode at a number of locations typically using a 50 x
50 pm raster area, with 4 min acquisitions.

Analyses of colistin and rifampicin standards identified
characteristic peak fragments for use in mapping the compo-
nents in the combination powders. Peaks corresponding to
the protonated molecular ion signal for each antibiotic were
of low intensity; hence, higher intensity characteristic frag-
ments were used instead. For colistin, the sum of peaks at m/z
~30 atomic mass unit (amu) and ~86 amu was selected,
corresponding to CH4N® and CsH;,N" fragments,
respectively. For rifampicin, m/z ~99 amu was selected,
corresponding to the methylated piperazine fragment
(CsH1N,"). Sample spectra and images were processed
using WincadenceN software (Physical Electronics Inc.,
Chanhassen, MN, USA).

In Vitro Aerosol Performance

In vitro aerosolisation performance was evaluated by a
next-generation impactor (Apparatus X, USP X, Copley,
Nottingham, UK) with a USP induction port (USP throat).
Seven impactor stages and the filter were coated by
MOLYKOTEO 316 silicone grease release spray (Dow
Corning Corp., Midland, MI) before each testing to minimise
particle bounce. Each capsule (size 3 hydroxypropyl methyl-
cellulose capsules, Capsugel, West Ryde, Australia) was
loaded with 10 +1 mg of powder and dispersed through an
Osmohaler® in a controlled environment cabinet: tempera-
ture, 20 +3°C and relative humidity, 60 +3%. A standard
pharmacopeial dispersion procedure was used (USP 38),
whereby 4 L of air was passed through the inhaler at an
airflow of 100 L/min for 2.4 s, with a pressure drop of <4 kPa
(approximately 3.2 kPa at 100 L/min) across the device
(26,27). The Osmohaler® has a similar design and resistance
to the Aerolizer® (see Supplement 1). It was used here as a
model device because it has a low resistance and patients can
comfortably generate sufficient flow rates to disperse powder
formulations. Three replicates were carried out for each
formulation. Drug particles deposited on capsule, inhaler,
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USP throat and each stage of the impactor were collected
using a co-solvent (acetonitrile/water, 3:7). Emitted dose
(ED) was calculated as a percentage of the drug released
from the capsules and inhaler device. FPF was calculated as
the percentage mass of drug particles with an aerodynamic
diameter smaller than 5 um in the emitted dose relative to the
total recovered drug.

Dissolution

Four dissolution methods (diffusion Franz cell, modified
Franz cell, beaker method and flow-through cell) were
applied in this study for the investigation of a suitable
dissolution method for inhalable antibiotics. The medium in
all dissolution methods was a simulated lung fluid (SLF) at
pH 7.4 (28) with ascorbic acid (2%, w/v) in order to prevent
oxidation of the drug. Twenty-three milliliters of SLF was
used for all the dissolution test methods, which resulted in
over 10 times volume of saturation of the medium for all
samples to ensure sink conditions. The total volume of
epithelial lining fluid is estimated to be 20-40 mL (29);
therefore, 23 mL of SLF was used. It is noted that the sink
conditions may not be realistic to all drugs in vivo but were
used in this study to reflect the total volume of epithelial
lining fluid. Aerosol particles (2.5-3 mg) were aerosolised as
described in the “Aerosol Performance” section and collected
on a paper filter (Whatman® Grade 2, pore size 5 um, GE
Healthcare, Parramatta, Australia) under the dispersion jets
in the stage 4 of a NGI. Stirrer speed was set to 500 rpm for
the two Franz cell methods and the beaker method. Medium
temperature was kept at 37°C for all the systems. An aliquot
of 0.5 mL sample was taken at selected time intervals (5, 10,
15, 20, 25, 30, 45, 60, 90, 120 and 180 min) and 0.5 mL of fresh
medium was added immediately after sample collection.
Details of each method are described below.

Diffusion Franz Cell and Modified Franz Cell Methods

These two methods were determined using Franz
dissolution cells in a heated station stirrer (V6B, PermeGear
Inc., Bethlehem, USA). The cell reservoirs were filled with
23 mL of SLF, which resulted in a positive meniscus of the
surface. For the diffusion Franz cell method, details were
described previously (5). The aerosol powder collected on the
paper filter from NGI was placed on the top of the Franz cell
with the filter paper between the powder and medium. For
the modified Franz cell method, the powder was in contact
with the medium directly.

Beaker Method

The beaker method was adopted from the literature (30).
After powder collection, the paper filter was placed in the
container (44 mm wide x 57 mm high, Livingstone, Australia)
with 23 mL SLF. The contents were then stirred by a magnet
at 500 rpm.

Flow-Through Cell

A flow-through cell system was adopted from the previous
studies (31). SLF was passed through a 25-mm flow-through cell
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(Millipore Swinnex filter holders, USA) and re-circulated in a
closed-loop system by a peristaltic pump at 1 mL/min.

Drug Quantification

Concentrations of colistin and rifampicin were deter-
mined by an established HPLC method (6). Briefly, the
HPLC system consisted of a Shimadzu CBM-20A controller,
LC-20AT pump, SIL-20A HT autosampler, SPD-20A UV/
VIS detector (Shimadzu, Kyoto, Japan), and a PhenoSphere-
Next 5 pm C18 150x4.60 mm column (Phenomenex,
Torrance, CA). The mobile phase consisted of 0.05%
trifluoroacetic acid in Milli-Q water (A) and methanol (B).
The gradient program was set as: 30% B to 80% B in 15 min,
then 80% B to 30% B in 5 min with a flow rate of 1 mL/min.
A calibration curve (0.01-1 mg/mL) was prepared for colistin
and rifampicin in a co-solvent (acetonitrile/water, volume
ratio 1:1) and was linear in the required concentration range
(> 0.999).

Statistical Analysis

One-way analysis of variance (ANOVA) with a Tukey
post hoc analysis was employed for statistical analysis with
probability values of less than 0.05 (p <0.05) considered as a
statistical significant difference.

Difference factor (f;) and similarity factor (f;) were used
to evaluate and compare the dissolution profiles (32).

" |Ri~Tj]

E Lyl

f]: liln
iR

£y =50 % log{ [1 + (1/n)z';:1 ]R]»—Tj}z] 0 100}

x 100%

A value lower than 15 of f; indicates no evidence of
difference and a value higher than 50 of f; indicates similarity
and no important difference between dissolution profiles.

RESULTS

Physico-Chemical Properties

The content uniformity results (see Supplement 2)
showed that the ratios of colistin and rifampicin in the
combination formulations were close (within 1%) to the
theoretical values. Table I showed that all spray-dried powder
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formulations had fine particle sizes with D5, between 1.15 and
1.29 um and Dgy< 2.5 pm.

SEM micrographs (Fig. 1a) showed the spray-dried pure
colistin particles exhibited corrugated surfaces. The spray-
dried pure rifampicin had a flake shape (Fig. le). The shape
of the combination particles was between wrinkled and flake-
shaped (Fig. 1b-d).

XRD data showed that all of the spray-dried powder
formulations were amorphous (Supplement 3). Data from
previous studies demonstrated that amorphous, pure colistin
powder produced by spray drying absorbed significant
amount of water (up to 30%, w/w) at the elevated humidity
(18). In contrast, the water absorption of the pure rifampicin
formulation was substantially lower (Fig. 2). There was no
significant difference (p >0.05) between the spray-dried COL
alone and COL/RIF 4:1, spray-dried RIF alone and COL/RIF
1:4, but there were differences between COL/RIF 1:1, COL/
RIF 4:1 and COL/RIF 1:4. There is a clear trend that
increasing the proportion of colistin resulted higher water
absorption. For the formulation of COL/RIF 1:4, the
absorbed water was less than 10%, even at a high RH of
80%. Mass change of all formulations was zero at the end of
desorption indicating no moisture-induced recrystallisation
occurred. A sorption hysteresis was observed for each sample
which could be attributable to the slower escape during
desorption process of those water molecules trapped in the
invaginations of particles (33).

Table II presented the elemental compositions of two
pure compounds and three combination formulations mea-
sured by XPS. C, N, O and S were the only elements detected
by XPS as expected (XPS cannot detect H). The measured
surface composition of colistin was consistent with its
theoretical value. The corresponding compositional values
for rifampicin indicated the presence of minor adventitious
hydrocarbon contamination (excess of carbon), which is very
common in XPS surface analysis. A thin layer of carbona-
ceous material is usually found on the surface of most air-
exposed samples. Even small exposures to atmosphere can
produce these films. Adventitious carbon is generally com-
prised of a variety of (relatively short chain, perhaps
polymeric) hydrocarbons species with small amounts of both
singly and doubly bound oxygen functionality (34). The
surface composition of three different composite formulations
varied continuously between those of the two constituents,
with the relative concentrations of oxygen, nitrogen and
sulphur decreasing with an increase in concentration of
rifampicin. Based on the measured compositions of colistin
and rifampicin (Table II, first and last columns, respectively),
we can use the elemental compositions of the composite

Table I. Particle Size and MICs Against P. aeruginosa PAO1 of the Spray-Dried Antibiotic Formulations

COL/RIF COL/RIF COL/RIF
Pure COL 4:1 1:1 1:4 Pure RIF
Do (um) 0.70 0.75 0.80 0.72 0.84
Dsp (um) 1.19 1.15 1.20 1.21 1.29
Dyo (nm) 1.91 1.73 2.01 2.18 2.07
Span 1.02 0.85 1.68 1.20 0.95
MICs (pg/mL) 4 2 4 8 16
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WD=45mm EHT= 500KV Mag= 10.00KX SignalA=SE2 5B VBN

WD= 66mm EHT= 500KV Mag= 10.09KX SignalA=SE2 583 §ViEY

1pm

WD= 38mm EWT= 500kV Mag= 1202KXSignalA=SE2 S0 §Vbey

Fig. 1. SEM images of the spray dried formulations: a spray-dried pure colistin; b co-spray
dried COL/RIF =4:1; ¢ co-spray dried COL/RIF =1:1; d co-spray dried COL/RIF=1:4; e

spray-dried pure rifampicin

formulations to estimate relative molar fractions of colistin
and rifampicin (see “Materials and Methods™”). A high
proportion of rifampicin on the particle surface (in excess of
90% ) was achieved by the composite formulation with a mass
ratio of 1:1, indicating the particle surfaces were dominated
by the rifampicin.

—®— COL:RIF 1:4 adsorption
35 —®— COL:RIF 1:1 adsorption
—®— COL:RIF 4:1 adsorption
30 |—®@— Spray-dried COL alone adsorption
Spray-dried RIF alone adsorption

25

20

15

10

Change in mass (%)

-5

These estimated surface fractions were confirmed by
employing the second method described in the “Materials
and Methods” section, using curve-fitting of high-
resolution spectra (C 1s, O 1s and N 1s) using model
spectra of colistin and rifampicin as fit components,
followed by appropriate scaling according to the number

= ® = COL:RIF 1:4 desorption
— @ = COL:RIF 1:1 desorption
= @ = COL:RIF 4:1 desorption
= ® = Spray-dried COL alone desorption

Spray-dried RIF alone desorption

50 60 70 80 90 100

RH (%)

Fig. 2. Dynamic water sorption and desorption behaviour of spray-dried antibiotic
formulations
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Table II. Elemental Composition of Colistin (COL), Rifampicin (RIF) and the Composite Powders, as Measured by XPS. Concentrations Are
Expressed as Atomic Ratios X/C (Atomic Concentration of Element X Relative to That of C). Mean Values + SD (n =3). Also Shown Are
Estimates of Molar Fractions of COL and RIF in Composite Formulations, Based on Elemental Compositions (Last Two Rows)

COL/RIF COL/RIF COL/RIF
Pure COL 4:1 1:1 1:4 Pure RIF
N/C 0.277 £0.002 0.137 £ 0.001 0.107 £ 0.002 0.097 = 0.002 0.087 +0.001
o/C 0.349 +0.003 0.286 + 0.007 0.266 + 0.003 0.264 +0.002 0.269 + 0.009
S/IC 0.040 + 0.000 0.011 = 0.000 0.005 + 0.000 0.002 + 0.000 -
COL 100.0% 13.0% 5.0% 2.0% 0.0%
RIF 0.0% 87.0% 95.0% 98.0% 100.0%

of C, O or N atoms in each molecule. Supplement 4
shows a C 1s spectrum curve-fitted with model spectra as
an example. Table III lists the resulting estimates of the
molar fractions of colistin and rifampicin. Variation in
estimated fractions between different methods used was
observed; this variation mainly reflects the uncertainty
associated with curve-fitting. Despite the variation, there is
general agreement between the different methods. The
curve fit-based values clearly confirm the conclusion that
the surface of the COL/RIF composite particles was
dominated by rifampicin, even when rifampicin represents
only 20% of the bulk mass.

Figure 3 shows the mapping of colistin (blue) and
rifampicin (red) signals in three combination formulations
in an area of 50x50 pm measured by ToF-SIMS. The
distribution of colistin in the pure colistin formulation was
shown in Supplement 5. Attributable to the surface
sensitivity of ToF-SIMS, the intensity and distribution of
the species relates to their abundance within the top 1-
2 nm of the surface. Hence, the data indicated the surface
of particles was dominated by rifampicin for the formula-
tions with colistin/rifampicin ratios of 1:1 and 1:4. Even
with a very low concentration (COL/RIF=4:1) of rifam-
picin in the formulation, rifampicin signal was abundant,
while there was rare signal of colistin in the formulation
with a high concentration (COL/RIF =1:4) of rifampicin.
However, the coverage of rifampicin on the particle
surface may not be complete as there was still small
quantity of colistin signal observed in the formulation with
high concentration of rifampicin (COL/RIF =1:4). This
result was also in good agreement with the XPS data,
which confirmed the presence of approximately 2% of
colistin on the particle surfaces in the formulation with
approximately 98% of rifampicin.

Antimicrobial Activities

The MICs against P. aeruginosa of the formulations are
presented in Table I. The combination formulation of COL/
RIF =4:1 had the lower MIC (2 pg/mL) compared to pure
colistin and pure rifampicin, thus showing an enhanced
antimicrobial activity.

Aerosol Performance

The aerosol performance of different formulations is
shown in Table IV. All the spray-dried formulations achieved
relatively high ED over 75% and high FPF over 64% for both
colistin and rifampicin. There was no significant difference in
ED of colistin between the spray-dried colistin alone and the
combination formulations of COL/RIF 4:1 and 1:1 (p > 0.05).
The combination formulation of COL/RIF 1:4 had the highest
ED of colistin among all the formulations (p <0.05). There
was no difference in FPF of colistin for all formulations
(p>0.05).

Similar trend in ED and FPF was shown for
rifampicin. There was no significant difference in ED of
rifampicin between the spray-dried rifampicin alone and
COL/RIF 1:4 (p>0.05) and between the two combination
formulations of COL/RIF 1:1 and 4:1 (p>0.05). Two
formulations with higher rifampicin concentrations, spray-
dried rifampicin and COL/RIF 1:4 had a significantly
higher ED of rifampicin than COL/RIF 1:1 and COL/RIF
4:1 (p<0.05). The combination formulation of COL/RIF
1:4 had the highest FPF of rifampicin. The FPF of
combination formulation of 1:1 was significantly higher
than the spray-dried rifampicin alone and COL/RIF 4:1
(p <0.05).

Table III. Estimates of Molar Fractions of Colistin (COL) and Rifampicin (RIF) in Composite Formulations, Based on Curve-Fitting High
Resolution Spectra with Model Spectra. See Text for Details

COL:RIF COL:RIF COL:RIF
Pure COL 4:1 1:1 1:4 Pure RIF

Cls COL 100.0% 16.8% 4.2% 0.9% 0.0%

RIF 0.0% 83.2% 95.8% 99.1% 100.0%
O 1s COL 100.0% 17.5% 8.5% 3.6% 0.0%

RIF 0.0% 82.5% 91.5% 96.4% 100.0%
N 1s COL 100.0% 11.3% 3.2% 2.1% 0.0%

RIF 0.0% 88.7% 96.8% 97.9% 100.0%
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Fig. 3. Distribution of colistin (blue) and rifampicin (red) on the
outermost surface of composite particles measured by ToF-SIMS: a
COL/RIF 4:1; b COL/RIF 1:1; ¢ COL/RIF 1:4 (scale bar represents
10 pm)

The ED and FPF values of COL/RIF 1:1 formulation via
the Osmohaler measured here by an NGI is lower than those
previously reported via the Aerolizer measured by a multi-
stage liquid impinger (6). Previous studies showed smaller
capsule holes enhanced the de-agglomeration in the modified
Aerolizers (35). Here, the Osmohaler created a larger hole in
each end of capsule compared to four smaller holes created
by the Aerolizer, which may led to lower FPF. Moreover,
significantly more drugs deposited on the capsule and
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Osmohaler during aerosolisation tests of the present study
than those on the Aerolizer in the previous study, which could
be attributed to the different inhaler configurations and drug-
adhesion properties of the inhaler materials (9) (Fig. 4).

Dissolution Profile
Comparison of Dissolution Methods for Inhalable Antibiotics

The combination formulation of 1:1 was selected to
investigate the dissolution of inhalable antibiotics. Dissolution
results are shown in Fig. 5 (a, b). To provide detailed
information of dissolution data, results of colistin measured
by different methods in the first 50 min is shown in
Supplement 6. The values of f; (difference factor) and f,
(similarity factor) were calculated based on the dissolution
profiles. For colistin (Fig 5a), there was no difference between
the data measured by diffusion Franz cell and modified Franz
cell (fi <15 and f, >50). There was also no difference in the
results between the flow-through cell and beaker methods.
However, dissolution profiles from the beaker method and
flow through cell method were statistically faster than those
measured by the modified Franz cell and diffusion Franz cell
methods in the first 50 min (f; > 15, Supplement 6). Colistin
dissolved very fast in the beaker and flow-through cell
measurements with more than 60% of total drug being
dissolved in 5 min compared to around 20-30% drug release
using the modified and diffusion Franz cell. The maximum
drug dissolved for beaker method was around 95% and flow-
through cell method was 89% within 20 min, while more than
90% total drug dissolved using modified and diffusion Franz
cell within 30 min.

In contrast to colistin, the dissolution rate for rifampicin
was considerably lower when quantified using the diffusion
Franz cell method (only less than 70% total drug released in
3 h) or by the modified Franz cell (80% total drug released in
45 min). There was no statistical difference in the dissolution
rate between the flow-through cell and beaker methods
(p>0.05). Both methods resulted in a fast drug release
(around 60% of drug was released in 5 min). The flow-
through cell method led to a lower total drug release (80%)
compared to the modified Franz cell and beaker methods.

Effect of Drug Powder Mass on Dissolution

Two dose ranges of co-spray dried combination powder
with a mass ratio of 1:1 were used to investigate the effect of

Table IV. Aerosol Performance of Colistin and Rifampicin: Emitted Dose (ED) and Fine Particle Fraction (FPF) of the Spray-Dried
Antibiotic Powder Formulations from the Osmohaler Device (Error Bars Represent Standard Deviation, n = 3)

ED (Average % mass deposited)

FPF (Average % mass deposited)

Formulation COL RIF COL RIF
Spray-dried COL alone 77.6+2.1 - 70.4+29 -
Spray-dried RIF alone - 86.6+0.3 - 68.7+1.6
COL:RIF 4:1 77.7+1.8 771+18" 68.8+1.3 64.5+2.5
COL:RIF 1:1 80.7+0.8 794+1.1" 73.5+1.0 729+12"
COL RIF 1:4 86.7+1.3" 89.8+2.1 68.1+2.3 80.4+1.6°

*p <0.05 (significant difference compared with the spray-dried pure drug (colistin or rifampicin))
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drug load on the dissolution rate measured by the modified
Franz cell method: high dose at approximately 3.0 mg and low
dose at approximately 1.5 mg. The results are shown in
Supplement 7. There was no difference in dissolution rate
between two doses for both drugs, which indicates the
modified Franz cell method is independent of the drug
loading, at least for the doses tested here.

Effect of the Drug Ratio on the Dissolution Rate

The modified Franz cell method was used to investigate
the dissolution rate of five different formulations (Fig. 6). The
dissolution results in the first 50 min are given in Supplement
8. There was no significant difference in the dissolution rate
for both colistin and rifampicin between different formula-
tions. There was about 20% of colistin released in 5 min and
around 90% of colistin dissolved in 25 min. While almost no
rifampicin was released in 5 min, approximately 90% of
rifampicin was released in 45 min. The different dissolution
profiles of the two drugs can be attributed to the higher
solubility of colistin (50 mg/mL, soluble) (36) than rifampicin
(9.9 mg/mL, slightly soluble) (36,37).

DISCUSSION

Colistin is used as the last-line therapy for respiratory
infections (20); however, increasing colistin resistance has
been reported in a number of countries (38). The use of
combinations of antibiotics is well accepted in clinical practice
to enhance the antibacterial efficacy and overcome the
bacterial resistance (39). Rifampicin has been frequently used

with colistin by parenteral administration and this combina-
tion therapy is well tolerated by patients (40). The MIC data
showed the combination formulations could provide en-
hanced antimicrobial effects of colistin against P. aeruginosa
(Table I), indicating the combination of these two antibiotics
may lead to better therapeutic efficacy with lower therapeutic
doses, therefore minimising the systemic side effects for the
treatment of respiratory infections (41).

Spray drying is a popular approach to produce inhalable
particles, attributable to its ability to engineer particles (13).
In this study, a co-solvent system of water and ethanol was
used to dissolve both water-soluble and water-insoluble drugs
for spray drying. Since rifampicin has a lower solubility in the
water and co-solvent, it precipitates first on the particle
surface during the spray drying process. Consequently, the
surfaces of composite particles were dominated by rifampicin
(87% of surface was rifampicin) even at a drug ratio of COL/
RIF =4:1, which was confirmed by XPS and ToF-SIMS results
(Table IT and Fig. 3a). Further increase of rifampicin in the
formulation to 80% resulted in a surface coverage of 98%,
suggesting the increased thickness of rifampicin coating. As
rifampicin is less hygroscopic than colistin, the combination
powders absorbed less water when exposed to the moisture as
demonstrated by DVS results. It is interesting to note the
change in coating coverage of rifampicin on the particle
surfaces for three combination formulations had no significant
effects on the aerosol performance. This may be due to the
similar aerosol performance of pure colistin and pure
rifampicin (Table IV). Overall, all the formulations exhibited
relatively high FPF over 64% (42). Of particular note, a low
deposition of the powder in the throat (<5%) could lead to
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Fig. 5. Different dissolution methods results of a colistin and b rifampicin
(error bars represent standard deviation, n =3)

minimised throat irritation, which is one of the most common
side effects after inhalation of colistin. It was noted that the
FPF of colistin was lower than that of rifampicin for the
formulation of COL/RIF =1:4, which was also observed in
the previous study of triple antibiotic formulation containing
rifampicin, pyrazinamide and isoniazid (5). Higher percent-
ages of drug deposition in the capsule, inhaler and throat
were measured for colistin than rifampicin. This phenomenon
was only observed for the formulation with a high ratio of
rifampicin, which had a high coverage of rifampicin (approx-
imately 98%) and a thicker rifampicin coating on the surface.
One possible reason could be the outcome of fragmentation
of the particle surface (rifampicin). This fragmentation could
be due to attrition of particle surface during aerosolisation
and/or particle fracture, although the fracture of such fine
particles unlikely occurred (particles were small and not
crystalline). Such submicron-sized fragments of rifampicin
may deposit in the lower stages of NGI (5). This scope of this
study does not allow a full investigation into this hypothesis
but future studies are warranted to examine the true
mechanisms.

Dissolution behaviour is important for a pharmaceutical
product since it may correlate with the pharmacokinetics,
pharmacodynamics and clinical efficacy (32). Dissolution

testing for oral dosage forms has well established; however,
there is no standard dissolution testing method for inhaled
dry powder formulations (32). Since inhalable antibiotics are
supposed to dissolve in the epithelium lining fluid in airways
and kill the bacteria, the dissolution profile of inhaled
powders in airways may play a vital role in in vivo efficacy,
particularly for less water-soluble drugs. In this study, four
dissolution methods were investigated and compared for
inhalable dry powder of antibiotics.

For both drugs, faster dissolution profiles were evident
as measured by the beaker and flow-through cell methods.
In the flow-through cell system, a sink condition could be
achieved by pumping the continuous flow of fresh or low
concentration of the drug medium and the system is very
suitable to study the dissolution profile of drugs with a low
solubility (43). The faster dissolution is likely because the
drug was dissolved in the fresh or low concentration
dissolution medium, which was continuously pumped into
the cell. The lower total drug release (less than 90% for
both drugs) from flow-through cell method was possibly
attributed to the flat geometry of the filter, which poten-
tially generated a high fluid velocity at the center with a
decreasing flow gradient towards the periphery (32). This
phenomenon leads to the diffusion effect and local non-sink
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conditions causing the relatively lower dissolution rate in
the periphery part (32), as supported by the presence of
undissolved powders in the peripheral part after 3 h. The
reason for the faster dissolution results in the beaker
method was most likely due to the agitation mechanism.
Because of the lower dissolution medium height (about
2 cm) of the beaker method compared to the Franz cell
system (about 5 cm), the agitation caused by the stirrer
played an important role during the dissolution of drugs.
No dissolution difference was measured between the two
Franz cell methods for colistin, a water-soluble compound.
However, for rifampicin, diffusion Franz cell method led to
a lower dissolution rate than the modified Franz cell
method and only around 70% of the total drug was
dissolved in 3 h. The reason might because although there
was a thin layer of rifampicin contacted with medium on
the membrane surface; however, other powder could not be
sufficiently wet by the medium thus resulted in a low
dissolution rate. Moreover, rifampicin has a high binding
effect (44) and the binding to the membrane may decrease
the transport rate of drug cross the filter. Compared to
rifampicin, colistin is much more hygroscopic (as measured
by DVS), and then the indirect contact with medium could
still wet all powder sufficiently.

Franz diffusion cell is a dissolution method that has been
investigated for evaluating inhaled formulations (5,45,46).
However, the membrane may have significant influence on
the dissolution profiles measured by the Franz diffusion cell
method, particularly for those water insoluble drugs because
of insufficient wetting of the powder (32). This study has
demonstrated for the hygroscopic colistin, membrane diffu-
sion has negligible effects on the dissolution rate, while for
the hydrophobic rifampicin, 30% drug remained on the top of
membrane after 3 h because of insufficient wetting. However,
such a phenomenon of membrane diffusion does not neces-
sarily occur in the lungs in vivo. In order to minimise the
artificial impact from the membrane diffusion, the standard
Franz cell system was modified, such that the membrane side
with the collected powders was placed in contact with the
medium. Different drug loadings were investigated for the
modified Franz cell method and no difference was found. In
future studies, more operation parameters such as medium
volume and stirring speed will be evaluated.

The modified Franz cell method was used here to
investigate the dissolution rate of five formulations with
various drug ratios. The dissolution rate of rifampicin was
generally lower than that of colistin because of its lower
aqueous solubility and hydrophobic nature. Rifampicin in the
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spray-dried formulations had a relatively fast dissolution rate
albeit its hydrophobicity. This could be because all the
formulations after spray drying were amorphous, which
generally have faster dissolution than the crystalline counter-
part as the molecules are randomly arranged in the amor-
phous structure (47). It is surprising that there was no
difference in the dissolution profile of colistin between the
pure and combination formulations, despite the surfaces of
composite particles being covered by the hydrophobic
rifampicin. We hypothesise that the coverage of rifampicin
was incomplete, as confirmed by the ToF-SIMS and XPS
results. As colistin is present on the composite particle
surface, the medium could dissolve the colistin on the surfaces
and create tunnels towards the core. Through these tunnels,
medium could enter the core of the particle and dissolve
colistin in the core. Advanced surface characterisation
techniques of ToF-SIMS and XPS are shown to be essential
to understand the effects of surface coating on dissolution of
composite particles.

CONCLUSIONS

Five spray-dried inhalable powder formulations with
various compositions of colistin and rifampicin were prepared
and evaluated. All five spray-dried formulations exhibited
relatively high emitted dose (over 77%) and satisfactory FPF
(over 64%). The antibacterial activity of colistin against
P. aeruginosa was enhanced with a mass ratio (w/w) of
colistin to rifampicin of 4:1, though the formulation of COL/
RIF 1:4 had higher emitted dose for both drugs and higher
FPF of rifampicin. Hydrophobic nature of rifampicin resulted
in a surface enrichment on the co-spray dried particles as
indicated by XPS and ToF-SIMS data. DVS results suggested
that the surface enrichment of rifampicin on the particle
surfaces could suppress the moisture sorption of the spray-
dried powder, whereas the surface enrichment of hydropho-
bic rifampicin did not result in any delay in dissolution rate of
colistin in different formulations because the coverage of
rifampicin on the particle surface is incomplete. In this study,
the advanced surface characterisation techniques of XPS and
ToF-SIMS have been exploited for the first time to under-
stand the effect of surface composition on the aerosolisation
and dissolution behaviour of spray-dried combination powder
formulations.
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