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Introduction

Desigh and comprehensive characterization of dry
powder inhalation aerosols of simvastatin DPPC/
DPPG lung surfactant-mimic nanoparticles/
microparticles for pulmonary nanomedicine

David Encinas-Basurto,?® Maria F. Acosta,? Basanth Babu Eedara, {2 2°
Jeffrey R. Fineman,® Stephen M. Black®® and Heidi M. Mansour & *af

The Rho Kinase (ROCK) pathway is recognized to be involved in changes that lead to remodeling in
pulmonary hypertension (PH), particularly cellular processes including signaling, contraction, migration,
proliferation, differentiation, and apoptosis. Simvastatin (Sim) has a potent anti-proliferative and pro-
apoptotic effect on vasculature smooth muscle cells through the inhibition of the synthesis of
isoprenoids intermediates which are essential for the post-translational isoprenylation of Rho, Rac, and
Ras family GTPases. Sim targets the underlying mechanism in vascular remodeling. Using
bionanomaterials and particle engineering design, this innovative study reports on the advanced
inhalable dry powders composed of sim with synthetic phospholipid bionanomaterials, DPPC/DPPG, as
a lung surfactant-mimic. These were successfully designed and produced as co-spray dried (Co-SD)
nanoparticles and microparticles for nanomedicine delivery as dry powder inhalers (DPIs). Different
techniques were used to comprehensively characterize the physicochemical properties of the resulting
Co-SD particles. The Next Generation ImpactorTM (NGI™) was used with three different FDA-approved
human DPI devices with varying shear stress which were the HandiHaler®, Neohaler®, Aerolizer® DPI
devices for aerosol dispersion performance. The formulation—device interactions were examined and
correlated. Using human lung cells from different lung regions, in vitro cell viability and transepithelial
electrical resistance (TEER) at the air-liquid interface showed biocompatibility of the formulations as
a function of dose.

changes such as inflammation and thrombosis (due to endo-
thelial dysfunction and platelet aggregation), as well as endo-

Pulmonary hypertension (PH) is a lung condition characterized
by elevated resting blood pressure (25 mm Hg or higher) in the
pulmonary arteries. PH impairs the ability of the right
ventricle of the heart to pump blood effectively. As a result, the
imbalanced production of vasodilators and vasoconstrictors
results in excessive vasoconstriction. Furthermore, remodeling
of the vasculature occurs due to physiological and biochemical
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thelial and vascular smooth cell proliferation and inhibition of
apoptosis.*

Due to the avoidance of first-pass metabolism and direct
delivery to the treatment site, pulmonary drug delivery is the
ideal treatment for PH.® Other advantages include a faster onset
of action, lower systemic exposure, fewer side effects, and the
ability to overcome the challenges of poor gastrointestinal
absorption.® The FDA-approved inhalation products currently
used clinically to treat PH by inhalation include Ventavis®
(nebulized iloprost), Tyvaso® (nebulized treprostinil and dry
powder inhaler), and INOmax® (inhaled nitric oxide gas). The
disadvantage of nebulized liquid aerosols include high dosing
administration frequency, which necessitates 6 to 9 nebulized
liquid aerosol treatments per day, and relatively long treatment
times per dose administration. Furthermore, there are several
potential adverse drug effects, including an increased risk of
bleeding for anticoagulant patients, bronchospasms, wheezing,
and a drop in blood pressure resulting in dizziness. Ventavis®
inhibits platelet aggregation; however, the significance of this
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effect in the treatment of pulmonary hypertension is unknown.”
In addition, there is a lack of selectivity, which leads to off-target
side effects and the need to target two or more pathways to slow
the progression of PH. Most importantly, all current therapies
aim to reverse symptoms rather than the underlying cause of
the disease, thus limiting their therapeutic efficacy.®

Recent research has implicated the activation of the small G
protein RhoA and its target Rho Kinase, also known as the Rho
Kinase pathway, in some of the changes that lead to vasculature
remodeling in PH, particularly cellular processes (including
signaling, contraction, migration, proliferation, differentiation,
and apoptosis)”*® showed that simvastatin (Sim) affects post-
translational isoprenylation of Rho, Rac, and Ras family
GTPases by inhibiting the synthesis of isoprenoids intermedi-
ates. In addition, RhoA/ROCK inhibits endothelial function by
expressing and activating eNOS.' Simvastatin to treat PH
provided additional impetus to develop an advanced inhalable
formulation that can be delivered to the respiratory tract as dry
powder inhalers (DPIs) using an FDA-approved human DPI
device.

In comparison to liquid aerosols, dry powder inhalers (DPIs)
offer chemical and physical stability of molecules drugs due to
their solid-state, the ability to include hydrophobic (water-
insoluble) drugs, patient compliance, more versatile inhaler
devices, fewer excipients, and the lack of need for propellant
and hand-to-lung coordination.”**

Phospholipids are important bionanomaterials and certain
phospholipids are essential components in normal lung
surfactant composition and its function in the lungs. Lung
surfactant exists a multilamellar (i.e. multinanolayers) structure
and as a monolayer (i.e. a nanolayer) at the air-liquid interface.
Synthetic ~ phospholipids, dipalmitoylphosphatidylcholine
(DPPC), a zwitterionic phospholipid essential in normal lung
surfactant nanolayer and dipalmitoylphosphatidylglycerol
(DPPG), as PG is also in lung surfactant, were rationally chosen
as lung surfactant-mimic phospholipids and in a lung
surfactant-relevant molar ratio of DPPC : DPPG 3:1 as a nano-
carrier for Sim. They are the most common phospholipid
components found in the lungs and are required for appro-
priate lung surfactant function.®'® The thermodynamically
stable multilamellar state of the resultant particles powder is
formed,"” and unlike other inhaled particles, the destiny of
these components is comparable to that of native lipids. The
purpose of this innovative study is to design, develop, and
comprehensively characterize simvastatin-loaded proliposomal
co-spray dried (Co-SD) inhalable powders that target the RhoA/
Rho kinase (ROCK) pathway as a potentially new nanomedicine
treatment for pulmonary hypertension. In addition, this study
reports on the in vitro aerosol dispersion performance of these
innovative inhalable dry powder nanoformulations combined
with three different types of FDA-approved unit-dose capsule-
based DPI devices that differed in device shape, resistance,
and shear stress properties. Biocompability with human lung
cells was evaluated using in vitro cell viability and trans-
epithelial electrical resistance (TEER) at the air-liquid interface.
To the Authors’ knowledge, this study is the first to report such
findings using these conditions including the advanced spray
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drying conditions, these synthetic phospholipids in the re-
ported ratio, in vitro human cellular studies on multiple lung
cell types, and aerosol dispersion performance using 3 different
FDA-approved DPI devices.

Materials and methods
Materials

Simvastatin (Sim) [United States Pharmacopeia (USP) grade]
was obtained from ACROS (New Jersey, USA). Methanol (HPLC
grade, ACS-certified grade, purity 99.9%) was obtained from
Fisher Scientific (Fair Lawn, New Jersey, USA). Hydranal®-Cou-
lomat AD and resazurin sodium salt were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Raw and spray-dried Sim
powders were stored in sealed glass desiccators with Drierite™
desiccant/Drierite indicating desiccant at —20 °C under
ambient pressure. Ultra-high purity (UHP) nitrogen gas (Cryo-
genics and gas facility, The University of Arizona, Tucson, Ari-
zona) was used during advanced spray drying in closed-mode as
the drying gas and atomizing gas. Synthetic DPPC (molecular
weight 734.039 g mol™!, >99% purity) and DPPG (molecular
weight 744.952 g mol™", >99% purity) sodium salt were ob-
tained from Avanti Polar Lipids (Alabaster, AL, USA).

Methods

Advanced spray-drying from organic solution. The Sim-
loaded proliposome particles in the solid stated were
designed by particle engineering design and production using
advanced spray drying in closed-mode, using a similar method
earlier reported by our group.'®* DPPC and DPPG were dis-
solved in a ratio of 1:3 with varying amounts of Sim in meth-
anol (no water) using solid final 0.1% (w/v) concentration in the
feed solution following spray-dried by B-290 Biichi Mini Spray
Dryer coupled with a B-295 Inert Loop and a High-Performance
cyclone (Biichi Labortechnik AG, Switzerland) and using
a stainless-steel nozzle diameter was 0.7 mm in closed-mode.
The use of methanol and no water provides smaller droplet
sizes due to the surface tension of methanol, in contrast to the
high surface tension of water, and more efficient drying. The
feed rate and the aspirator gas flow were set as 25%, 50%, and
100% and 35 m® per hour (90%). The drying air inlet tempera-
tures were 150 °C. After spray drying, all SD powders were stored
in glass vials sealed with parafilm in desiccators at —20 °C until
further characterization. The spray drying conditions are
summarized in Table 1.

Laser diffraction particle size and size distribution. The
particles mean size and size distribution were determined by
the nanosizer analyzer SALD-7101 (Shimadzu, Japan). The
measured sample was prepared by dispersing 10 mg of dry
powder (DP) proliposomes in 1 mL Milli Q water and sonicated
for 5 minutes. The sample was added to the blank for
measurement, and 1.60-0.10 refractive index was used. In
addition to acquiring the particle size distributions, the Dy,
Dyso, and Dyq, parameters were measured. The span value was
calculated using the eqn (1):

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Co-spray-dried (co-SD) formulation solution (0.1% w/v) and
their corresponding outlet temperatures during spray-drying (n = 3).
PL: phospholipids. Sim: simvastatin

% Outlet temperature

Sample (Sim : PL) pump rate (°C)

25:75 25 52-54
25:75 50 60-63
25:75 100 40-42
50:50 25 60-64
50:50 50 57-60
50:50 100 38-41
75:25 25 54-57
75:25 50 58-61
75:25 100 45-48

Table2 Volumetric particle sizes (Dy10, Dyso, and Dygg), of co-SD Sim :
PL produced at the high (100%) pump rate (n = 3, mean + SD)

Co-SD Sim: PL

powders Dyyo (nm) Dys (um) Dy (nm)  Span

25:75 0.175 £ 0.04 0.385 £ 0.08 1.05 £+ 0.04 2.27 &+ 0.05
50:50 0.199 £ 0.06 0.408 + 0.09 1.12 + 0.03 2.25 + 0.04
75:25 0.288 £ 0.04 0.620 + 0.12 1.35 + 0.07 1.71 4+ 0.06

Span = [(Dy9o — Dy10)/Dys0) 1)

Karl Fisher titration

Using conditions similar to previously reported, the residual
water content of all co-SD powders were quantified analytically
by Karl Fischer titration (KFT) using a TitroLine 750 trace
titrator (SI Analytics, Weilheim, Germany). Approximately 5 mg
of powder was added to the titration cell containing Hydranal®
Coulomat AD reagent.

Scanning electron microscopy

A scanning electron microscopy (SEM) using a FEI Inspect S
microscope (FEI, Brno, Czech republic) was used to observe the
morphology and particle size of the dry powders. All the
samples were fixed on an aluminum stub using double-sided
adhesive tabs (TedPella, Inc. Redding CA) and then sputter-
coated with gold prior to visualization with a Hummer 6.2
sputtering system from Anatech (Union City, CA) as previously
reported.” The accelerating voltage was set as 15.0 kV. Photo
micrographs were taken at different magnifications in different
regions of the sample.

X-ray powder diffraction

Powder crystallization was evaluated by X-ray diffraction (XRPD,
D8, Quest Bruker Corporation, Bremen, Germany) and collected
at room temperature with a PANalytical X'pert diffractometer
(Westborough, MA, USA). Measurements were taken between
5.0° and 50.0° (26) with a scan rate of 2.00° per min at ambient

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperature. The powder samples were loaded on a zero-
background silicon sample holder.>*

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was applied to investi-
gate the thermal properties of the Co-SD proliposomes. Approx.
5-10 mg powder was placed into an anodized aluminum
hermetic DSC pan. The TA Q1000 differential scanning calorim-
eter (DSC) (TA Instruments, New Castle, DE) was used for thermal
analysis and phase transition measurements. The temperature
range was from —5.00 °C to 300.00 °C with a heating scan rate of
5.00 °C min~" under a continuous flow of nitrogen gas. All
measurements were carried out in triplicate (n = 3).

Hot stage microscopy (HSM) under cross-polarizers

Dry proliposomes at 50:50 were fixed on a glass slide and
heated using the same DSC conditions described earlier using
a Leica DMLP cross-polarized microscope (Wetzlar, Germany)
equipped with a Mettler FP 80 central processor heating unit
and Mettler FP82 hot stage (Columbus, OH, USA).> The images
were captured digitally with a Nikon coolpix 8800 digital camera
(Nikon, Tokyo, Japan) at 10x optical zoom and 10x digital zoom.

Attenuated total reflectance-Fourier transform infrared
spectroscopy (FTIR)

The FTIR spectra of Co-SD proliposomes, Sim, DPPC and DPPG
were undertaken using a Nicolet Avatar 360 FTIR spectrometer
(Varian Inc., CA). The spectra were recorded with attenuated
total reflectance (ATR) accessory. Each spectrum was collected
for 32 scans at a spectral resolution of 2 cm™" over the wave-
number range of 4000-400 cm ™. A background spectrum was
carried out before every sample under the same experimental
conditions.***

Simvastatin loading analysis by high-performance liquid
chromatography (HPLC)

Co-SD particles were dissolved in methanol at 1 mg mL™~" and
sonicated for 15 minutes. Filter sample and inject into HPLC.
Sim% drug loading (DL) were calculated as follow:

Actual mass of sim
%D loading = 100 2
7oDrug loading Mass of particles x ®

The Sim contents in the co-SD proliposomes powder
formulations were analyzed using a modified HPLC method.*
The HPLC system consisted of an LC compact system (Shi-
madzu, Tokyo, Japan) equipped with a binary pump, a UV
detector, a column oven, and an autosampler. For Sim HPLC
analysis, the column was a Luna C,g column (5 mm, 250 mm X
4.6 mm i.d.; 3 pm; Phenomenex, CA, USA), operated 25 °C. The
mobile phase consisted of 100 mM ammonium acetate buffer-
acetonitrile (40 : 60% v/v) at a 1.0 mL min " flow rate, with the
UV detector wavelength set at 242 nm. A 10 uL of sample solu-
tions was injected into the analytical column.

RSC Adv, 2024, 14, 29413-29427 | 29415
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Fig. 1 SEM micrographs of: (A). Raw Sim; (B) Co-SD 25:75; (C). Co-SD 50 :50; and (D). Co-SD 75:25. Molar ratio Sim: PL.

Table 3 The residual water content Co-SD Simvastatin formulations
(n = 3, mean + SD)

Co-SD powders (spray drying pump rate) % (w/w)

Sim: PL 25:75 (100% PR) 2.88 £ 0.1
Sim: PL 50: 50 (100% PR) 1.35 + 0.3
Sim: PL 75:25 (100% PR) 1.50 £ 0.5

In vitro aerosol dispersion performance

The aerosolization performance of all powders was evaluated
using the next generation impactor (NGI) (Copley Scientific Ltd,
Nottingham, UK) with a suitable customized rubber mouth-
piece adaptor and a stainless steel induction throat, in accor-
dance with United States Pharmacopeia (USP) Chapter <601> on
aerosol specifications.> The aerosol performance experiments
were designed using Design-Expert 8.0.7.1 software (Stat-Ease
Corp., Minneapolis, MN) and Vcaps® capsules #3 (Quali-v®;
Qualicaps, Madrid, Spain). Using type A/E glass fiber filters with

29416 | RSC Adv, 2024, 14, 29413-29427

a diameter of 55 mm on all stages except on stage 1 which used
a 75 mm diameter A/E glass fiber filter, the mass of powder
deposited on each stage was measured using a gravimetric
method (PALL Corporation, Port Washington, NY). About 10 mg
of powder was contained in each clear capsule.

One inhalation-grade capsule was loaded at a time into one
of three different FDA-approved unit-dose human DPI devices
with varying resistance to flow. The DPI devices were the
Handihaler® (Boehringer Ingelheim, Ingelheim, Germany),
Neohaler® (Sunovion Pharmaceuticals Inc, Marlborough, MA,
USA), and Aerolizer® (Novartis Pharma AG, Basel, Switzerland).
In each experiment, three capsules were used under ambient
conditions using similar conditions described previously by our
workgroup.”*?® The fine particle dose (FPD) was defined as the
dose deposited on NGI stages 2-7, fine particle fraction (FPF)
(eqn (3)), respirable fraction (RF) (eqn (4)), and emitted dose
(ED) (eqn (5)) were calculated using the equations:

. . FPD
Respirable fraction(RF%) = Total deposited dose

x 100% (3)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 X-ray powder diffractograms of raw Sim and co-SD DPPC/DPPG particles with varying Sim content. (A) Raw Sim; (B) Co-SD 75 : 25, Co-SD

50:50, Co-SD 25:75.

. . . FPD
Fine particle fraction(FPF%) = D X 100% (4)

. . ED
Emitted dose fraction(ED) =

- 0
~ Total dose - 100% ()

In addition, the mass median aerodynamic diameter
(MMAD) of aerosol particles and geometric standard deviation
(GSD) were calculated using a Mathematica (Wolfram Research,
Inc., Champaign, IL) program written by Dr Warren Finlay.>®

In vitro drug diffusion studies using the Franz cell

Modified Franz diffusion cell (VB6; PermeGear Inc., Hellertown,
PA, USA) with Spectra/Por® membrane disc (12-14,000 MW) was
used to assess the drug dissolution rate and diffusion of Sim-
loaded proliposomes as previously reported with some modifi-
cations.?”*® Briefly, a volume of 5 mL of 0.02% Tween 20 PBS
solution to facilitate Sim dissolutoin in aqueous solution was
used in the acceptor media at a temperature of 37 £ 0.5 °C. A
mass of 5 mg of Sim-loaded proliposome powder was

© 2024 The Author(s). Published by the Royal Society of Chemistry

aerosolized by the Dry Powder Insufflator™ device Model DP-
4M (Penn-Century, Wyndmoor, PA) into the donor's vessel. At
desired time points, 0.2 mL aliquots were removed with the
replacement of new media. Each sample was analyzed by the
modified HPLC method as described in detail below in the next
section. All experiments were done in triplicate (n = 3).

In vitro human cell viability

A549 human lung alveolar cells and H441 human lung bron-
chioalveolar cells were obtained from ATCC (Manassas, VA,
USA) and cultured in Dulbecco’s modified Eagle's medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS),
100 IU mL ™" of penicillin and 100 ug mL ™" of streptomycin for
A549 and RPMI 1640 with the same supplements for H441 were
obtained from GIBCO by Life Technologies (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Cells were maintained in an
incubator supplied with a 5% CO,/95% air-humidified atmo-
sphere at 37 °C. Cells were seeded at 5000 cells per well and 100
uL per well in 96-well plates, and after 48 hours, 100 pL per well
of treatments with various Sim concentrations were added.

RSC Adv, 2024, 14, 29413-29427 | 29417
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Fig.3 Differential scanning calorimetry of raw Sim and co-SD DPPC/DPPG particles with varying Sim content. (A) Raw Sim; (B) Co-SD 25: 75; (C)

Co-SD 50:50; (D) Co-SD 75:25.

After 48 hours of exposure, each well was filled with 20 pL of 20
UM resazurin sodium salt and incubated for 4 hours. The
fluorescence intensity of the resorufin (reduce state) produced
by viable cells was detected using the Synergy H1 Multi-Mode

E
37°

.

. Q_n goee {

130°

Fig. 4
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Reader at 544 nm (excitation) and 590 nm (emission) at this
point (BioTek Instruments, Inc., Winooski, VT). The relative
viability of each sample was calculated using eqn (6):

. " . o
b
mznmas‘

oL
150°

Representative HSM images at different temperatures of Co-SD 50 : 50 Sim: PL.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DPPC/DPPG.

Table 4 % Drug loading by HPLC for Co-SD Sim: PL powders where
PL is DPPC/DPPG (n = 3, mean + SD)

Formulation (Sim: PL) % Drug loading

Co-SD 25 : 75 (100% PR) 11.5 + 0.12
Co-SD 50: 50 (100% PR) 17.8 + 0.095
Co-SD 75 : 25 (100% PR) 20 + 0.62

Sample fluoresence intensity
Control fluoresence intensity

Cell viability = 100 (6)

In vitro transepithelial electrical resistance (TEER)

TEER measurements were performed at the air-liquid interface
(ALI) on H441 cells, as previously reported with some modifi-
cations.”?*® H441 cells was grown in T-75 culture flasks in an
atmosphere of 5% CO, at 37 °C. H441 cells were maintained in

Table 5

proliferation medium (RPMI 1640-Gibco) containing 10% fetal
bovine serum (FBS), 1% PenStrep and 1% of GlutaMAX. Once
they were confluent (90%), cells were seeded onto 12-well
Transwell inserts® from Fisher Scientific (Hampton, New
Hampshire) at a density of 500 000 cells per well in proliferation
medium (0.5 mL in the apical and 1.5 mL in the basolateral
chambers). After observing a complete monolayer under the
microscope formed after 3-4 days, the apical side media was
removed and every other day, the basolateral media was
changed for the next days 5 days before changing to polarized
media (RPMI 1640 containing 4% FBS, 1% penicillin-
streptomycin, 1% GlutaMAX, 1% insulin-transferrin-selenium,
and 200 nM dexamethasone). The polarized media was
changed every next day. The maximum expected TEER at the
ALI value was ~250 Q cm ™2, Once they reached that value, cells
were exposed to the 50:50 formulation for 3 hours, washed 3
times, and air-liquid interphase (ALI) condition was induced
again. TEER monolayer recovery value was monitored for 5 days

In vitro aerosol dispersion performance parameters of mass median aerodynamic diameter (MMAD), geometric standard deviation

(GSD), fine particle fraction (FPF), respirable fraction (RF), and emitted dose (ED) for co-SD powders (n = 3, mean + SD)

Co-SD Sim: PL

powder composition ED (%) FPF (%) RF (%) MMAD (pm) GSD
HandiHaler®

25:75 100 £+ 0.02 32.72 £+ 2.49 56.01 + 4.96 4.04 + 0.33 1.99 + 0.84
50:50 99.9 £ 0.04 15.99 + 1.60 28.1 4+ 0.68 11.84 + 1.87 2.78 £ 0.32
75:25 99.7 + 0.34 13.84 + 2.46 30.45 + 1.62 10.77 £ 1.03 2.89 + 0.07
NeoHaler®

25:75 99.97 £ 0.04 48.49 + 1.48 82.68 + 3.67 3.50 £ 0.19 1.85 £ 0.07
50:50 99.86 + 0.18 27.36 + 1.04 67.08 + 3.10 5.42 + 0.13 2.32 £ 0.35
75:25 99.76 + 0.32 32.84 + 3.39 65.26 £ 7.3 5.11 £ 0.56 2.57 £ 0.44
Aerolizer®

25:75 99.7 + 0.26 62.55 + 2.77 87.87 £ 4.1 3.14 +£ 0.16 1.86 + 0.056
50:50 92.9 + 8.77 27.65 + 3.34 59.25 + 4.06 4.48 + 0.15 2.25 £ 0.07
75:25 99.36 + 0.89 28.80 + 0.81 71.304 4,18 + 0.14 2.03 + 0.09
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NGI stages

In vitro aerosol dispersion performance as percent deposited on each stage of the Next Generation Impactor™ (NGI™) using NeoHaler®

(red bars), HandiHaler® (black bars) and Aerolizer® (green bars) device for co-SD Sim : PL particles where PL is DPPC/DPPG: (A). 25 : 75 Sim : PL
molar ratio; (B). 50 : 50 Sim : PL molar ratio; and (C). 75 : 25 Sim : PL molar ratio. Q@ = 60 L min™! (n = 3, mean + SD).

using an EndOhm 12 mm Culture Cup (World Precision
Instruments, Sarasota, FL, USA).

Statistical analysis

For Co-SD Sim in vitro aerosol testing, a multi-factorial design was
used. The analysis of variance (ANOVA) test was performed with
Design-Expert® 8.0.7.1 software (Stat-Ease Corp., Minneapolis, MN)
was used to assess the interaction of the inhaler device resistance
and molar ratio. 3D surface plots were generated by Design-Expert®
8.0.7.1 software (Stat-Ease Corp., Minneapolis, MN) to assess the
effects of different interactions on the formulations' performance.
All experiments (n = 3) were carried out in triplicate.

Results

Laser diffraction particle size and size distribution

As shown in Table 2, all Co-SD powders of Sim : PL (25: 75, 50 :
50, 75:25) showed narrow and unimodal particle size distri-
butions from the Span value observed (<2.5). It can be observed

29420 | RSC Adv, 2024, 14, 29413-29427

that increasing Sim to the solution increased in volumetric
particle size. It was clearly seen that the smallest particles are
with the co-SD Sim: PL 25:75 powder with particle size range
from 0.175 to 1.05 pm.

Morphology, shape, and size analysis

Particle morphology, surface morphology, and particle size were
visualized via scanning electron microscopy (SEM). Fig. 1 shows
the SEM micrographs of raw Sim and co-SD Sim-loaded proli-
posome prepared at three different molar ratios of Sim:PL at
high spray drying pump rate (100%). Raw Sim (Fig. 1A) appears as
long crystal structure, in good agreement with our earlier
observation.”® Compared with raw Sim, all co-SD Sim : DPPC/
DPPG powders showed a significant particle size reduction,
particle shape change, and surface morphology change.

Karl Fischer coulometric titration

The % residual water content in the Co-SD particles are shown in
Table 3. The highest residual water content is found for the 25:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Molar ratio (Sim: PL) (n = 3, mean =+ SD).

75 molar ratio at 100% PR. It can be observed that by reducing
DPPC content in the formulation, the percent residual water
content decreased, resulting in the lowest residual water in the
50: 50 formulation with 1.35 £ 0.3%.

X-ray powder diffraction

X-ray powder diffraction (XRPD) diffractograms (Fig. 2) showed
the presence of many sharp strong peaks which is due to the
long-range molecular order in the crystalline powder of raw Sim
(Fig. 2A) in good agreement with our earlier finding.>® The co-SD
Sim: PL 25: 75, co-SD Sim : PL 50 : 50, and co-SD Sim : PL 75: 25
powders, all exhibit the characteristic strong peak at 21° 24,
which corresponds to the presence of the phospholipid bilayer
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In vitro simvastatin release from co-SD Sim-loaded DPPC/DPPG particles in PBS medium at 37 °C: (A). Over 72 hours; and (B). First 2 hours.

structure.® In addition, the intensity of the peak at 21° 26
decreased with increasing Sim content for the formulated parti-
cles. The presence of many sharp peaks in raw Sim indicated that
it was initially crystalline, however, upon spray-drying the bilayer-
peak is present due to the influence of the DPPC/DPPG bilayer,
and some Sim peaks were decreased indicative of amorphous
drug character miscibility with the phospholipid bilayer.

Differential scanning calorimetry

DSC thermograms for formulated particles and their corre-
sponding raw counterparts can be seen in Fig. 3. All formulation
thermograms exhibited a characteristic bilayer main phase
transition phase to the liquid crystalline phase, Ty, at ~72 °C,

A
B
140
4 I Co-SD 2575
= — CZSD 50:50 B Co-SD 25:75
8 Co-SD 7525 120 @l Co-SD 50:50
120 A 1 [ Co-SD 7525
100 - 100
>
g 80 2 80 -
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s %07 8 60
: 2
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’ 0 (| I3
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1 10 100 1000
Simvastatin (M) Simvastatin (uM)
Fig. 8 Invitro cellviability of 2 different human lung cell lines following dosing Co-SD proliposomes of varying Sim concentrations after 48 hours

exposure at 37 °C for: (A). H441; and (B). A549 cells (n = 3, Mean + SD).
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epithelial cell exposed to Co-SD DPPC/DPPG particles (50 : 50) in air—
liquid interface (ALI) culture conditions at 37 °C (n = 3, mean =+ SD).

confirming the miscibility of DPPC with DPPG."” Raw Sim
showed a small exotherm around 120 °C before the major
endotherm, with the major endotherm around 135 °C. All pro-
liposomes systems underwent decomposition around 220 °C.

Hot stage microscopy (HSM) under cross-polarizers

Representative HSM micrographs of co-SD Sim:PL 50:50
particles are shown in Fig. 4. The sample initially showed dark
agglomerates lacking visible birefringence until melting when
some birefringence was visible which is the liquid crystalline
characteristic of the DPPC/DPPG phospholipids. This is in good
agreement with the XPRD diffractograms and DSC
thermograms.

Attenuated total reflectance-Fourier-transform infrared
spectroscopy (ATR-FTIR)

Formulated particles and their raw counterparts underwent
ATR-FTIR analysis to determine the functional groups present
in the system, as shown in Fig. 5. Many of the characteristic

L D

—y’

@ multilamellar vesicles
[ ] simvastatin

lipid dry structure

View Article Online

Paper

peaks of raw DPPG were visible in the SD formulated particles,
although their intensities decreased with increasing Sim
content. In particular, strong peaks were present due to -CH,
antisymmetrical stretching (2924 cm™'), -CH; symmetrical
stretching (2870 cm™'), C=O ester stretching (1720-
1735 cm ™ "). The FT-IR spectra of pure Sim presented a charac-
teristic peak at 1730 cm ™~ (C=O stretching) and 2960 cm ™" (C-
H stretch vibration).

Simvastatin drug loading analysis by HPLC

The formulated co-SD particles were analyzed for the Sim
loading analyzed by HPLC. As listed in Table 4, the values were
11.5 + 0.12%, 17.8 + 0.095%, and 20 + 0.62% for co-SD Sim : PL
25:75, co-SD Sim : PL 50:50, and co-SD Sim : PL 75 :25 molar
ratios, respectively.

In vitro aerosol dispersion performance

The aerosol properties of the formulated co-SD particles were
evaluated using an NGI™ coupled with a different-resistance
DPI device, and %ED, %FPF, %RF, MMAD and GSM parame-
ters of each device are listed in Table 5. There was no significant
difference in ED parameters using different DPIs (p > 0.05). In
terms of the FPF, it can be observed that using 75:25 molar
ratio formulation, FPF values are higher than the other ratios
for all the DPIs used, having the highest using Aerolizer® DPI
with 52.55 + 2.77. Regarding the RF, the higher value was
observed for the 25:75 molar ratio and there was a clear
difference between the DPIs used, finding better values when
low-resistance DPI Aerolizer® was used. MMAD values increased
with increasing Sim content in the feed solution, as seen in
Table 5 observing values range from 3 to 11 pm. There were
significant differences (p < 0.05) on MMAD values using
different DPIs for each different molar ratio formulation.

The % deposition of the particles on each NGI™ stage is
shown in Fig. 6 to show the aerosol dispersion performance of
the formulated dry powder aerosols. All co-SD powders readily
aerosolized with all 3 DPI devices. Aerosol deposition was
detectable on all stages. The HandiHaler® DPI displayed a higher

...omn.”

....ooono”..
0 W)
60060000°

LY s

{7 o°®
96600000000°°

Fig. 10 Schematic illustration of simvastatin encapsulation via spray drying. Upon hydration, these particles form multilamellar vesicles (lipo-
somes) with hydrophobic simvastatin encapsulated within the lipid bilayers.
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MMAD.

percent deposition at the more significant cut off diameter (8.06
um) for all formulations. On the other hand, the NeoHaler® and
Aerolizer® DPIs exhibited the highest percent deposition at lower
cut-off diameters (2.82-1.66 pm) in stages 3 and 4 of the NGI. The
results in Table 5 and Fig. 6 indicate that the DPIs used and the
Sim content affected the aerosolization performance of
proliposomes.

In vitro release studies of sim from DPPC/DPPG particles

In vitro release of Sim was evaluated with the particles sus-
pended in a modified PBS medium. As shown in Fig. 7, a slow
burst release for all formulations (Fig. 7B) can be observed, less
than 3.5% for all formulations. After 3 days, 50%, 38%, and 36%
of the Sim were released from the co-SD Sim : PL 25 : 75, 50 : 50,
and 75:25 particles, respectively. The molar ratio of DPPC/
DPPG on the Sim release profile starts to increase after 2
hours. The presence of DPPC led to an increase in the amount
of Sim released after 24 hours to 32.5% for co-SD Sim: PL 25:
75. However in contrast to the co-SD Sim : PL 50: 50 and 75 : 25
systems, the amount of Sim released after 24 hours were 27.5%
and 17.89%, respectively.

In vitro human cell viability

Fig. 8 shows the dose-response of different types of human lung
cells after 48 hours of exposure to different doses of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

different formulations containing increasing amounts of Sim.
Formulations tested were shown to be safe at concentrations of
1 uM, 10 uM, and 100 uM for A549 and up to 1000 pM to H441.
There was no statistically significant difference between the
non-treated cells and the cells treated with 1 uM, 10 uM, and
100 pM in both cell lines (p > 0.05). The relative viability of the
cells decreased at 1000 pM concentrations, resulting in
a statistically significant difference between the relative viability
of the control cells (no treatment) and the relative viability of the
cells exposed to the various formulations (p < 0.05) for the A549
cell line.

In vitro transepithelial electrical resistance (TEER) analysis
upon particle exposure to lung epithelial cells

TEER measurements were completed on H441 cells to deter-
mine the effect of Sim-loaded formulated proliposomes on cells
exposed to air-interface culture (AIC) conditions. Steady TEER
values confirmed the presence of an effective cell monolayer (at
least 300 Q cm?) after 7 days of culturing under air-liquid
interface (ALI) culture conditions and the presence of a cell
monolayer via light microscopy (data not shown). The mono-
layer was exposed for 24 hours to the 50:50 formulation, the
particles were washed out and TEER values started to be
monitored for 5 days. After treatment, TEER values decreased
significantly and as seen in Fig. 9, TEER values have

RSC Adv, 2024, 14, 29413-29427 | 29423
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a recovering after 120 hours of treatment. The loss of electrical
resistance and recovery suggests a reversible process, which
ensures the integrity of the membrane barrier after particle
deposition and indicates biocompatibility with cells. This is in
good agreement with the in vitro cell viability data.

Discussion

When proliposomes come into touch with an aqueous surface,
they create a closed lipid bilayer (multillamelar vesicles), acting
as the provescicular precursor to liposomes.*® Proliposomes,
being a dry phospholipid formulation, provide more stability
than liquid liposome dispersions, which may undergo hydro-
lysis, oxidation, sedimentation, fusion, or aggregation while
being stored.* The two main phospholipid components of lung
surfactant, DPPC and DPPG, have transition temperatures
above body temperature, which makes regulated drug release
kinetics easier to achieve in drug delivery systems.*'” Prolipo-
somes are thermodynamically stable multilamellar liposomes
in their solid state, are produced by co-spraying the drug with
phospholipids using the spray drying procedure. In a spray
dryer, the ethanolic solution mixture is atomized into fine
droplets, and the drug is encapsulated by the phospholipids
that self-assemble into proliposome particles due to rapid
solvent evaporation. When these proliposome particles get
humidity, they absorbs water and become liposomes, which are
multilamellar vesicles that form naturally. Sim undergoes this
process whereby its hydrophobic parts merge with the lipid
bilayers and its hydrophilic parts become trapped in the
aqueous cores or inter-lamellar spaces (Fig. 10).

The physicochemical and in vitro aerosol performance
properties of rationally formulated co-SD Sim-loaded prolipo-
somes dry powders for pulmonary delivery were investigated in
this study. Size distribution of described particles in the
formulations allow for effective deep lung deposition while also
providing enhanced stability during storage, and better solu-
bility. Also, it was reported that micronized surfactant-based
DPIs offer advantages over other systems as liquid aerosolized
liposomes.®*'**> Recent work by Barbalata et al. (2023)* reported
on encapsulationg Sim using DPPC, egg PC, and cholesterol by
thin-film hydration techniques followed by a spray drying
process in open-mode from aqueous solutions of mannitol and
leucine under different spray drying conditions from this study.
The study reported here first advanced spray dried under
different spray drying conditions in closed-mode without water
to molecular mix Sim with synthetic DPPC/DPPG phospholipids
in the lung surfactant ratio without any other excipients. This
resulted in proliposome formulations optimized for aerosol
performance and stability. Our study used synthetic DPPC/
DPPG phospholipids and in the ratio that mimics lung surfac-
tant, enhancing compatibility and performance for pulmonary
delivery.

Three different Sim concentrations were tested (25, 50, and
75 in molar ratio to PL) in a systematic experimental design for
DP optimization. The study elucidates the effect that Sim has on
the Co-SD proliposomes and how it affects aerosol properties
after aerosolization with different FDA-approved human DPIs
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are used. As we have described previously, dilute organic
alcohol feed solution (0.1% w/v feed concentration) results in
smaller primary droplet sizes than aqueous solutions due to the
lower surface tension of the alcohol in comparison to water. In
addition, spraying from alcohols, which are regarded as “green
chemicals”, promotes having a dryer powder. As a result,
improved aerosol dispersion performance and stability due to
this method eliminating water in the feed solution leading less
residual water content in the final powder formulation.

The presence of the characteristic lipid bilayer structure
when DPPC/DPPG phospholipids are present were evidenced by
the XRPD peaks at 26 and DSC thermogram showed charac-
teristic bilayer phase transition (around 50 °C as our research
group has reported previously®*® for all formulations. In our
work by Meenach et al., (2014)," the characteristic XRPD peak at
21° 20 that indicated the presence of the lipid bilayer and the
intensity of this peak decreased with increasing drug content.
The DPPG diffractogram showed the presence of sharp peaks at
20 and 22.5° 26, but not in the formulated particles and the
presence of a strong peak at 21° 26 for raw DPPC and for the raw
materials, DPPC exhibited a crystal-to-gel (Tc) bilayer phase
transition around 50.1 °C. This results are consistent to this
work, where we can observe the DPPC peak at 21° 26 and few
remaining peaks from Sim in the 75 : 25 formulation and phase
transitions of PL on the thermogram plots.

HPLC was used to analyze % DL resulting in effective
encapsulation and confirming the presence of Sim within the
phospholipid nanocarriers. The highest Sim content was in the
75:25 molar ratio with 20 + 0.62% using 100% PR. This high
payload in the powder will help in the need for a decrease in
dose for an effective treatment against PH. Recently, treprostinil
DPI was been approved for PH patients with PH and dry powder
inhaler formulation LIQ861 (Liquidia, Inc.) significant fulfill
benefits of this drug by delivering it to the lungs in 1 to 2 breaths
compared to the nebulized solution that it needs up to 9 breaths
to have the same dose.** This result confirms the importance of
drug delivery by inhalation of dry powders to get higher doses of
APIL.

Excellent in vitro aerosol dispersion performance was
demonstrated using the NGI™ coupled with FDA-approved DPI
devices. The results indicated that the formulated particles
would be optimal for predominant deposition into the deep
lung region for the Sim-loaded formulations. The formulations
aerosolized with 3 different DPI devices showed excellent
aerosol dispersion parameters that predict deposition in the
middle and deep lung regions which is by sedimentation
(gravitational settling) deposition mechansim.** Furthermore,
the presence of DPPG and DPPG in the particle formulations
enhanced the aerosol performance from previous work in our
group of a Sim SD only, particular regarding the FPF and MMAD
values which increased from a range of 24-41% without DPPG
to 32-62% and for MMAD values of 5.1-19 um?*® without DPPC/
DPPG to 3.1-11 pm for the current particle systems. In another
previous work from our group,' produced proliposomes using
DPPC/DPPG system by Co-SD with the hydrophobic drug having
similar aerosolization performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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One-way analysis was perform using Design Expert® for
individual and interaction of DPIs and formulation effect on %
particle deposition in the different NGI stages. 3-D surface
response plots were generated for all formulations (Fig. 11). DPI
used and molar ratio tested showed statitcal difference (p <
0.0001) for FPF, RF and MMAD parameters, only for ED didn't
show any statistical difference as we values are very high for all
DPIs tested (Table 5). For all co-SD formulations, the Neohaler®
and Aerolizer® DPI devices gave the highest FPF and RF values
compared to the Handihaler® device.

Sim release profiles from the phospholipid matrix vary
significantly depending on the drug-to-phospholipid molar
ratio, with higher Sim levels resulting in faster release. This
faster release at higher drug loads (75 : 25 ratio) can be given to
many causes. First, increasing Sim may disturb the PL matrix,
resulting in broader diffusion routes and reduced matrix
density, allowing for faster drug diffusion. Second, increased
Sim content results in more drug molecules on or on the
particles’ surfaces, improving the initial burst release. Similar
behaviour was observed by our group reported Meenach et al.
(2014)," where paclitaxel anticancer drug was successfully
released from all of the particle systems with the percentage of
drug being released increasing with less paclitaxel amount to
PL although approximately the same amount of drug was
released for all systems mass-wise. Furthermore, the weaker
associations between Sim and the phospholipids result in
a faster release. These findings highlight the need of adjusting
drug-to-phospholipid ratios in dry powder formulations for
inhalation in order to obtain uniform and predictable
releases.

Conclusion

This systematic study reports for the first time on rationally
designed innovative lung surfactant-mimic synthetic DPPC/
DPPG phospholipid dry powder particles containing Sim, drug
targeting-RhoA/Rho-kinase pathway for targeted pulmonary
delivery as high-performing microparticulate/nanoparticulate
dry powder inhalation aerosols without the use of non-
phospholipid excipients and created by these advanced spray
drying conditions in closed-mode. Several different Co-SD
nanoformulations as inhalable dry powders were successfully
produced as nanoparticles/microparticles with smooth and
spherical morphology and showed excellent dispersion perfor-
mance with all 3 FDA-approved DPI human devices. Excellent
biocompatibility on different human lung cells was demon-
strated for most of the doses studied. This comprehensive study
demonstrates that these innovative Co-SD nanoformulations as
inhalable dry powders consisting of Sim and lung surfactant-
mimic bionanomaterials can be successfully designed and
produced and demonstrates favorable properties as DPIs for the
potential new nanomedicine treatment of PH.
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