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Abstract

Combinational antibiotic formulations have emerged as an important strategy to combat antibiotic
resistance. The main objective of this study was to examine effects of individual components on
the antimicrobial activity, physico-chemical properties, aerosolization and dissolution of powder
aerosol formulations when three synergistic drugs were co-spray dried. A ternary dry powder
formulation consisting of meropenem (75.5 %w/w), colistin (15.1 %w/w) and rifampicin

(9.4 %w/w) at the selected ratio was produced by spray drying. The ternary formulation was
characterized for in-vitro antibacterial activity, physico-chemical properties, surface composition,
aerosol performance and dissolution. All of the formulations demonstrated excellent aerosolization
behavior achieving a fine particle fraction of >70%, which was substantially higher than those for
the Meropenem-SD and Colistin-Meropenem formulations. The results indicated that rifampicin
controlled the surface morphology of the ternary and binary combination formulations resulting in
the formation of highly corrugated particles. Advanced characterization of surface composition by
XPS supported the hypothesis that rifampicin was enriched on the surface of the combination
powder formulations. All spray-dried formulations were amorphous and absorbed substantial
amount of water at the elevated humidity. Storage at the elevated humidity caused a substantial
decline in aerosolization performance for the Meropenem-SD and Colistin-Meropenem, which
was attributed to increased inter-particulate capillary forces or particle fusion. In contrast, the
ternary combination and binary Meropenem-Rifampicin formulations showed no change in
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aerosol performance at the elevated storage humidity conditions; attributable to the enriched
hydrophobicity of rifampicin on the particle surface that acted as a barrier against moisture
condensation and particle fusion. Interestingly, in the ternary formulation rifampicin enrichment
on the surface did not interfere with the dissolution of other two components (i.e. meropenem and
colistin). Our study provides an insight on the impact of each component on the performance of
co-spray dried combinational formulations.

Graphical Abstract
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Introduction

Respiratory infections due to multi-drug resistant (MDR) Gram-negative pathogens are
associated with high mortality and morbidity rates, which represent an unmet healthcare
problem worldwide (Mizgerd, 2006; WHO, May 2014). Traditionally, antibiotics are
administered via oral or parenteral routes; but for some systemically administered antibiotics
only a small amount/proportion of drugs can reach the site of infections in the deep lungs
which can compromise treatment efficacy (Cheah et al., 2015; Cipolla et al., 2016; Ritrovato
and Deeter, 1991; Yapa et al., 2014). Simply increasing the dose of oral and parenteral
administrations is often unfeasible because of dose limiting systemic toxicity, as is the case
with the polymyxins (i.e. polymyxin B and colistin) (Bergen et al., 2012; Hartzell et al.,
2009).

Antimicrobial resistance has become a serious global health challenge (Boucher et al., 2009;
Payne et al., 2007). In the absence of antibiotics with novel mechanisms of action (Boucher
et al., 2009; Payne et al., 2007), synergistic combinations of antibiotics with different
mechanisms are the most economic and effective strategy to ward off an impending post-
antibiotic era (Mouton, 1999). For such combinations to be optimally effective in-vivo, both
drugs should localize and accumulate at the infections site concomitantly (Mukker et al.,
2015). However, drugs often exhibit variable pharmacokinetic profiles, for example the rate
and extent of drug absorption in the lungs following systemic administration is highly
dependent on biological factors and drug properties (Levison and Levison, 2009). This raises
concerns regarding the effectiveness of systemic therapies of combinational antibiotics
against lower respiratory tract infections.
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Inhalation therapies have advantages for the treatment of respiratory tract diseases (Frijlink
and De Boer, 2004). Drugs can be delivered directly to the lungs via inhalation in order to
achieve high drug concentrations at the infection site and reduced systemic exposure, as
compared with oral and parenteral delivery (Hickey et al., 2016). The achievement of higher
drug concentrations in the airways and lowering the systemic exposure often translates into
enhanced antimicrobial activity, minimized systemic toxicity and reduces the emergence of
resistance (Cipolla and Chan, 2013; Lu et al., 2012). Dry powder inhalers are portable,
possess better chemical stability and higher delivery efficiencies in comparison to the
traditional nebulization (Zhou et al., 2015a).

Nevertheless, inhalation of large amount of drug/excipient powders may cause local adverse
events including bronchospasm and coughing, which may compromise patient compliance
(Claus et al., 2014; Zhou et al., 2015a). Such adverse reactions are more prevalent with the
high-dose medications such as inhaled antibiotics, likely attributable to large amount of
powders deposited in the upper respiratory tracts and the inhalation maneuver of the patients
(Claus et al., 2014; Velkov et al., 2015; Weers, 2015). Thus, it is important to minimize the
deposition of inhaled powder in the upper respiratory tract and maximize aerosol
performance to reduce the mass of the drug powders to be inhaled for improved patient
compliance and adherence (Zhou et al., 2014b).

In inhalation industrial practice, raw drug materials are jet milled to obtain small particle
sizes with aerodynamic diameters 1-5 um (Lin et al., 2015). Such fine milled particles are
inherently cohesive and difficult to disperse into discrete particles upon inhalation, which
result in low aerosol efficiencies (Buttini et al., 2012). Controlling the powder cohesion via
particle engineering methods is a straightforward approach to improve the aerosolization
performance of dry powder inhaler (DPI) formulations (Buttini et al., 2012; Qu et al., 2015).
One of the popular approach of particle engineering is spray drying (Bohr et al., 2014; Son
et al., 2013; \Vehring, 2008). Our research has been focused on developing antibiotic
combinations, which not only exhibit synergistic antibacterial activity but also augment the
aerosol and dissolution performance when combined into DPI formulations (Mangal et al.,
2018a; Mangal et al., 2019; Shetty et al., 2018a; Wang et al., 2016; Zhou et al., 2014a; Zhou
et al., 2015b; Zhou et al., 2016). For instance, a DPI formulation containing amorphous
colistin and crystalline rifapentine was developed by spray drying rifapentine suspension in
colistin aqueous solution (Zhou et al., 2015b). The formulation has shown synergistic
antimicrobial activities against planktonic and biofilm of £, aeruginosa. In addition,
crystalline rifapentine particles act as carriers that prevented moisture-induced deterioration
in aerosol performance for hygroscopic colistin (Zhou et al., 2015b). In other studies, co-
spray drying colistin with hydrophobic azithromycin or rifampicin was shown to form a
hydrophobic coating on the surface of co-spray dried composite particles, which improved
the stability of colistin against moisture-induced particle fusion/agglomeration at elevated
humidity (Zhou et al., 2014a; Zhou et al., 2016).

Ternary antibiotic combinations are becoming an important avenue for eradication of MDR
‘superbugs’ that have developed resistance to almost all clinically available antibiotics
(Urban et al., 2010). The literature evidence has shown the potential of ternary combinations
of polymyxin B, carbapenem (or its family antibiotics) and rifampicin for rapid killing
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against pan-drug resistant (PDR) A. baumannii (Yoon et al., 2004), K. pneumoniae (Diep et
al., 2017) and A aeruginosa (Urban et al., 2010). Thus far there has been one attempt to
develop DPI formulations of ternary antibiotic combinations (Lee et al., 2016). However, the
effects of each component and surface composition on the aerosol performance at elevated
humid conditions were not been investigated; this is important as the latter has been
demonstrated to critically affect the aerosol stability of DPIs containing hygroscopic
compounds such as colistin (Zhou et al., 2014a; Zhou et al., 2016; Zhou et al., 2013).

The aim of this study was to examine the role of colistin and rifampicin on the antimicrobial
activity, physico-chemical properties, aerosolization and dissolution of meropenem as co-
spray dried formulations. We employed colistin for this study, and not polymyxin B, given
the potential toxic effects of polymyxin B on lung epithelial cells noted in our previous
report (Ahmed et al., 2017).

Materials and Methods

Materials

Meroepenem trihydrate, colistin sulphate and rifampicin were purchased from Beta Pharma
(Beta Pharma (Shanghai) Co. Ltd, Wujiang City, China). Acetonitrile (HPLC grade) was
purchased from Merck (Fair Lawn, New Jersey, USA).

MDR £ aeruginosa 20143 n/m and A. baumannii 03-149.2 (colistin-resistant) were clinical
samples from respiratory infections. The bacterial strains were maintained at —80°C in
tryptone soy broth containing glycerol (20% v/v).

Static time-kill experiment

Antimicrobial activities were examined by static time-Kkill tests for colistin (8 mg/L),
meropenem (40 mg/L) and rifampicin (5 mg/L) monotherapy and its combinations against 2
aeruginosa 20143 n/m and A. baumannii 03-149.2. The composition of each component is
considered based on the previous antimicrobial results (Diep et al., 2017) with slight
modifications. All experiments were performed with an initial inoculum of ~108 CFU/mL in
20 mL of Cation-Adjusted Mueller-Hinton Broth (CAMHB) in 50 mL pyrogen-free and
sterile polypropylene tubes. An aliquot of 50 UL was collected at 0, 0.5, 1, 2, 4, 6, and 24 h
and to quantify bacteria a ProtoCOL automated colony counter (Synbiosis, Cambridge,
United Kingdom) was employed. The limit of detection was 110 CFU/mL.

Spray-drying

A Biichi 290 spray drier (Buchi Labortechnik AG, Falwil, Switzerland) was employed to
produce the powder formulations. Briefly, the antibiotic(s) were weighed (based on
formulation composition mentioned in Table 1) and dissolved in water. The drug ratio was
considered based on the literature (Diep et al., 2017) with slight modifications. The resultant
solution was spray-dried under following conditions: inlet temperature 110°C; outlet
temperature 62 + 3°C; aspirator 35 m3/h; atomizer setting 700 L/h; feed rate 2 mL/min
(Zhou et al., 2014a). The total solid load of the feed solution was kept constant (10 mg/mL)
amongst different formulations. The spray-dried formulations were stored in a desiccator
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with silica gel at 20 £ 3°C. The spray-dried formulations were also stored at the moderate
(55% RH) and elevated humidity (75% RH) at room temperature for one week to determine
the aerosolization stability at the elevated humidity.

Scanning electron microscopy (SEM)

Morphology of the spray-dried formulations was visualized under a field emission scanning
electron microscope (NOVA nanoSEM, FEI Company, Hillsboro, Oregon, USA). Briefly,
powders were dispersed on aluminum stubs with an adhesive tape and pressurized air was
used to remove the access powder. The stubs were then platinum coated using a sputter
coater (208 HR, Cressington Sputter Coater, England, UK) at 40 mA for 1 min and the
images were captured.

Particle size distribution

Given the difficulty in measuring particle size of combinational formulations using laser
diffraction, particle size was measured based on the scanning electron microscopy images
(Shekunov et al., 2007; Wan et al., 2013). Briefly, the diameters of ~150 randomly selected
particles (50 particles each from 3 different images with a magnification of 10,000x) were
measured by the distance of the longest edge of each particle in a fixed downwards direction
using the ImageJ software. The D1, D5g and Dgg were calculated. Given the relatively
narrow distribution of the spray dried particles, measurements of 150 particles are sufficient
for the particle sizing purpose here.

Water content

Karl Fischer analysis was performed using the coulometric system with diaphragm coupled
with 703 Ti Stand (831 KF Coulometer, Brinkman/Metrohm, Westbury, NY) for water
content determination. Around 50 mg of each samples were weighed accurately and
dissolved in 10g of methanol. Sample solution was injected into the titration cell filled with
Hydranal@-Coulomat AD (Sigma—Aldrich, St. Louis, Missouri) and titrated coulometrically
for water. The water content of blank methanol was also measured prior to sample injection.
The water content of blank methanol was subtracted from that of samples. All measurements
were triplicated.

Powder X-ray diffraction (P-XRD)

Crystallinity was determined by X-ray diffraction with a Rigaku Smartlab™ diffractometer
(Rigaku Americas, Texas, USA). The diffraction was acquired at 5°/min and a step of 0.02°
in the range of 5-40° 26.

Dynamic vapor sorption

The water sorption behavior of the spray-dried formulations was examined using a dynamic
vapor sorption (DVS-Intrinsic, Surface Measuremsent Systems Ltd., London, UK). Briefly, a
small amount of powder sample (15 £5 mg) was placed on a pan. The powder sample was
equilibrated with increasing relative humidity ranging from 0-90% with 10 % interval.
Then, the sample was equilibrated with decreasing humidity ranging from 90-0% with 10%
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interval. The change in mass with time dm/dt of less than 0.002% /min was defined as the
equilibrium.

X-ray photoelectron spectroscopy (XPS)

Surface composition of the spray-dried powders was quantified using X-ray photoelectron
spectroscopy (XPS) (AXIS Ultra DLD spectrometer, Kratos Analytical Inc., Manchester,
UK). For better resolution, a commercial Kratos charge neutralizer was used. Samples were
placed on a sample holder mounted with a copper tape. XPS data were analysed using with
CasaXPS software version 2313 Dev64. Surface composition of each composite formulation
was determined by N 1s curve-fitting using the peaks from pure compounds as described
previously (Mangal et al., 2018b).

In-vitro aerosol performance

The spray dried formulations were stored at the desiccated condition (DS), 55% RH and
75% RH for 1-week to test the in-vitro aerosolization performance and the stability. In-vitro
aerosol performance was evaluated by a Multi-Stage Liquid Impinger (MSLI) (Copley
Scientific Limited, Nottingham, UK) using a standard dispersion procedure (USP 38).
Briefly, twenty milliliter water was filled in each of the stages 1-4 of the MSLI. Two
capsules with each containing 10 + 2 mg of the powder formulation were dispersed through
a RS01 DPI device (Plastiape S.p.A., Osnago, Italy; it has a similar design and
characteristics to the Osmohaler device) at an airflow of 100 L/min for 2.4 s. These
experimental conditions allowed a pressure drop of approximately 4 kPa across the device.
The drugs deposit in the capsule, device, USP induction port, Stages 1-4 and filter paper
was collected with 20 mL of water. The amount of drug was quantified using an established
HPLC method as described below. Fine particle fraction (FPF) was calculated as the fraction
of drug deposited on the stage 3—4 and the filter over the total recovered doseEmitted dose
(ED) represents the amount of drug emitted from the capsule and inhaler device.

Drug quantification

The concentrations of colistin sulfate and meropenem were determined using established
HPLC methods as slightly modified from the previous studies (Mangal et al., 2018b). The
mobile phase consisted of 30 mM sodium sulfate solution (adjusted to pH 2.5 with H3POy)
(A) and acetonitrile (B). The isocratic elution program used for colistin and meropenem
detection was 76% (v/v) A and 24% (v/v) B for 7 min at 1.0 mL/min. The retention time
colistin was 3.2 and 5.2 min for colistin A and colistin B (two major components of colistin)
and for meropenem was 2 min. For rifampicin a gradient program was used, set as: 76 % A
to 55% B in 9 min, 55 % A to 45 % B till 17 min. The retention time for rifampicin was 15
min. A calibration curve was prepared for colistin (0.002-0.25 mg/mL), meropenem (0.002—
0.25mg/mL) and rifampicin (0.001-0.1 mg/mL), which was linear in the required
concentration range (r 2 >0.999).

In-vitro dissolution

To date, there is no regulatory guideline for dissolution testing of DPI formulations. Franz
cell method has been widely used in the literature for evaluating dissolution of inhalation
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formulations (Buttini et al., 2014; May et al., 2012; Salama et al., 2008); though it has
several limitations including the difficulty to differentiate dissolution from diffusion, and
may not exactly mimic in vivo environments regarding airway liquid volume, thickness and
composition. Nevertheless, Franz cell method was used here as a simplified approach to
evaluate dissolution kinetics of the spray-dried formulations with minor modifications (May
etal., 2012; Wang et al., 2016).

Briefly, two capsules (size 3 hydroxypropyl methylcellulose capsules, Qualicaps, Whitsett,
NC, USA) each containing 15 + 2 mg of the spray-dried formulation were dispersed through
an RS01 DPI device at an airflow of 100 L/min for 2.4 s into the Next Generation Impactor
(NGI). A filter disc membrane (Whatman® Grade 2 filter paper, pore size 5 um, GE
Healthcare) was placed under in the stage 3 (effective cut-off aerodynamic diameter is 2.18
um) to collect aerosol powders. Franz cell (PermeGear Inc., Hellertown, PA, USA)
reservoirs were filled with 20 mL phosphate buffer saline (PBS, pH 7.4) at 37 °C. Given
there is no regulatory guideline on the formula of lung simulated fluid, phosphate buffers
have been widely used as the simple dissolution media for inhalation formulations to reflect
the buffering capability of the lung fluid (May et al., 2012; Salama et al., 2008). The filter
disc from the stage 3 of NGI was carefully placed on the Franz cells, being in contact with
the dissolution media. The dissolution media was stirred constantly at 600 rpm (fixed speed
by the supplier) with a magnetic bar (12.5 mm in diameter and 3 mm in width). An aliquot
of 0.3 mL sample was collected at the selected time intervals (5, 10, 20, 30, 60, 120 and 180
min), and an equal volume of fresh PBS was added immediately after sample collection.
Total amount of each drug loaded on the filter disc was determined by adding 5 mL ethanol
in the donor compartment and ensure all drugs are dissolved. Percentages of drug released
were calculated by dividing the amount of drug released by the total amount of drug loaded
on the filter disc.

Statistical analysis

Results

Data were presented as mean + standard deviation (SD). One-way analysis of variance
(ANOVA) with a Tukey—Kramer post-hoc test was performed using a GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA, USA). The asterisks over graphs denote as
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001 and NS denotes not
significant (0> 0.05).

Antimicrobial activity

Time-kill profiles for colistin, meropenem, and rifampicin per se and in binary and ternary
formulations against A. baumannii 03-149.2 and £, aeruginosa 20143 n/m are shown in
Figure 1. Colistin monotherapy produced no bacterial Killing against both strains, which was
similar to the behaviour of the bacteria-only control; this is in line with the polymyxin
resistant nature of both strains. Meropenem monotherapy, produced substantial bacterial
killing within 4-6 h against A. baumannii 03-149.2 and £ aeruginosa 20143 n/m with a
minimum of 2-Logyg and 4-Logyq reduction in CFU/mL, respectively. Rifampicin
monotherapy was only effective against A. baumannii 03-149.2, with a > 2 log reduction in
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CFU/mL observed at 4 h followed by regrowth. For the various antibiotic combinations,
synergistic Killing was observed across 24 h; however, regrowth was evident for all
combinations after 6 h. The ternary combination exhibited excellent bacterial killing against
isolate P aeruginosa 20143 n/m with no viable cell counts up to 24 h. Similarly, the ternary
combination maintained good bacterial killing against A. baumannii 03-149.2 up to 6 h. At
24 h, despite regrowth to ~4 log;g CFU/mL, a 6-Log;¢g CFU/mL difference was evident
versus colistin monotherapy. The time-kill data showed the effective and synergistic in vitro
antimicrobial activities of our formulation against MDR Gram-negative bacteria.

Scanning electron microscopy (SEM)

Particle size

Representative SEM images of the spray dried formulations are shown in Figure 2. SEM
images showed that Meropenem-SD particle had spherical particles with rough surfaces,
which remained largely unchanged after co-spraying with colistin (Figure 2A and 2B). Co-
spraying of meropenem with rifampicin substantially altered the morphology of meropenem
with Meropenem-Rifampicin particles appearing more corrugated (Figure 2C). Particles of
ternary combination i.e., Colistin-Meropenem-Rifampicin showed similar morphological
features as that of the Meropenem-Rifampicin. The SEM results suggests that rifampicin
enrichment on the surface controls the morphological appearance of the resulting spray-
dried particles (Zhou et al., 2014a).

Particle sizes of the spray-dried formulations are presented in Table 2. Dsg values of the
spray-dried formulations were selected < 2 ym and Dgg were < 3 pm.

The Meropenem-SD has the highest water content of 8.8 + 0.2 % w/w right after spray while
the triple combination formulation has the lowest water content of 3.0 £0.3.

X-ray photoelectron spectroscopy (XPS)

Surface compositions of the formulations were quantified by XPS (Table 3). The XPS data
demonstrated a higher colistin concentration than the theoretical value in the Colistin-
Meropenem formulation, indicating surface enrichment of colistin. In the Meropenem-
Rifampicin and Colistin-Meropenem-Rifampicin formulations, surface concentration of
rifampicin was substantially higher than its theoretical value, indicating enrichment of
rifampicin on the surface. These data also confirmed that rifampicin on the particle surface
controlled the morphology of these formulations, leading to formation of corrugated
particles.

Dynamic water vapor sorption

Moisture sorption behavior of the spray-dried formulations is shown in Figure 3. All
formulations absorbed significant amounts of water at the elevated RH. This suggests that all
the spray dried formulations were highly hygroscopic like spray dried colistin particles
(Zhou et al., 2013); and addition of colistin and rifampicin in the formulation had no
substantial effect on moisture sorption of spray dried meropenem. All samples showed a
sorption-desorption hysteresis due to slower escape of water molecules during desorption
from the invaginations of particles (Zhu et al., 2008). Mass change of all formulations was
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zero or near zero at the end of desorption, indicating absence of moisture-induced
crystallization or permanent water absorption.

Powder x-ray diffraction (P-XRD)

P-XRD diffractograms show that raw colistin powder was amorphous as identified by the
absence of crystalline peaks (Figure 4A). The supplied rifampicin and meropenem were
crystalline as exemplified by the sharp crystalline peaks. All spray-dried powder
formulations showed no crystalline peak. This suggests that meropenem and rifampicin were
amorphous after spray drying. All the spray dried formulation retained their amorphous
nature after storage at 55% RH (Figure 4B) and 75% RH (Figure 4C) for a week, showing
short-term physical stability.

In-vitro aerosol performance

In-vitro aerosolization performance of the selected formulations stored under desiccated
humidity conditions (DS, RH 20%) is presented in Figure 5. The Meropenem-SD
formulation showed a relatively low FPF (48.0 + 3.1%). Co-spray drying of meropenem
with colistin and rifampicin substantially improved the FPF of meropenem compared with
the Meropenem-SD formulation (p<0.05). Binary combination formulation co-spray drying
with rifampicin exhibited a greater increase in FPF (71.5 + 1.5%), when compared with the
binary formulation with colistin (55.7 + 2.5 %). FPF values of the ternary combination
formulation was similar to those of Rifampicin-Meropenem but substantially higher than
those of the Meropenem-SD and Colistin-Meropenem (p<0.0001). Interestingly, a higher
percentage of rifampicin deposited on the filter stage for the ternary combination
formulation, when compared with the colistin and meropenem in that formulation
(Appendix Al). This phenomenon was observed in our previous studies, which could be
attributed to the fragmentation of particle surfaces (rifampicin was enriched on the surface)
during the aerosolization (Wang et al., 2016; Zhou et al., 2014a).

Effects of storage relative humidity on aerosolization

Since the spray-dried formulations can absorb significant amounts of water upon storage at
the elevated RH, the aerosol performance could be compromised due to increased inter-
particulate capillary forces (Young et al., 2004; Zhou et al., 2013). Therefore, we measured
the in-vitro aerosolization performance of the spray-dried formulations stored in the
desiccator with silica gel (DS, RH 20%, the data is the same as shown in Figure 5), 55% and
75% RH for a week (Figure 6). Based on the DVS isotherms, storage of the formulations for
a week is sufficient for the equilibrium of moisture absorption. FPF of the Meropenem-SD
formulation stored at 55% RH was slightly higher than that stored at RH 20%, which may be
attributed to the neutralization of electrostatic charging (Zhu et al., 2008). Storage at 75%
RH resulted in intense particle fusion (Figure 7), increasing particle sizes to beyond those
regarded as fine particles (i.e., <5 um aerodynamic diameter) or inhalable fraction for the
Meropenem-SD (Figure 6A). The Colistin-Meropenem formulation stored at 75% RH had a
remarkable lower FPF as compared with those stored under the lower RH (Figure 6B). The
FPF of Meropenem-Rifampicin and Colistin-Meropenem-Rifampicin formulations remained
largely unaffected by the storage conditions indicating improved aerosolization stability
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against elevated humidity (Figure 6C and 6D). This is highly likely attributed to the presence
of rifampicin on the surface of ternary formulation (Figure 6C and 6D).

In-vitro dissolution

Meropenem-SD exhibited a rapid dissolution with ~80% of the total drug being released
within the first 30 min (Figure 8). In the composite formulations, dissolution profiles of
meropenem were similar to that in the Meropenem-SD, indicating that rifampicin and/or
colistin in the composition formulations did not interfere with the release of meropenem
(Figure 8A). In the ternary formulations, colistin and rifampicin showed a slower dissolution
rate as compared with meropenem (Appendix A2). However, the drug release rates for
colistin and rifampicin in the binary formulation were comparable to those dissolution rates
for each corresponding drug in the ternary combination indicating that no interference in
dissolution rate between different drugs (Figure 8B and 8C).

Discussion

Inhalation is an promising route for anti-infective drug delivery targeting respiratory tract
infections, as it offers direct access of the drugs to the airway surfaces, limits the systemic
exposure and hence unwanted toxicity to the off-target sites (Bruinenberg et al., 2009;
Ritrovato and Deeter, 1991). Inhaled antibiotics achieve relatively high drug concentrations
in the lungs quickly (Gontijo et al., 2014; Yapa et al., 2013), thus reducing the risk of sub-
optimal exposure which promotes the emergence of resistance. Polymyxins remain an
effective treatment option for MDR Gram-negative lung infections (Levin et al., 1999).
However, there has been some concern in view of increasing reports of outbreaks of
polymynxin-resistant infections in recent years (Paterson and Harris, 2016). Clearly, we must
look towards the future and pre-emptively develop new treatment strategies using rational
combinations to rescue this important last-line class of antibiotics.

In our previous reports, we demonstrated that binary polymyxin-antibiotic combination
formulations improved not only antibacterial activities but also performance of DPI
formulations in terms of physical stability and aerosolization (Wang et al., 2016; Zhou et al.,
2014a; Zhou et al., 2015b; Zhou et al., 2016). In the present study, we have progressed this
field of study and demonstrated that a ternary combinational formulation of meropenem,
rifampicin and colistin achieved rapid killing and prevention of re-growth against colistin-
resistant A. baumannii and P, aeruginosa clinical isolates. The combination of these three
antibiotics is ideal as they have different bacterial killing mechanisms: colistin acts by
interacting with the outer membrane lipopolysaccharide of the Gram-negative bacteria and
disrupting the outer membrane (Velkov et al., 2013); rifampicin inhibits RNA synthesis by
inhibiting bacterial DNA-dependent RNA polymerase and thus preventing synthesis of host
bacterial proteins (Campbell et al., 2001); meropenem binds the membrane-associated
bacterial enzymes involved in the cell wall formation and facilitates bacterial cell lysis
(Kitzis et al., 1989). When combined, these three antibiotics showed superior antimicrobial
activity compared to the individual and binary formulations (Figure 1).

One of the key challenges for systemic administrations of combinational antibiotics is the
varying PK and pharmacodynamics (PD) behaviors for different drugs. Such differences in
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PK and PD behaviors will lead to very varying drug concentrations at the site of infection on
the airway surfaces, which likely lead to compromised synergy. Co-spray drying provides an
opportunity to incorporate all three drugs in one particle at the optimized ratio, which can be
delivered to the target site for maximized synergistic antimicrobial effects (Zhou et al.,
2014a). Our in-vitro deposition data showed that three drugs had very similar deposition
profiles (except for rifampicin in the filter) (Appendix Al), suggesting a homogenous
distribution of three antibiotics at the particular level.

It is interesting to note that rifampicin-containing formulations had markedly higher FPF
than the Meropenem-SD and Meropenem-Colistin formulations (Figure 5). We hypothesize
that such improvements in aerosol performance is due to the enrichment of rifampicin on the
particle surface since spray dried pure rifampicin showed a high FPF of > 68% in our
previous study (Wang et al., 2016). The enrichment of rifampicin on the surface of the
composite particles is likely attributed to its low water solubility. It has been reported that
poor soluble substances precipitates early in the drying phase, which result in surfaces that
are enriched with the poorly soluble materials (Mehring, 2008).1t is well recognized that
surface properties play a critical role in aerosolization of fine inhalable particles (Zhou and
Morton, 2012). Our XPS results demonstrated that in this three-component system,
rifampicin, a relatively poorly water-soluble molecule, enriched on the surface of the co-
sprayed formulations. In addition, the rifampicin-containing formulations had a more
corrugated surface (Figure 2) which is similar to those spray dried pure rifampicin (Wang et
al., 2016), providing an evidence that surface enrichment of rifampicin controls the particle
morphology. Such corrugated morphology can decrease the contact area between particles,
reducing inter-particle forces and consequently result in better aerosolization performance
(Chew and Chan, 2001).

Furthermore, co-spray drying also enables engineering of particulate properties for improved
stability such as prevention of moisture-induced deterioration in aerosolization (Zhou et al.,
2016). Many spray dried particles are amorphous and hygroscopic such as colistin and
meropenem. Upon the exposure to the elevated RH, capillary forces are strong between
these hygroscopic particles and even form fused lumps (Zhou et al., 2013). Such strong
inter-particulate capillary forces may lead to reduction in aerosolization such as for spray
dried colistin, or even no aerosolized particles due to particle fusion such as the spray dried
meropenem formulation (Figure 6A). Typically, poorly water soluble molecules tend to
enrich on the surface of particles after spray drying (Vehring, 2008; Vehring et al., 2007),
and such hydrophobic surfaces may exhibit protection against moisture-induced particle
agglomeration or particle fusion. L-leucine has exhibited such surface-active properties
during spray drying (Mangal et al., 2015; Shetty et al., 2018b) and successfully inhibited the
moisture-induced reduction in FPF (Li et al., 2016; Shetty et al., 2018b). In this study,
enrichment of hydrophobic rifampicin on the surface of ternary combinational particles also
protected the aerosolization against moisture. Using synergistic antibiotic (i.e. rifampicin)
instead of excipients (e.g. L-leucine) not only improves the antimicrobial activities, but also
reduce the mass of total powder for the high-dose antibiotic inhalation formulation, which
likely minimize the respiratory adverse effects caused by inhalation of high-mass powders
(\Velkov et al., 2015; Zhou et al., 2015a).
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Inhalable antibiotics are supposed to dissolve in the epithelium lining fluid in airways for
effective antimicrobial activities; while solid undissolved particles are unable to enter the
bacterial cell. Thus, dissolution profile of inhaled powders in airways may play a vital role in
determining their efficacy (Riley et al., 2012). As there is a concern that surface modification
with hydrophobic materials may retard wetting and hence the dissolution of drugs (Iranloye
and Parrott, 1978), we also investigated the effect of hydrophobic rifampicin on in-vitro
dissolution behavior of the ternary combinational formulation. Our results indicated that
coating with rifampicin did not retard the dissolution of meropenem, attributable to partial/
incoherent coating with rifampicin (Wang et al., 2016). Such incoherent coating may allow
dissolution of the soluble drug (i.e., meropenem and colistin) hence does not retard
dissolution. Interestingly, the coverage of these incoherent coating is sufficient to offer
complete protection against moisture-induced deterioration in aerosolization given
rifampicin was only less than 10% w/w in the formulation.

Conclusions

This study has examined effects of individual components on the antimicrobial activity,
physico-chemical properties, aerosolization and dissolution of triple antibiotics when co-
spray dried. The combination of the three antibiotics with varying antimicrobial mechanisms
showed synergistic antimicrobial activities against colistin-resistant Gram-negative bacteria
that may cause fatal respiratory tract infections. It is noteworthy that formulation process of
spray drying did not compromise the antimicrobial activities. Incorporation of colistin in the
spray drying solution resulted in an increase in FPF for meropenem. Addition of a ternary
component, rifampicin, in the spray drying solution further improved the FPF to >70% and
protected the hygroscopic formulation from moisture-induced deterioration in
aerosolization. Such aerosolization improvements and moisture protection were attributed to
the enrichment of rifampicin on the particle surface as indicated by the XPS data, even when
rifampicin concentration in the formulation was less than 10% w/w. Moreover, such
enrichment of hydrophobic rifampicin did not retard the dissolution of other two
components, meropenem and colistin. Similar deposition profiles in the stages of impinger
for three components suggested all components will likely deposit at the same sites of
infection within the lungs enabling maximized synergy in antimicrobial efficacy against lung
infections. Future studies may focus on the in-vivo PK and PD performance of such
formulation using our established animal models (Lin et al., 2017a; Lin et al., 2017b).
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Figure 1.

Time-kill kinetics of colistin (8 mg/L), meropenem (40 mg/L) and rifampicin (5 mg/L)
mono-drug and combinations as well as the spray dried ternary formulations against (A) 2
aeruginosa 20143 n/m and (B) A. baumannii 03-149.2.
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Figure 2.
Representative scanning electron microscopy images of (A) Meropenem-SD, (B) Colistin-

Meropenem, (C) Meropenem-Rifampicin, and (D) Colistin-Meropenem-Rifampicin
formulations.
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Figure 3.
Dynamic vapor sorption behavior of the spray dried powder formulations.
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Figure 4.

X-ray diffraction patterns of (A) raw materials and spray dried powder formulations, (B)

formulations stored at 55% RH for a week, (C) formulations stored at 75% RH for a week.
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Figure 5.
Fine Particle Fraction of the spray-dried formulations stored in the desiccated chamber. The

data are presented as mean £ SD (n=4).
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Figure 6.
Fine particle fraction (% FPF) of the spray-dried formulations stored under 55% and 75%

RH for a week: (A) Meropenem-SD formulation, (B) Meropenem-Colistin, (C) Meropenem-
Rifampicin formulation, and (D) Colistin-Meropenem-Rifampicin formulation. The data are
presented as mean £ SD (n=4).
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Figure 7.
Representative scanning electron microscopy images of the spray-dried formulations after

storage at 75% RH for 1-week: (A) Meropenem-SD, (B) Colistin-Meropenem, (C)
Meropenem-Rifampicin, and (D) Colistin-Meropenem-Rifampicin.
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Figure 8.
In-vitro dissolution of meropenem (A), colistin (B) and rifampicin (C) from the composite

formulations. The data are presented as mean + SD (n=4).
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Compositions of the spray-dried formulations.

Table 1.

Formulations Concentration (% w/w)
Meropenem | Colistin | Rifampicin
Meropenem-SD 100 0 0
Colistin-Meropenem 83.3 16.7 0
Meropenem-Rifampicin 88.9 0 111
Colistin-Meropenem-Rifampicin 75.5 151 9.4
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Table 2.

Particle sizes of spray-dried powder formulations.

Formulations

Particle size (um)

Water content (%) w/w

Dio Dso Dgo
Meropenem-SD 05+0.1 1.1+0.1 19+0.2 8.8+0.2
Colistin-Meropenem 09+0.0 1.4+0.1 22+03 51+0.2
Meropenem-Rifampicin 06+01 | 09+01 | 1.6+0.3 44+0.3
Colistin-Meropenem-Rifampicin | 0.8+0.1 | 1.2+£0.08 | 21+0.2 3.0+03
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Table 3.

Page 29

Surface composition of the selected spray-dried formulations as measured by XPS (N 1s curve-fits).

Formulation Theoretical Surface Composition (atomic Measured Surface Composition (atomic nitrogen
nitrogen percentage) percentage)
Colistin Meropenem Rifampicin Colistin Meropenem Rifampicin
Colistin-Meropenem 7.0 93.0 0.0 51.7 42.9 -
Meropenem-Rifampicin 0.0 97.8 2.2 - 315 68.5
Colistin-Meropenem-Rifampicin 6.8 91.2 2.0 30.4 20.3 49.3
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