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Abstract: The aim of this study was to design and develop respirable antibiotics moxifloxacin
(MOXI) hydrochloride and ofloxacin (OFLX) microparticles and nanoparticles, and
multifunctional antibiotics particles with or without lung surfactant 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) for targeted dry powder inhalation delivery as a pulmonary
nanomedicine. Particles were rationally designed and produced by advanced spray-drying particle
engineering from an organic solution in closed mode (no water) from dilute solution. Scanning
electron microscopy indicated that these particles had both optimal particle morphology and
surface morphology, and the particle size distributions were suitable for pulmonary delivery.
Comprehensive and systematic physicochemical characterization and in vitro aerosol dispersion
performance revealed significant differences between these two fluoroquinolone antibiotics
following spray drying as drug aerosols and as cospray-dried antibiotic drug: DPPC aerosols.
Fourier transform infrared spectroscopy and confocal Raman microspectroscopy were employed
to probe composition and interactions in the solid state. Spray-dried MOXI was rendered
noncrystalline (amorphous) following organic solution advanced spray drying. This was in
contrast to spray-dried OFLX, which retained partial crystallinity, as did OFLX:DPPC powders
at certain compositions. Aerosol dispersion performance was conducted using inertial impaction
with a dry powder inhaler device approved for human use. The present study demonstrates that
the use of DPPC offers improved aerosol delivery of MOXI as cospray-dried microparticulate/
nanoparticulate powders, whereas residual partial crystallinity influenced aerosol dispersion of
OFLX and most of the compositions of OFLX:DPPC inhalation powders.

Keywords: lung infection, respiratory, lung surfactant, solid-state particle engineering design,
aerosol, fluoroquinolone antibiotic drug delivery

Introduction

Ofloxacin (OFLX) belongs to the fluoroquinolone antimicrobial class, which is widely
used due to its excellent antimicrobial activity and good pharmacokinetics properties. '
In tuberculosis treatment, OFLX has been a first-line agent for multidrug-resistant
cases, and it has fewer adverse incidences and less severe adverse effects in long-
term treatment than the standard agents.*>~* Moxifloxacin (MOX]I) is a fluoroquinolone
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broad-spectrum antibacterial agent, shown to be clinically
active against Gram-positive microorganisms including
Staphylococcus aureus, Streptococcus pneumoniae, and
Streptococcus pyogenes. MOXI also has activity against
Gram-negative microorganisms including Haemophilus
influenzae, Haemophilus parainfluenzae, Klebisiella pneu-
moniae, Moraxella catarrhalis, and against Mycobacterium
tuberculosis, being as potent as rifampin.®

One of the most serious problems with current medicine
is the increase in drug resistance among bacterial pathogens,
which limits conventional therapy. Research efforts are being
made in using a targeted mode of delivery to target the site of
infection directly, such as inhalation aerosols for pulmonary
infections and by employing nanomedicine.”"* Targeted
pulmonary delivery of antimicrobials (ie, antibacterials and
antifungals) by inhalation aerosols is the subject of much
recent interest in research and development, including several
clinical trials.>!! Pulmonary liposomal aerosol delivery of

1417 and these

antimicrobials can effectively fight infections,
liposomal delivery systems can be rendered into inhalable
dry powder aerosols.!* MOXI has been encapsulated in
glutaraldehyde-crosslinked chitosan microspheres for intra-
pulmonary administration.” For inhalation applications,
OFLX has been encapsulated in glutaraldehyde-crosslinked
chitosan microspheres,* hyaluronan microspheres for tuber-
culosis treatment,?! and as an OFLX—palladium complex
encapsulated in biodegradable polymeric microspheres.?

The major component of lung surfactant is the phospho-
lipid dipalmitoylphosphatidylcholine (DPPC), which is an
essential component in normal lung surfactant, can alleviate
compromised lung compliance* and is used in nanophar-
maceutical applications.'® Phospholipids are biocompatible,
biodegradable excipients that can improve inhaled particle
migration to the lung periphery.?**” High-dose delivery,
higher chemical stability relative to the liquid state, and the
potential to tailor particle properties in the solid state are all
advantages of dry powder inhalers (DPIs). The aerosol per-
formance of dry powder aerosol formulations is influenced
by several particle properties including size distribution,
morphology, and particle surface properties, as described
in detail.?®3® Spray-drying is a high-throughput particle
engineering design process that offers many advantages
in designing and producing tailored particles for DPIs.?%%
Organic solution advanced spray drying in closed-mode for
DPIs has been reported in our previous studies.**?

To the authors’ knowledge, this is the first report on
the design by organic solution advanced spray drying and
comprehensive systematic characterization of inhalable

microparticulate/nanoparticulate dry powders of these two
fluoroquinolone antibiotics, MOXI and OFLX, for pulmo-
nary delivery as inhalable dry powder aerosols. In addition,
organic solution, advanced cospray drying is employed to
design microparticulate/nanoparticulate dry powders of
MOXI with DPPC and OFLX with DPPC, as lung surfactant
mimic multifunctional particles for aerosol delivery, which
are comprehensively and systematically characterized for
their physicochemical properties and in vitro aerosol per-
formance as respirable dry powders.

Experimental materials
and methods

Materials

MOXI hydrochloride United States Pharmacopeia
(USP) grade (MOXI, C, H,.CIFN,O,; molecular weight:
437.89 g/mol; =99% purity) and OFLX USP grade (OFLX,
C,H, ,FN,O,; molecular weight: 361.37 g/mol; =99% purity)
were purchased from APAC Pharmaceutical, LLC (Columbia,
MD, USA). Synthetic phospholipid 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) (C, H, NO,P; molecular
weight: 734.04 g/mol) was purchased from Avanti Polar
Lipids, Inc., (Alabaster, AL, USA). Their corresponding
chemical structures are shown in Figure 1 (ChemDraw® Ultra
10.0, ChemOffice; Cambridgesoft, Waltham, MA, USA).
Methanol (high-performance liquid chromatography grade,
American Chemical Society-certified grade, purity 99.9%)
was obtained from Thermo Fisher Scientific (Pittsburg, PA,
USA). HYDRANAL®-Coulomat AD was from Sigma-
Aldrich (St Louis, MO, USA). AQUASTAR® anhydrous
methanol was from EMD Millipore (Billerica, MA, USA).
Water was obtained by Milli-Q POD set-up from EMD Mil-
lipore with a resistivity of 18.1 MQ-cm. All nitrogen gas used
for experiments was an ultra-high purity (UHP) nitrogen gas
manufactured by Scott-Gross Company, Inc (Lexington, KY,
USA). All powders were used as stored in desiccators in the

freezer at —23°C. All materials were used as received.

Methods

Preparation of spray-dried particles

by organic solution advanced spray-drying

(no water) in closed mode

The advanced spray-drying process was performed using
the BUCHI Mini Spray Dryer B-290 coupled with the Inert
Loop B-295 and the high-performance cyclone (BUCHI
Labortechnik AG, Flawil, Switzerland). The organic solu-
tion spray drying process was in closed mode using UHP dry
nitrogen gas as the atomizing gas.
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Figure | The chemical structures of moxifloxacin hydrochloride, ofloxacin, and dipalmitoylphosphatidylcholine.
Notes: (A) Moxifloxacin hydrochloride; (B) ofloxacin; (C) dipalmitoylphosphatidylcholine.

Spray-dried (SD) and cospray-dried (co-SD) particles at
different ratios were obtained by spray drying organic solvent
solutions OFLX, MOXI hydrochloride, and/or DPPC under
the conditions outlined in Table 1. The feeding solution was
prepared by dissolving each component in methanol to make
a total concentration of 0.15% w/v. The relative molar ratio
of OFLX to DPPC and MOXI to DPPC in the feed solution
was100:0, 75:25, 50:50, 25:75, and 0:100, respectively. The
feed solution was passed through a stainless steel 0.7 mm
diameter atomizing nozzle via a peristaltic feed pump at
a flow rate of 15 mL/minute (pump rate 50%). A set inlet
temperature of 150°C £ 2°C (primary drying step) resulted
in outlet temperatures of 60°C + 3°C. The atomization
gas flow rate was 600 L/hour, and the aspiration rate was
35 m*/hour (100% aspirator). The resultant dry powder was

blown through a high-performance cyclone separator and
collected in the sample container. All SD and co-SD pow-
ders were stored in glass vials sealed with parafilm in glass
desiccators over Drierite™/Indicating Drierite™ (Hammond
Drierite Co, Ltd, Xenia, OH, USA) desiccant in the freezer at
—23°C under ambient pressure. These are similar conditions

as reported previously by our group.**+

Scanning electron microscopy (SEM)

Using conditions previously reported,®** scanning electron
microscopy (SEM) of the raw MOXI hydrochloride, raw
OFLX, raw DPPC, SD, and co-SD powders were evalu-
ated by SEM, using a Hitachi S-800 microscope (Hitachi
Ltd, Tokyo, Japan). Samples were placed on double-sided
adhesive carbon tabs (Ted Pella, Inc., Redding, CA, USA),

Table | Spray drying conditions for organic solution advanced spray drying in closed-mode under ultra-high purity nitrogen gas for
MOXI:DPPC and OFLX:DPPC spray-dried and cospray-dried systems

Formulations Solvent Aspiration gas: Inlet Outlet Pump Aspirator
ultra-high purity temperature temperature rate (%) (%)
nitrogen gas (L/hour) (°C) (°C)

MOXI:DPPC = 100:0 Methanol 670 150 75 50 100

MOXI:DPPC = 75:25 Methanol 670 150 72 50 100

MOXI:DPPC = 50:50 Methanol 670 150 70 50 100

MOXI:DPPC = 25:75 Methanol 670 150 68 50 100

OFLX:DPPC = 100:0 Methanol 670 150 73 50 100

OFLX:DPPC = 75:25 Methanol 670 150 69 50 100

OFLX:DPPC = 50:50 Methanol 670 150 76 50 100

OFLX:DPPC = 25:75 Methanol 670 150 73 50 100

MOXI/OFLX:DPPC = 0:100 Methanol 670 150 64 50 100

Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; OFLX, ofloxacin.
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which were adhered to aluminum stubs (Ted Pella, Inc.),
and were coated with gold/palladium alloy thin film using a
Hummer VI sputtering system from Technic Inc.. The coating
process was operated at 10 AC milliamperes for 3 minutes.
The electron beam with an accelerating voltage of 20 kV
was used at a working distance of 30 mm. SEM images were
captured using Evex NanoAnalysis software (Evex Analytical
Instruments, Inc, Princeton, NJ, USA). The average diameters
and size distributions were calculated as more than 100 par-
ticles using SigmaScan™ Pro 5.0 software (Systat Software
Inc., San Jose, CA, USA) for image analysis.

Particle sizing and size distribution

The mean size, standard deviation, and size range of the
particles were determined digitally using SigmaScan™
5.0 software, as previously reported.* Using similar con-
ditions as reported,*' representative micrographs for each
particle sample at 5,000x magnification were analyzed by
measuring the diameter of at least 100 particles per image
with the SigmaScan™ 5.0 software. Data were expressed as
number distributions.

X-ray powder diffraction (XRPD)

The crystalline nature (ie, the presence of long-range molecu-
lar order) versus non crystallinity (ie, lack of long-range
molecular order) of MOXI hydrochloride, OFLX, and DPPC
(all as supplied by the manufacturer) SD and co-SD powders,
were examined using X-ray powder diffraction (XRPD)
(Rigaku Multiflex X-ray diffractometer; Rigaku Corporation,
Tokyo, Japan) with a slit-detector Cu Ko radiation (40 kV,
44 mA, and A = 1.5406 A) source. The scan range was
5.0°-60.0° (20) with a scan rate of 2.00°/minute at ambient
temperature. The sample was placed on a horizontal quartz
glass sample holder plate. These are similar conditions to
those previously reported.’*#?

Differential scanning calorimetry (DSC)

Using similar conditions previously reported,**~* the phase
transition of MOXI hydrochloride, OFLX, and DPPC (as
supplied by the manufacturer) SD and co-SD formulations
were studied by thermogram obtained using the TA Q200
DSC system (TA Instruments, New Castle, DE, USA)
equipped with T-Zero® technology and an automated
computer-controlled RSC-90 cooling accessory (TA
Instruments). Approximately 3 mg of powder was care-
fully weighed into hermetic anodized aluminum T-Zero®
DSC pans (TA Instruments) and sealed with the T-Zero®
hermetic sealer (TA Instruments). An empty, hermetically

sealed, anodized aluminum pan was used as reference.
DSC measurements were performed at the heating rate
of 5.00°C/minute from 0°C to 350°C. UHP nitrogen gas
(Scott-Gross Company, Inc.,) was used as the purging gas
at a purge rate of 50 mL/minute. The glass transition tem-
perature (Tg) was calculated using TA Universal Analysis
(TA Instruments).

Attenuated total reflectance infrared

(ATR-FTIR) spectroscopy

Fourier transform infrared spectrometry (FTIR) spectra of
MOXI hydrochloride, OFLX, and DPPC (as supplied by the
manufacturer) SD and co-SD formulations were recorded
with a Varian, Inc., 7000e step-scan spectrometer (Agilent
Technologies, Santa Clara, CA, USA). An attenuated total
reflectance (ATR) accessory was used and the spectra were
collected with no further processing of the samples. The
powder was placed on the diamond ATR crystal, covered
with a glass cover slip, and held in place with a specialized
clamp. The spectra were scanned at an 8 cm™! spectral resolu-
tion from 700 cm~1 to 4,000 cm™'. The data were collected
and analyzed using Varian Resolutions software (Agilent
Technologies). These are similar conditions to those previ-
ously reported.*

Hot-stage microscopy under cross-polarizers

Using similar conditions to those previously reported,®
hot-stage microscopy (HSM) studies were performed
under OLYMPUS BXS51 polarized microscope (Olympus
Corporation, Tokyo, Japan) equipped with an Instec STC200
heating unit and an Instec HCS302 hot stage (Instec, Inc,
Boulder, CO, USA). The polarized light was filtered by
a y 530 nm U-TP530 (Olympus Corporation) filter lens.
Powder samples were placed on glass slides with cover
glass and heated at the rate of 5.00°C/min from 25°C to
350°C. The heating program was controlled by WinTemp
software (Instec, Inc). Images were digitally captured by a
SPOT Insight digital camera (Diagnostic Instruments, Inc,
Sterling Heights, MI, USA).

Confocal Raman microscopy and mapping

(chemical imaging)

Using conditions previously reported,*** confocal Raman
microscopy** was performed using a LabRAM confocal
dispersive Raman spectrometer and epi-fluorescence micro-
scope system (HORIBA, Ltd, Edison, NJ, USA). The system
is equipped with an Olympus BX41 microscope, an Olympus
U-LH 100 W Hg lamp, and a U-RFL-T power source used for
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fluorescence excitation and brightfield illumination (Olympus
America, Inc., Chester Valley, PA, USA). Raman spectra were
obtained using a 785 nm diode laser (Sacher Lasertechnik
GmbH, Marburg, Germany). The system is also equipped
with a 633 nm HeNe laser (CVI Melles Griot, Albuquerque,
NM, USA). Raman spectral maps were obtained using a x20
objective with the stage moved in increments of 10 um. Each
map point was acquired using seven spectral windows, with
each window using four accumulations and 2 seconds of
detector exposure time. Raman maps required between 18
and 24 hours of total experimental time. A confocal hole
of 500 um and a grating with 600 grooves/mm were used.
Spectra were subjected to baseline correction and smoothing
prior to further analysis.

In vitro aerosol dispersion performance

by Next Generation Impactor™ (NGlI)

Aerosolization of the SD and co-SD powders was evaluated
using the Next Generation Impactor™ (NGI). In accordance
with USP chapter 601 specifications on aerosols,* and as
previously reported,*** the in vitro aerosol dispersion prop-
erties of the dry powder particles as DPIs were determined
using the NGI with a stainless steel induction port (ie, USP
throat) attachment (NGI model 170; MSP Corporation,
Shoreview, MN, USA), equipped with specialized stain-
less steel NGI gravimetric insert cups (MSP Corporation,
Shoreview, MN, USA). Glass fiber filters (55 mm, Type A/E;
Pall Life Sciences, Pall Corporation, Exton, Port Wash-
ington, NY, USA) were placed in the stainless steel NGI
gravimetric insert cups for NGI stages 1 through 7. The NGI
was coupled with a Copley TPK 2000 critical flow controller
(Copley Scientific, Nottingham, UK), which was connected
to a Copley HCP5 vacuum pump (Copley Scientific). The
airflow rate, Q, was measured and adjusted prior to each
experiment using a Copley DFM 2000 flow meter (Copley
Scientific). For Q = 60 L/minute, the D_ aerodynamic
cutoff diameters for each NGI stage as calibrated and
stated by the manufacturer are 8.06 um, 4.46 um, 2.82 pum,
1.66 um, 0.94 um, 0.55 um, and 0.34 um for stages 1-7,
respectively. Three hydroxypropyl methylcellulose hard
capsules (size 3; Quali-V®; Qualicaps® Inc, Whitsett, NC,
USA) were each loaded with 10 mg of powder per capsule
for a total of 30 = 0.2 mg total per run. The human DPI

unit-dose device, the Handihaler®

(Boehringer Ingelheim,
Germany) was tightly inserted into the induction port via
a mouthpiece adapter. The emitted dose (ED), fine particle
fraction (FPF), and respirable fraction (RF) were calculated

as follows:

Emitted dose (ED%)

Initial mass in capsules — Final mass remaining in capsules

Initial mass in capsules
x 100% (1

Fine particle fraction (FPF%)

_ Mass deposited on stages 2 through 7 < 100% ()

" Initial particle mass loaded into capsules

Respirable fraction (RF %)
_ Mass deposited on stages 2 through 7

— , x 100% A3)
Initial particle mass on all stages

The mass median aerodynamic diameter (MMAD) and
geometric standard deviation were determined using a math-
ematic program written by Finlay.*’*® All experiments were
triplicated (n = 3) at ambient temperature and humidity.

Results and discussion

SEM, particle sizing, and size distribution
The surface morphology of MOXI hydrochloride, OFLX,
and DPPC (as supplied by the manufacturer), Figure 2,
SD and co-SD OFLX:DPPC formulations, as well as the SD
and co-SD MOXI:DPPC formulations were investigated by
SEM. Figures 3 and 4 show the SEM micrographs, and their
corresponding size diameter, standard deviation, and range
are tabulated in Table 2, as quantified statistically using
SigmaScan™ software.

The SEM micrographs of MOXI hydrochloride
(Figure 2A) and DPPC, as supplied by the manufacturer
(Figure 2C) show needle-like morphology and a size that is
much too large for inhalation. Following organic solution
spray drying in closed mode, increasing the DPPC content
in the co-SD MOX:DPPC powders changed the particle
morphology, as visualized by electron microscopy, from
slightly corrugated surface morphology to smooth surface
morphology. All particles had spherical particle morphology.

Table 2 Particle size parameters of spray-dried and cospray-
dried MOXI:DPPC powders (mean * standard deviation; n = 3)

Formulations Diameter (Lm) Range (um)
MOXI:DPPC = 100:0 0.67 £0.19 0.379-1.363
MOXI:DPPC = 75:25 0.70 £ 0.21 0.354-1.406
MOXI:DPPC = 50:50 0.69 +0.21 0.403-1.533
MOXI:DPPC = 25:75 0.69 +£0.22 0.325-1.655
MOXI:DPPC = 0:100 0.64+0.18 0.236-1.166

Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; n,
number.
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10 pm

Mag: 1000 kV:20 WD: 30

Mag: 5000 kV:20 WD: 30 1pm

Mag: 1000 kV:20 WD: 30 10 ym

Figure 2 SEM micrographs of (A) moxifloxacin hydrochloride (magnification: 1,000x), (B) ofloxacin (magnification: 1,000x), and (C) DPPC (magnification 1,000x) as supplied

by the manufacturer.

Abbreviations: SEM, scanning electron microscope; DPPC, dipalmitoylphosphatidylcholine.

Varying DPPC content from 25% to 75% did not significantly
affect the particle size (Table 2). Increasing the concentration
of the excipient in the solution to be SD, as well as increasing
its methanol content, did not affect particle size.

SD OFLX particles (Figure 4) are spherical in particle
morphology. The surface morphology appears to increase in
smoothness by increasing the concentration of DPPC from
25% to 75%, but it did not affect particle size (Table 3)
significantly. DPPC appears to have a greater effect on the
appearance of OFLX particles in terms of surface roughness
(surface morphology) than on MOXI particles.

X-ray powder diffraction

XRPD is a direct method for determining the basic infor-
mation about the structure of a crystalline material.*” The
crystallinity of the pure drug and all SD formulations were
examined by studying its XRPD. As shown in Figure 5B, the
XRPD diffractogram pattern of OFLX shows distinct sharp
diffraction peaks (ie, the presence of long-range molecular
order), indicating that the raw drug OFLX, as supplied
by the manufacturer, is crystalline. For SD OLFX, co-SD
OFLX:DPPC 75:25 and co-SD OFLX:DPPC 50:50 powders
still showed these characteristic crystalline OFLX diffraction
peaks at 15.77 26 degree, 19.22 20 degree, and 26.55 20

A C

Mag: 10000 kV: 20 WD: 30 1 pm

Figure 3 SEM micrographs of SD and co-SD powders.

degree, but with reduced peak height (less intense) (ie, residual
partial crystallinity exists following spray drying). For co-SD
OFLX:DPPC 25:75, there are no sharp diffraction peaks
observed, indicating non crystallinity. The diagrams revealed
the characteristic peak of the DPPC bilayer multilamellar
structure in the solid-state® at approximately 21 20 degrees,
which increased in intensity with the addition of DPPC in
the SD formulations.

MOXI hydrochloride, as supplied by the manufacturer,
was characterized by having an XRPD diffractogram pattern
with multiple sharp peaks, which are characteristic of the
long-range molecular order present in crystalline materials.
Following organic solution spray drying, these characteristic
peaks were no longer present, suggesting the loss of crystal-
linity for all MOXI compositions studied. The characteristic
peak of the DPPC at approximately 21 26 degrees increased
with the addition of DPPC in the co-SD MOXI:DPPC
formulations. The diagrams revealed the characteristic peak
of the DPPC bilayer multilamellar structure in the solid-state™
at approximately 21 (20) degrees.

Differential scanning calorimetry
The thermograms of SD (as supplied by the manufacturer),
and different molar ratios of co-SD fluoroquinolone antibiotic

D E

Mag: 10000 kV: 20 WD: 30 1 ym Mag: 10000 K

Notes: (A) SD MOXI (magnification: 10,000x); (B) co-SD MOXI:DPPC = 75:25 (magnification: 10,000x); (C) co-SD MOXI:DPPC = 50:50 (magnification: 10,000x); (D) co-
SD MOXI:DPPC = 25:75 (magnification 10,000x); and (E) SD DPPC (magnification 10,000x).
Abbreviations: SEM, scanning electron microscope; SD, spray-dried; co-SD, cospray-dried; MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine.

submit your manuscript

3494

Dove

International Journal of Nanomedicine 2013:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

DPPC powders for pulmonary inhalation

Figure 4 SEM micrographs of SD and co-SD powders.

E

Notes: (A) SD OFLX (magnification: 10,000x); (B) co-SD OFLX:DPPC = 75:25 (magnification: 10,000x); (C) co-SD OFLX:DPPC = 50:50 (magnification: 10,000x); (D) co-SD
OFLX:DPPC = 25:75 (magnification 10,000x); and (E) SD DPPC (magnification: 10,000x).
Abbreviations: SEM, scanning electron microscope; SD, spray-dried; co-SD, cospray-dried; OFLX, ofloxacin; DPPC, dipalmitoylphosphatidylcholine.

drug:DPPC powders are shown in Figure 6. The OFLX
thermogram shows an endothermic peak at 269°C, which
represents the melting point of the drug. The thermogram of
the co-SD OFLX:DPPC powders shows that the endothermic
peak corresponding to the melting point of OFLX is present
but reduced. There was no OFLX melting peak when the
co-SD OFLX:DPPC molar ratio reached 50:50. The SD OFLX
exhibits residual partial crystallinity following organic solution
advanced spray drying, as do co-SD OFLX:DPPC at select
compositions of 75:25 and 50:50. The presence of residual par-
tial crystallinity agrees well with the XRPD diffractograms.

The thermogram of MOXI shows an endothermic melting
peak at 238°C, which is at a lower temperature than that of
OFLX. SD MOXI powders show an exothermic peak (ie, a
disorder-to-order phase transition) suggestive of crystalliza-
tion point at 91.7°C. This agrees with the XRPD data, which
indicates that the SD MOXI powders are noncrystalline (ie,
indicative of amorphous character). With the addition of
DPPC to MOXI, the exothermic peak temperatures decreased
to 58°C, 52°C, and 50°C for co-SD MOXI:DPPC 75:25,
50:50, and 25:75 powders, respectively. The endothermic
peak appeared to also decrease with the addition of DPPC
to MOXI, 211°C for SD MOXI versus 136°C for co-SD
MOXI:DPPC 75:25 powders.

ATR-FTIR spectroscopy
Infrared spectroscopy is one of most powerful analytical tech-
niques to determine the presence of various functional groups

Table 3 Particle size parameters of spray-dried and cospray-
dried OFLX:DPPC powders (mean * standard deviation; n = 3)

Formulations Diameter (Lm) Range (um)
OFLX:DPPC = 100:0 0.69 £ 0.15 0.399-1.293
OFLX:DPPC = 75:25 0.59£0.15 0.326-1.317
OFLX:DPPC = 50:50 0.60+0.18 0.277-1.190
OFLX:DPPC = 25:75 0.57+0.18 0.277-1.178
OFLX:DPPC = 0:100 0.64+0.18 0.236—1.166
Abbreviations: OFLX, ofloxacin; DPPC, dipalmitoylphosphatidylcholine; n,

number.

involved in making up the molecule. It provides spectral data
regarding any change in the functional group characteristics
of a drug molecule occurring while in the processing of a
formulation and after spray-drying. FTIR spectra of pure
drugs and all formulations are shown in Figure 7.

In the FTIR spectra of OFLX, as supplied by the
manufacturer, one prominent characteristic peak was found
between 3,050 cm™ and 3,000 cm™, which was assigned to
the stretching vibration of the OH group and intramolecular
hydrogen bonding (Figure 7). This band also suggested the
NH stretching vibration of the imino moiety of piperazinyl
groups, which was less prominent due to intense OH stretch-
ing vibration. The peak at 2,700 cm™" was assigned to VCH,
of the methyl group. The band at 1,750-1,700 cm™ repre-
sented the acidic carbonyl C = O stretching (ie, vC = O).
The peak at 1,650 cm™ to 1,600 cm™ was assigned to the
VN-H bending vibration of quinolones. The 1,550 cm™ to
1,500 cm™ represented the VCH, of the aromatic ring. The
band at 1,450-1,400 cm™' was assigned to the stretching
vibration of CH,, confirming the presence of the methylene
group in the benzoxazine ring. The peak at 1,400—-1,350 cm™
represented the bending vibration of the hydroxyl group. The
band at 1,250 cm™! to 1,200 cm™ indicated the stretching
vibration of the oxo group. In addition, a strong absorption
peak between 1,050 cm™' and 1,000 cm™! was assigned to the
C—F group. The band at 900-800 cm™! represented the out
of plane bending vibration of double bonded enes or =CH
groups. These characteristic peaks also appeared in the
formulations of single OFLX, co-SD OF-DPPC 75:25, and
co-SD OF-DPPC 50:50 powders, while peak strengths were
getting weaker with increasing content of DPPC. MOXI
hydrochloride was characterized by having an infrared spec-
trum with peaks at approximately 3,359 cm™, 2,974 cm™,
1,716 cm™, 1,467 cm™, 1,137 cm™!, and 952 cm™' in the pure
drug. The presence of the same peaks, which are character-
istic functional groups of the drug and DPPC, observed in
the drug polymer physical mixture confirm that there is no
incompatibility between the drug and DPPC.
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———raw DPPC

Figure 5 XRPD diffractograms of MOXI hydrochloride, OFLX, and DPPC (supplied by the manufacturer) spray-dried and cospray-dried powders at various molar ratios.

Notes: (A) MOXI:DPPC; (B) OFLX:DPPC.

Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; OFLX, ofloxacin; XRPD, X-ray powder diffraction.

HSM under cross-polarizers
The MOXI hydrochloride, OFLX and DPPC as supplied
by the manufacturer, and their SD and co-SD powders
were visualized by HSM for the presence/absence of bire-
fringence and visual changes with increasing temperature.
Representative images are shown in Figures 8—11. All samples
appeared unchanged at 37°C (physiological temperature).
While for MOXI hydrochloride, as supplied by the
manufacturer (Figure 9), and OFLX, as supplied by the

A
] - —~—\/
s
: v~
E IR
S p—

0 41 83 124 188 208 248
Temperature (°C)

raw MOXI = MOXI:DPPC = 100:0 =———MOXI:DPPC = 75:25
MOXI:DPPC = 50:50 ———MOXI:DPPC = 25:75 ———MOXI:DPPC = 0:100
raw DPPC

manufacturer (Figure 10), the birefringence and the crystal
shape of drug as supplied by the manufacturer were
observed over nearly the entire temperature range studied
under cross-polarized light. The melting process occurred
at ~270°C for OFLX and ~235°C for MOXI, as evident by
liquid droplet formation clearly seen in the micrographs,
which was in good agreement with the DSC thermal analysis
data. No birefringence was observed in SD OFLX samples
(Figure 10) before it melted, but the birefringence appeared

B

= |
3 ) —
sV v

92 137 183 229 275

0 46
Temperature (°C)
raw OFLX ———OFLX:DPPC = 100:0 —— OFLX:DPPC = 75:25
OFLX:DPPC = 50:50 ———OFLX:DPPC = 25:75 ———OFLX:DPPC = 0:100
raw DPPC

Figure 6 DSC thermograms of MOXI hydrochloride, OFLX, and DPPC (supplied by the manufacturer) spray-dried and cospray-dried powders at various molar ratios.

Notes: (A) MOXI:DPPC; (B) OFLX:DPPC.

Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; OFLX, ofloxacin; DSC, differential scanning calorimetry.
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Figure 7 ATR-FTIR spectra of MOXI hydrochloride, OFLX, and DPPC (supplied by the manufacturer) spray-dried and cospray-dried powders at various molar ratios.
Notes: (A and B) MOXI:DPPC; (C) OFLX:DPPC; and (D) MOXI hydrochloride and OFLX supplied by the manufacturer.
Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; OFLX, ofloxacin; ATR-FTIR, attenuated total reflectance infrared—Fourier transform infrared

spectroscopy.

after melting. For SD MOXI, it showed dark agglomerates
lacking birefringence over the whole temperature range
under cross-polarized light, which indicated a noncrystalline
amorphous character, which was in good agreement with the
XRPD and DSC data. Birefringence was seen in DPPC, as
supplied by the manufacturer samples, as well as in SD DPPC
powders before and after it melted (Figure 8), which was
in good agreement with its liquid crystalline self-assembly
phase behavior.

Co-SD MOXI:DPPC 75:25 powders showed dark
agglomerates lacking birefringence across the whole tem-
perature range, as would be expected for noncrystalline amor-
phous materials. For co-SD OFLX:DPPC 75:25 formulations,

after dynamic heating to 100°C, the birefringence started to
diminish. This phase transition may correspond to the melting
of DPPC. Melting was visualized at temperatures of 260°C
for co-SD OFLX-DPPC 75:25, as evident by liquid droplet
formation seen in the micrographs. Although the thermal
behavior is complex, these results are in good agreement
with the DSC thermograms (Figure 6).

Confocal Raman microscopy

and mapping (chemical imaging)

Confocal Raman microscopy analysis was performed using
a 785 nm laser, since 633 nm laser irradiation was found to
cause strong fluorescence emissions that overwhelmed the
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Raw DPPC
25.1°C 37.2°C 100.2°C 191.2°C 207.1°C 243.2°C 246.5°C

SD DPPC powders

25°C 37.2°C 101.2°C 150.3°C 188.8°C 242.2°C 244°C

Figure 8 Representative HSM micrographs for DPPC supplied by the manufacturer versus SD DPPC powders.
Notes: (A) Raw DPPC; (B) SD DPPC powders.
Abbreviations: DPPC, dipalmitoylphosphatidylcholine; SD, spray-dried; HSM, hot-stage microscopy.

A Raw MOXI

100.2°C 235.4°C 243.5°C 247.9°C

B SD MOXI powders

100°C 189°C 193°C 209°C

Figure 9 Representative HSM micrographs for MOXI hydrochloride supplied by the manufacturer versus SO MOXI powders.
Notes: (A) Raw MOXI; (B) SD MOXI.
Abbreviations: MOXI, moxifloxacin; SD, spray-dried; HSM, hot-stage microscopy.

A Raw OFLX

100°C

B SD OFLX powders

25°C 37°C 100°C 201°C 270°C 279°C

Figure 10 Representative HSM micrographs for OFLX supplied by the manufacturer versus SD OFLX powders.
Notes: (A) Raw OFLX; (B) SD OFLX.
Abbreviations: OFLX, ofloxacin; SD, spray-dried; HSM, hot-stage microscopy.
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A co-SD MOXI:DPPC 75:25 powders

37.2°C 124°C 139°C 149°C 166°C

B co-SD OFLX:DPPC 75:25 powders

25°C 37.2°C 100°C 150°C 200°C 260°C

Figure || Representative HSM micrographs for co-SD MOXI:DPPC 75:25 versus co-SD OFLX:DPPC 75:25 powders.
Abbreviations: co-SD, cospray-dried; MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; HSM, hot-stage microscopy; OFLX, ofloxacin.

Raman spectra. Raman spectra of MOXI hydrochloride, in the region around 3,000 cm™. DPPC showed strong Raman
OFLX, and DPPC, as supplied by the manufacturer, are com-  scattering in the 2,950 to 2,830 cm™' range arising from
pared to the spectra of SD OFLX and SD MOXI in Figure 12.  aliphatic chains and between 1,105 cm™ and 1,085 cm™.
Both MOXI and OFLX as supplied by the manufacturer,and  Both of these bands are specific for DPPC in the presence
SD MOXI and OFLX showed only minimal Raman intensity ~ of either antibiotic compound and allow for Raman mapping

Raw OFLX

e Ny

SD OFLX:DPPC (100:0)

Y

Raw MOXI

- JM [
"

SD MOXI:DPPC (100:0)

Raw DPPC

g

— —_ masses —— — :

3,000 2,500 2,000 1,500 1,000 500
Raman shift (cm™)

Figure 12 Raman spectra obtained via confocal microscopy of OFLX, MOXI, and DPPC (supplied by the manufacturer) shown in comparison to representative spectra
obtained from SD MOXI:DPPC (100:0) and OFLX:DPPC (100:0) particles.
Abbreviations: OFLX, ofloxacin; SD, spray-dried; DPPC, dipalmitoylphosphatidylcholine; MOXI, moxifloxacin.
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of the composition and distribution of drug and DPPC in SD
particles. The Raman spectra of SD MOXI and OFLX were
indistinguishable from their raw crystalline counterparts.
In the case of OFLX, this result is consistent with the XRPD
results presented previously that indicated no change in crys-
talline form upon spray drying for OFLX without DPPC. In
the case of MOXI, where amorphous material was observed
in the bulk sample obtained from spray drying without
DPPC, the Raman spectrum indicates that crystallization
has occurred in the surface region sampled by confocal
microscopy, most likely during storage.

A Raman map of an agglomerated particle of co-SD
MOXI:DPPC 50:50 is shown in Figure 13A. A band ratio
analysis was performed using the band area of the region of
1,640 cm™ to 1,585 ¢cm™, which is characteristic of MOXI,
and the aforementioned band area in the region of 1,105 cm™
to 1,085 cm™ that is specific for DPPC. The results of this
analysis are superimposed on the brightfield optical image in
Figure 13A, where the brighter blue—green color is indicative of
greater MOXI content relative to DPPC. The overall band ratio
variance is minor. This indicates that the particle composition
is generally homogeneous. Spectra extracted from three points
on the map, as shown in Figure 13B, confirm this finding.

A

Y (um)

-250 -200 -150 -100 -50 0 50 100
X (pm)

150 200 250

No indication of inhomogeneity with respect to form was
observed. The Raman results shown in Figure 13 were repre-
sentative of the results observed for other agglomerated SD
particles with different drug-to-lipid ratios.

Using the same band areas, a Raman map of an agglom-
erated particle of co-SD OFLX:DPPC 50:50 was plotted as
shown in Figure 14A. Because of their structural similarity, a
strong band that is characteristic of OFLX occurs in the same
region as for MOXI, as seen in Figure 12. The band ratio map
of co-SD OFLX:DPPC 50:50 showed minor indications of
inhomogeneity. Spectra extracted from three points in this
map are shown in Figure 14B, and minor variations in the
peaks assigned to OFLX are seen relative to those assigned to
DPPC; however, the overall drug distribution in the particles
was still homogeneous.

Fluorescence microscopy of MOXI and OFLX, as sup-
plied by the manufacturer, showed strong fluorescence emis-
sion from these compounds, in agreement with the results
from the Raman experiments using 633 nm laser irradiation.
No detectable fluorescence was obtained from DPPC as sup-
plied by the manufacturer. Fluorescence microscopy was used
to image particles to assess the homogeneity of drug distribu-
tion, which was also found to be homogeneous, in agreement

3,000 2,500 2,000 1,500 1,000 500
Raman shift (cm™)

Figure 13 Raman band area ratio map of the MOXI to DPPC ratio in agglomerated spray-dried particles and extracted spectra from three points that illustrate the

homogeneous distribution of MOXI and DPPC across the mapped region.

Notes: (A) Raman band area ratio map of the MOXI to DPPC ratio in agglomerated spray-dried particles (MOXI:DPPC 50:50) superimposed on a brightfield optical image.
Increasing blue—green color is associated with greater concentration of MOXI relative to DPPC. The map sampled a 10 x 30 rectangle using 10 um stage increments, and a full
spectrum was acquired at each point. (B) Extracted spectra from three points (denoted by red, purple, and green-bordered rectangles in [A]) that illustrate the homogeneous

distribution of MOXI and DPPC across the mapped region.
Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine.
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Figure 14 Raman band area ratio map of the OFLX to DPPC ratio in agglomerated spray-dried particles and extracted spectra from three points that illustrate the

homogeneous distribution of OFLX and DPPC across the mapped region.

Notes: (A) Raman band area ratio map of the OFLX to DPPC ratio in agglomerated spray-dried particles (OFLX:DPPC 50:50) superimposed on a brightfield optical image.
Increasing blue—green color is associated with greater concentration of OFLX relative to DPPC. The map sampled a 24 X 24 region using |0 um stage increments, and a full
spectrum was acquired at each point. (B) Extracted spectra from three points (denoted by red, purple, and green-bordered rectangles in [A]) that illustrate the homogeneous

distribution of OFLX and DPPC across the mapped region.
Abbreviations: OFLX, ofloxacin; DPPC, dipalmitoylphosphatidylcholine.

with the Raman microscopy results. Two representative
images are shown in Figure 15 for the materials prepared with
the lowest concentration of antibiotic, co-SD MOXI:DPPC
25:75 and co-SD OFLX:DPPC 25:75, where the sensitiv-
ity of fluorescence microscopy is most advantageous. The
images shown in Figure 15 can be obtained in real time at
video rates in comparison to the extended times (22 hours)

A

-250

-200

-150

-100

Y (um)

-300 -200 -100 0 100 200 300
X (um)

required for the lower-resolution Raman maps shown here
with 785 nm laser irradiation.

In vitro aerosol dispersion

performance by NGI

The aerosol deposition plots for all SD and co-SD powders
using NGI are shown in Figure 16 (dispersion plots), and the
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Figure 15 Fluorescence microscopy images showing the overall homogeneity of drug distribution in agglomerated particles.
Notes: (A) MOXI:DPPC (25:75); (B) OFLX:DPPC (25:75). Images were obtained using a 20x objective.
Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; OFLX, ofloxacin.
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Figure 16 In vitro aerosol dispersion performance as the percent of deposition at each stage of the Next Generation Impactor™ at Q = 60 L/minute with the Handihaler®

DPI device for dry powder inhalation aerosols.
Notes: (A) SD and co-SD MOXI:DPPC; (B) SD and co-SD OFLX:DPPC.

Abbreviations: MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; OFLX, ofloxacin; Q, airflow rate; DPI, dry powder inhaler; SD, spray-dried; co-SD, cospray-dried.

aerosol dispersion parameters are tabulated in Tables 4 and 5.
Measurable stage deposition on all seven NGI stages for all
SD and co-SD powders was observed. Aerosol dispersion
performance values of ED, FPF, and RF are high for all SD
and co-SD powders. The stage deposition percentage varied
with respect to DPPC content and also the drug effect of

MOXI versus OFLX in the co-SD powders is evident when
comparing Figure 16A versus Figure 16B.

The presence of DPPC with MOXI influenced the co-SD
MOXI:DPPC aerosol deposition behavior (Figure 16A).
The powders exhibited excellent aerosolization properties
with ED values greater than 90% for most compositions and
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Table 4 Aerosol dispersion performance parameters as aerosolized dry powders of SD and co-SD for MOXI:DPPC including ED, FPF,

RF, MMAD, and GSD

SD and co-SD powders ED (%) FPF (%) RF (%) MMAD (um) GSD

MOXI:DPPC = 100:0 9285+ 1.76 57.17 £ 1.94 37.48 £ 5.55 561 £2.15 3.42+057
MOXI:DPPC = 75:25 86.35+2.11 66.66 +0.79 85.68 £ 1.24 1.76 £ 0.04 1.76 £ 0.02
MOXI:DPPC = 50:50 96.71 £0.56 56.64 +0.72 46.04 £2.11 524+023 261 £0.16
MOXI:DPPC = 25:75 94.08 +2.88 48.08 £2.97 73.36 £2.07 3.13£0.35 1.93 +£0.06
MOXI:DPPC = 0:100 95.85+ 1.78 5745+ 1.26 17.62 £0.75 2255+ 1.15 4.83 £0.08

Notes: Mean * standard deviation; n = 3.

Abbreviations: SD, spray-dried; co-SD, cospray-dried; MOXI, moxifloxacin; DPPC, dipalmitoylphosphatidylcholine; ED, emitted dose; FPF, fine particle fraction; RF,
respirable fraction; MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation; n, number.

FPF values up to 67% (Table 4). All of the MMAD values
for SD MOXI and co-SD MOXI:DPPC aerosols (Table 4)
were suitable for effectively reaching the smaller airways.
Co-SD MOXI:DPPC 75:25, 50:50, and 25:75 exhibited
high RF values of 85.68% + 1.24%, 46.04% =+ 2.11%,
and 73.36% % 2.07%, respectively. Co-SD MOXI:DPPC
75:25 showed the highest deposition on stage 5. A shift in
the deposition pattern of co-SD MOXI:DPPC towards the
lower NGI stages (Stages 4-5) is also observed.

The NGI stage deposition plots (Figure 16B) show that
agglomerated particles deposit on stage 1 for the SD OFLX
and co-SD OFLX powders followed by significant deposition
on the remaining stages, particularly during stages 4-6. SD
OFLX and co-SD OFLX:DPPC 75:25 and 50:50 composi-
tions gave significantly higher deposition on the stages with
D, aerodynamic cutoff nanometer values than the co-SD
OFLX 25:75 and SD DPPC powders. As indicated from
DSC thermal analysis and XRPD diffraction patterns, SD
and co-SD OFLX:DPPC 75:25 and 50:50 exhibited partial
residual crystallinity, and this appears to influence aero-
sol dispersion performance of the OFLX fluoroquinolone
antibiotic system. The presence of residual partial crystal-
linity appears to influence the degree of observed surface
roughness from a corrugated surface morphology to smooth
surface morphology and spherical particle morphology
(Figure 4), with increasing DPPC content. A comparison

of SD DPPC versus SD OFLX aerosols indicated that SD
OFLX had a statistically significant higher RF value of
39.75% £ 4.38% when compared to the SD DPPC RF value
of 17.62% =+ 0.75%. Analysis of the deposition profiles of
the co-SD OFLX aerosols containing different molar ratios
DPPC exhibited significantly different deposition profiles
when compared to SD OFLX.

The MMAD values for the co-SD 25:75 ratio for both
OFLX:DPPC and MOXI:DPPC acrosols were larger than
for the co-SD 75:25 ratio, although SEM image analysis
showed a similar primary particle size for them. This sug-
gests that DPPC has a significant hydrophobic effect on the
aerodynamic behavior for these ratios. The morphology
evaluation (Figures 3 and 4) showed that the MOXI:DPPC
and OFLX:DPPC particles in the dried formulations were
rendered smaller and more spherical than the MOXI and
OFLX particles supplied by the manufacturer (Figure 2).
Solid surface morphological modifications, due to the pres-
ence of surface-active lung surfactant-mimic DPPC, may
influence the dry powder aerosol dispersion of these two
antibiotics particles by favorably decreasing interparticle
interactions. The morphology of SD particles is affected by
the rate of solvent evaporation during the spray-drying pro-
cess, and the wrinkled particles may result from the build-up
of vapor pressure within the particle leading to its collapse.
In our novel advanced organic solution spray-drying method,

Table 5 Aerosol dispersion performance parameters as aerosolized dry powders of SD and co-SD for OFLX:DPPC including ED, FPF,

RF, MMAD, and GSD

SD and co-SD powders ED (%) FPF (%) RF (%) MMAD (um) GSD

OFLX:DPPC = 100:0 90.51 +843 62.59 +3.70 39.75+£ 438 5.30 £ 1.03 285£0.19
OFLX:DPPC = 75:25 96.96 +0.76 67.77 £0.92 2525 +5.02 13.23 £4.97 4.42 £ 0.60
OFLX:DPPC = 50:50 96.52 +2.33 59.52 +3.89 3492 £ 6.53 8.52 +2.64 322+035
OFLX:DPPC = 25:75 97.40 £ 0.82 63.35+ 0.8l 17.80 £2.44 2327 £5.32 5.14 £2.67
OFLX:DPPC = 0:100 95.85+ 1.78 5745+ 1.26 17.62 £0.75 22.55+ 1.58 4.83£0.08

Notes: Mean * standard deviation; n = 3.

Abbreviations: SD, spray-dried; co-SD, cospray-dried; OFLX, ofloxacin; DPPC, dipalmitoylphosphatidylcholine; ED, emitted dose; FPF, fine particle fraction; RF, respirable
fraction; MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation; n, number.
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methanol was used to solubilize the drug and DPPC together
as a dilute solution, which reduces the final particle size in the
solid state. This method also reduces the residual water con-
tent in the final respirable powders which, in turn, enhances
aerosol dispersion performance by reducing capillary forces
that act between the surfaces of adjacent particles.

Conclusion

Dry powder inhalational delivery of antibiotics has great
potential in the effective treatment of pulmonary infec-
tions in a targeted manner, while reducing the growing
complication of bacterial drug resistance. The design,
comprehensive characterization, and in vitro aerosol dis-
persion performance of microparticulate/nanoparticulate
MOXT and OFLX inhalation aerosol antibiotic powders by
organic solution-advanced spray-drying in closed mode from
methanol solution (no water) was achieved. In addition, lung
surfactant-mimic multifunctional particles in the solid state
were produced as inhalable dry powders for each fluoroqui-
nolone antibiotic at several molar ratios. The small particle
size, unimodal narrow size distribution, spherical particle
morphology, and smooth surface morphology were all suit-
able for targeted respiratory drug delivery as DPIs. There
were also changes in the physical properties after processing
where the OFLX powders retained partial crystallinity for
SD OFLX and co-SD OFLX:DPPC at molar ratios of 75:25
and 50:50, whereas the SD MOXI and co-SD MOXI:DPPC
powders were rendered noncrystalline (amorphous) at all
compositions studied. The present study demonstrates that
the use of DPPC with MOXI enhances aerosol performance
as respirable co-SD powders versus SD MOXI. It was inter-
esting to find that DPPC can influence particle shape and
surface morphology of OFLX in the solid state by affecting
residual partial crystallinity.
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