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ABSTRACT: This study introduces novel cospray-dried (Co-SD) formulations of
simvastatin, a Nrf2 activator ROCK inhibitor, with L-carnitine as molecular mixtures
in various molar ratios for targeted pulmonary inhalation aerosol delivery in
pulmonary hypertension, optimized for excipient-free dry powder inhalers (DPIs).
The two components were spray-dried at various molar ratios by using different
starting feed solution concentrations and process parameters. In addition to
comprehensive physicochemical characterization, in vitro aerosol dispersion
performance as DPIs using two FDA-approved DPI devices with different shear
stress properties, in vitro viability as a function of dose on 2D human pulmonary
cellular monolayers and on 3D small airway epithelia human primary cultures at the
air−liquid interface (ALI), and in vitro transepithelial electrical resistance (TEER) at
the ALI were conducted. Solid-state physicochemical characterization confirmed
homogeneous molecular mixtures and the crystalline nature of the Co-SD
formulations. In vitro aerosolization dispersion performance demonstrated that all Co-SD dual combination molecular mixtures
aerosolized successfully with both human FDA-approved DPI devices, had ∼100% emitted dose, and good fine particle fraction
values. The in vitro viability and TEER assays demonstrated that all formulations were safe to the human pulmonary cell as 2D and
3D cultures as a function of dose.
KEYWORDS: targeted pulmonary delivery, dry powder inhalers (DPIs), viability, Nrf2 activator ROCK inhibitor,
transepithelial electrical resistance (TEER), pulmonary hypertension (PH), mitochondria

■ INTRODUCTION
Pulmonary drug delivery has become one of the most important
routes for effectively targeting drugs to treat many respiratory
diseases and for noninvasive systemic delivery.1−4 Dry powder
inhalers (DPIs) offer greater chemical stability of drugs, high
dose delivery, minimal patient hand-lung coordination, absence
of propellant, shorter inhalation treatment times, and the
potential to tailor particle properties in the solid state in
comparison with other aerosol delivery systems.5,6

Spray drying (SD) is a high-throughput process with the
ability to engineer and produce particles in a more controlled
manner (such as directing particle size and size distribution,
particle, and surface morphology), which are important particle
features particle features7,8 for pulmonary dry powder drug
delivery by inhalation. In addition, SD is an ideal technique for
the microencapsulation of various types of drugs, both small
molecules and large molecules.9

Pulmonary hypertension (PH) is complex and involves both
the pulmonary and cardiovascular systems.10 PH is a fatal
disease that is characterized by increased pulmonary arterial
pressure, endothelial inflammation due to the production of
reactive oxygen species, and mitochondrial lung dysfunc-

tion.11−14 Simvastatin (Sim) has potent antiproliferative and
pro-apoptotic effects on vasculature smooth muscle cells
through the inhibition of the synthesis of isoprenoid
intermediates (geranylgeranyl pyrophosphate and farnesyl
pyrophosphate), which are essential for the post-translational
isoprenylation of Rho, Rac, and Ras family GTPases (intra-
cellular signaling molecules whose proper membrane local-
ization and function are dependent on the lipid character that
isoprenoids offer to them).15,16 Sim is a known Nrf2 activator
and RhoA/Rho Kinase (ROCK) inhibitor that has been
demonstrated to be effective in PH.15

Sim is known to have significant anti-inflammatory and
antioxidant properties.16 These effects are particularly important
in the context of pulmonary diseases such as chronic obstructive
pulmonary disease (COPD), asthma, and PH, where chronic
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inflammation and oxidative stress play central roles in disease
progression. Sim’s ability to modulate inflammatory pathways
and reduce oxidative damage makes it a promising candidate for
inhalable therapies targeting the lungs.17 L-Carnitine (L-Car)
[(4-N-trimethylammonium-3-hydroxybutyric acid)] has been
demonstrated to be effective in PH.18,19 Our group was the first
to demonstrate the effectiveness of these as individual DPIs in
PH.15,19

Organic solution closed-mode advanced SD was employed to
exploit the unique advantages of organic solvents (i.e., alcohols)
over aqueous formulations in designing dry particles that are
both inhalable and high performing as DPIs, as we have
reported.9,20−24 Uniform drug composition of two active
pharmaceutical ingredients (APIs) can be accomplished by
cospray drying a solution with the two active APIs, as we have
recently reported as dual-drug carrier-free DPIs.25 Synergistic
effects in the damaged lung regions can be achieved due to the
simultaneous deposition and colocalization in the same lung
region (compared to delivering two separate individual aerosols
in PH patients),21 as has been demonstrated clinically to be
superior in the treatment and management of asthma, cystic
fibrosis, and COPD.21

This comprehensive and systematic study builds on our
recent studies on advanced Sim DPIs15 and L-Car DPIs,19 as
one-component advanced spray-dried inhalation powders for
use in PH. To the authors’ knowledge, this is the first report on
dual-drug molecular mixture combination of a Nrf2 activator
ROCK inhibitor with L-Car salt as cospray-dried (Co-SD)
carrier-free inhalation aerosols as DPIs for targeted pulmonary
delivery in PH.

■ MATERIALS AND METHODS

Materials

Sim [United States Pharmacopeia (USP) grade] [C25H38O5; molecular
weight (MW): 418.566 g/mol] was obtained from ACROS (New
Jersey, New Jersey), and L-Car HCl salt, 98+% purity (C7H16ClNO3;
MW: 197.66 g/mol) was obtained from Sigma-Aldrich, Inc. (St. Louis,
Missouri). Figure 1 shows the chemical structures (ChemDraw Ultra
Ver. 15.0.; CambridgeSoft, Cambridge, Massachusetts) for Sim and L-
Car. Methanol (HPLC grade, ACS-certified grade, purity 99.9%) was
obtained from Fisher Scientific (Fair Lawn, New Jersey). Hydranal-
Coulomat AD and resazurin sodium salt were obtained from Sigma-
Aldrich, Inc. (St. Louis, Missouri). Raw Sim and L-Car HCl were stored
in sealed glass desiccators over Indicating Drierite/Drierite desiccant at
−20 °C under an ambient pressure. Other chemicals were stored under
room conditions. The nitrogen was ultrahigh purity (UHP) gas was
used (Cryogenics Gas Facility, The University of Arizona, Tucson,
Arizona).

Human pulmonary cell lines A549 alveolar (ATCC CCL-185),
H358 bronchioalveolar (ATCC CRL-5807), and NCI-H441 [H441]
(ATCC HTB-174) were purchased from the American Type Culture
Collection ATCC (Manassas, Virginia). Dulbecco’s modified Eagle’s
medium advanced 1× (DMEM), RPMI-1640 medium, fetal bovine
serum (FBS), Pen-Strep, Fungizone, Gentamicin, Insulin, Dexametha-
sone, and L-glutamine were obtained from Gibco by Life Technologies
(Thermo Fisher Scientific Inc., Waltham, Massachusetts). SmallAir is a
3D human small airway epithelium reconstituted in vitro and its
SmallAir special growth media (which is serum free and contains
growth factors and phenol red) were both purchased from Epithelix
(Geneva, Switzerland).

■ METHODS

Preparation of Co-SD Particles by Organic Solution
Advanced Cospray Drying in Closed-Mode
As previously reported,15,19,25,26 organic solution advanced cospray
drying processing in the absence of water was performed in the closed-
mode using a Büchi B-290 mini Spray Dryer with a high-performance
cyclone in the close mode using UHP dry nitrogen gas as the atomizing
and the drying gas and connected to the B-295 Inert Loop (Büchi
Labortechnik AG, Flawil, Switzerland). The starting feed solutions were
prepared by dissolving the components in methanol to make two
different total powder concentration solutions of 0.5% (w/v) and 1%
(w/v). A Branson 7500 ultrasonicator was employed to assist with the
dissolution. Table 1 lists the SD conditions. The drying gas atomization

rate (670 L/h at 35 mm Hg), the aspiration rate (35 m3/h at 100%
rate), and the inlet temperature (150 °C) were maintained constant
during all the experiments. The corresponding outlet temperatures are
listed in Table 2. The stainless-steel nozzle diameter was 0.7 mm. The
Co-SD particles were separated from the nitrogen drying gas in the
high-performance cyclone and collected in the small sample collector.
All Co-SD powders were carefully stored in sealed glass vials and stored
in sealed glass desiccators over Indicating Drierite/Drierite desiccant at
−20 °C.

Figure 1. Chemical structures (ChemDraw Ultra Ver. 15.0.;
CambridgeSoft, Cambridge, MA) of (a) Sim and (b) L-Car HCl.

Table 1. SD Conditions for Co-SD Sim:L-Car HCl Systems

spray drying conditions

TInlet 150 °C
aspirator rate 100% (35 m3/h)
pump rate 25% (7.5 mL/min)
gas flow 55 mm (670 L/h)
feed solution concentration 0.5% w/v, 1% w/v
solvent methanol
atomizing and drying gas UHP nitrogen
nozzle type diameter stainless steel (0.7 mm)
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Scanning ElectronMicroscopy and Energy-Dispersive X-ray
Spectrometry
Visual imaging and analysis of particle characteristics were observed by
scanning electron microscopy (SEM) using a FEI Inspect S microscope
(FEI, Brno, Czech Republic), as previously reported.15,19,25,26 Briefly,
samples were placed on double-sided adhesive carbon tabs (TedPella,
Inc.) which were adhered to aluminum stubs (TedPella, Inc.) and were
coated with a gold/palladium alloy thin film using a Hummer VI
sputtering system from Technics. The coating process was operated at
10 ACmA for 3 min. The electron beam with an accelerating voltage of
20 kVwas used at a working distance of 30mm. Energy-dispersive X-ray
(EDX) was performed using ThermoNoran systems Six (Thermo
Scientific, Waltham, Massachusetts) at an accumulation voltage of
30,000 eV, the spot size was increased until a dead time of 20−30 was
obtained.15,19,25,26

Particle Sizing and Size Distribution Using SEM
Micrographs
SigmaScan Pro 5.0.0 (Systat, Inc., San Jose, California) was used to get
the mean size, standard deviation, and size range of the particles based
on their scanning electron micrographs using a similar procedure that
we had previously reported.9,15,19,26 The number of particles per
measurements was ≥100 particles.
Karl Fisher Titration
Approximately 2−10 mg of powder was added to the titration cell
containing Hydranal Coulomat AD reagent, and the residual water
content was calculated using a TitroLine 7500 trace titrator (SI
Analytics, Weilheim, Germany), as previously reported.15,19,25,26

X-ray Powder Diffraction
Using conditions similar to previously reported,15,19,25,26 X-ray powder
diffraction (XRPD) patterns of the different systems were obtained
using a PANalytical X’pert diffractometer (PANalytical Inc., West-
borough, Massachusetts) equipped with a programmable incident
beam slit and an X’Celerator Detector. Measurements were taken
between 5.0 and 60.0° (2θ) with a scan rate of 2°/min.
Differential Scanning Calorimetry
Using conditions similar to previously reported,15,19,25,26 thermal
analysis and phase transition measurements were conducted on a TA
Q1000 differential scanning calorimeter (DSC) (TA Instruments, New
Castle, Delaware) equipped with T-Zero technology, RSC90
automated cooling system, auto sampler, and calibrated with indium.
Hermetic sealed T-Zero pans (TA Instruments, New Castle, Delaware)
and T-Zero lids (TA Instruments, New Castle, Delaware) were used.
The samples were heated from at least 0.00 to 250.00 °C at a scanning
rate of 5.00 °C/min. All measurements were carried out in triplicate (n
= 3).
Hot Stage Microscopy under Cross-Polarizers
Using conditions similar to those previously reported,15,19,25,26 hot-
stage microscopy (HSM) was performed using a Leica DMLP cross-
polarized microscope (Wetzlar, Germany) equipped with a Mettler FP

80 central processor heating unit and a Mettler FP82 hot stage
(Columbus, Ohio). Samples were mounted on a glass slide and heated
from at least 25.0 to 250.0 °C at a heating rate of 5.00 °C/min.
ATR-FTIR Spectroscopy
Molecular fingerprinting by attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy was obtained using a
Nicolet Avatar 360 FTIR spectrometer (Varian Inc., California)
equipped with a DTGS detector and a HarrickMNP-Pro (Pleasantville,
New York) ATR accessory. Spectral data were acquired with EZ-
OMNIC software under conditions similar to our previous
reports.15,19,25,26

In Vitro Aerosol Dispersion Performance
In accordance with USPChapter ⟨601⟩ specifications on aerosols27 and
using conditions similar to those previously reported,15,19,25,26 the in
vitro aerosol dispersion performance of the Co-SD particles was tested
using the stainless steel Next Generation Impactor (NGI) (MSP
Corporation, Shoreview, Minnesota) with a stainless steel induction
port (USP throat) attachment (NGI model 170; MSP Corporation)
equipped with specialized stainless steel NGI gravimetric insert cups
(MSP Corporation, Minneapolis, MN). Two FDA-approved human
DPI devices with varying shear stress properties: the HandiHaler
(Boehringer Ingelheim, Ingelheim, Germany), which is a high shear
stress human DPI device,6,28 and the NeoHaler (Novartis AG, Stein,
Switzerland), which is a medium sheer stress human DPI device, were
used.6,29 An airflow rate (Q) of 60 L/min, which is the adult airflow rate
and standard airflow rate for DPI testing, was adjusted and measured
before each experiment using a Copley DFM 2000 digital flow meter
(Copley Scientific, Nottingham, United Kingdom). The NGI was
connected to a Copley HCP5 high-capacity vacuum pump (Copley
Scientific, Nottingham, United Kingdom) through a COPLEY TPK
2000 critical flow controller (Copley Scientific, Nottingham, United
Kingdom). Themass of powder deposited on eachNGI gravimetric cup
stage was quantified by a gravimetric method using type A/E glass fiber
filters with diameters of 55 mm (PALL Corporation, Port Washington,
New York) and 75 mm (Advantec, Japan). Quali-V clear HPMC size 3
inhalation grade capsules (Qualicaps, North Carolina) were each filled
with ∼10 mg of powder. Three capsules were used in each experiment.
In vitro aerosolization was evaluated in triplicate (n = 3) under ambient
conditions.

For the NGI, Q = 60 L/min, the Da50 aerodynamic cutoff diameter
for each NGI stage was calibrated by the manufacturer and stated as
follows: stage 1 (8.06 μm); stage 2 (4.46 μm); stage 3 (2.82 μm); stage
4 (1.66 μm); stage 5 (0.94 μm); stage 6 (0.55 μm); and stage 7 (0.34
μm). The emitted dose (ED) was determined as the difference between
the initial mass of powder loaded in the capsules and the remaining
mass of powder in the capsules following aerosolization. The ED (%) eq
1 was used to express the percentage of ED based on the total dose
(TD) used. The fine particle dose (FPD) was defined as the dose
deposited on stages 2−7. The fine particle fraction (FPF %) eq 2 was
expressed as the percentage of FPD to ED. The respirable fraction (RF
%) eq 3 was used as the percentage of FPD to total deposited dose
(DD) on all impactor stages.

= ×Emitted dose fraction (ED %)
ED
TD

100% (1)

= ×Fine particle fraction (FPF %)
FPD
ED

100% (2)

= ×Respirable fraction (RF %)
FPD
DD

100% (3)

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,
Illinois) program written by Dr. Warren Finlay.
In Vitro Viability Assay in a 2D Cell Culture
The effects Co-SD formulations on cell proliferation were analyzed by
measuring the response of lung adenocarcinoma and bronchoalveolar

Table 2. SD Outlet Temperatures and Residual Water
Content for Co-SD Sim:L-Car HCl Systems

Co-SD Sim:L-Car HCl system molar
ratio compositions

TOutlet
(°C)

residual water content
(% w/w)

0.5% w/v Sim:L-Car Feed Concentration
50:50 75−82 8.44 ± 0.40
60:40 76−78 6.68 ± 1.37
75:25 75−80 7.04 ± 0.39
80:20 84−87 4.19 ± 0.43
1% w/v Sim:L-Car HCl Feed Concentration
50:50 80 7.80 ± 2.61
60:40 75−75 5.21 ± 0.24
75:25 68−70 5.29 ± 0.77
80:20 75−78 3.70 ± 0.27
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carcinoma cells (A549 and H358, respectively) to different
concentrations of the Co-SD powders. Cell lines were grown in similar
conditions, as described in previously.9,15,19,30,31

A549 and H358 cells were seeded in 96-well plates at 5000 cells/well
and 100 μL/well and were allowed 48 h to attach. The cells were then
exposed to different concentrations of the Co-SD formulations. The
powders were dissolved in 10% ethanol and 90% DMEM media. A
volume of 100 μL of this drug solution were added to each well.
Seventy-two hours after exposure, a volume of 20 μL of 20 μMresazurin
sodium salt were added to each well and incubated for 4 h. At this point,
the fluorescence intensity of the resorufin (fluorescent metabolite)
produced by viable cells was detected at 544 nm (excitation) and 590

nm (emission) using the Synergy H1 Multi-Mode Reader (BioTek
Instruments, Inc., Winooski, VT). The relative viability of cell line was
calculated as followed by eq 4

= ×relative viability (%)
sample fluorescence intensity
control fluorescence intensity

100%

(4)
In vitro transepithelial electrical resistance on 2D human lung epithelial
cells at the air−liquid interface

The NCI-H441 cell line was grown in T-75 culture flasks in an
atmosphere of 5% CO2 at 37 °C. H441 cells were maintained in a
proliferation medium (RPMI 1640-Gibco) containing 10% FBS, 1%

Figure 2. SEM micrographs of (a) 0.5% w/v Co-SD 50:50 Sim:L-Car HCl; (b) 0.5% w/v Co-SD 60:40 Sim:L-Car HCl; (c) 0.5% w/v Co-SD 75:25
Sim:L-Car HCl; and (d) 0.5% w/v Co-SD 80:20 Sim:L-Car HCl.
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penicillin−streptomycin (P/S), and 1% of GlutaMAX. Once they were
confluent (90%), cells were seeded onto 12-well Transwell inserts
(Costar 3460, Corning, New York) at a density of 250,000 cells/well in
the proliferation medium (0.5 mL in the apical and 1.5 mL in the
basolateral chambers). The seeding day was defined as day 0. Cells were
allowed to attach before the medium was changed to a polarization
medium. The basal media were changed every other day until the
formation of a monolayer. Once the monolayer was formed, cells were

now fed with a polarization medium, which was made up of base
medium RPMI 1640 containing 4% FBS, 1% penicillin−streptomycin,
1% GlutaMAX, 1% insulin-transferrin-selenium (Thermo Fisher,
Waltham Massachusetts), and 200 nM dexamethasone (Sigma, St.
Louis, Missouri). Three days later, the polarization medium was
removed from the apical compartment, leaving the apical surface of the
cells exposed to air (air liquid interface culture ALI). The medium was
changed every two days. The maximum ALI TEER value expected was

Figure 3. SEMmicrographs of (a) 1% w/v Co-SD 50:50 Sim:L-Car HCl; (b) 1% w/v Co-SD 60:40 Sim:L-Car HCl; (c) 1% w/v Co-SD 75:25 Sim:L-
Car HCl; and (d) 1% w/v Co-SD 80:20 Sim:L-Car HCl.
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around 250 Ω·cm2. Once they reached that value, cells were exposed to
the drug formulations. TEER values were read after 3 h of treatment and
every day to monitor the behavior of the monolayer. An EndOhm 12
mmCulture Cup (World Precision Instruments, Sarasota, Florida) was
utilized to measure the TEER of the cells. For TEER measurement, 0.5
mL of media was added to the apical side of the transwells 5 min before
measurement and then immediately removed to return the cells to ALI
conditions. This methodology was previously reported.9,15,19,30−33

In Vitro Cell-Dose Response Assay in 3D Human Small
Airway Epithelia Cultures
The small airway epithelia reconstituted in vitro is built using primary
small airways human cells which are fully differentiated and functional.
Using similar conditions that we reported previously,15,19,31 the cells
were received in 24-well transwell inserts in an agar gel matrix. Once we
received, we transferred them into a new 24-well plate with 700 μL of
the SmallAir media in the basal side. Media were changed every other
day.

After 3 days of incubation at 37 °C and 5% of CO2, experiments were
performed. For in vitro cell dose response, the cells were exposed to
different concentrations of the drug formulation dissolved in 90:10
media/ethanol to facilitate dissolution. After 72 h of incubation, the
inserts were rinsed with a 6 μMResazurin solution in order to eliminate
the remaining red phenol from the cell growth media. The inserts were
transferred to a new 24 well plate filled will 500 μL/well of resazurin
solution. 200 μL/well were added in the apical surface. After 1 hour of
incubation, 100 μL from the apical side were transferred to a 96 black-
well plate. At this point, the fluorescence intensity of the resorufin
(fluorescent metabolite) produced by viable cells was detected at 544
nm (excitation) and 590 nm (emission) using the Synergy H1 Multi-
Mode Reader (BioTek Instruments, Inc., Winooski, Vermont). The
relative viability of the cell line was calculated as followed by eq 4. This

protocol was provided by the vendor34 and used in our recent
reports.15,19,31

In vitro TEER in 3D human small airway epithelia cultures at the
ALI.

As described above and in our recent reports,15,19,31 after receiving
the cells, they were transferred to a new 24-well plate prefilled with 700
μL of SmallAir media in the basal side. After 3 days of incubation, the
experiments were performed. TEER values were obtained before
exposure to the drug solution, 3 h after exposure and then every 24 h for
5 days. To measure TEER, 200 μL of the cell media was added to the
apical surface of the inserts. TEER values weremeasured using EVOMX
(Epithelial VoltohmMeter) and electrode (STX2) (World Precision
Instruments, Sarasota, FL). The long part of the electrode was inserted
through the gap of the insert and leaned on the bottom of the well, and
the short stem was above in the apical surface, inside the culture media.
Every time the TEER measurement was finished, the media were
removed from the apical surface in order to leave the cells in ALI
conditions. This was followed by the protocol given by the vendor34

and used in our recent reports.15,19,31

Statistical Analysis

Design of experiments (DoEs) was conducted using Design-Expert
8.0.7.1 software (StatEase Corporation, Minneapolis, MN). A multi-
factorial DOE for the Co-SD powders was utilized for in vitro aerosol
testing. The different interaction parameters on the performance of the
formulations were evaluated using 3-D surface plot analyses generated
from Design-Expert 8.0.7.1 software (StatEase Corporation, Minneap-
olis, MN). All experiments were performed in triplicate (n = 3). Results
were expressed as mean ± standard deviation.

Figure 4. EDX spectra of (a) 1% w/v Co-SD 50:50 Sim:L-Car HCl; (b) 1% w/v Co-SD 60:40 Sim:L-Car HCl; (c) 1% w/v Co-SD 75:25 Sim:L-Car
HCl; and (d) 1% w/v Co-SD 80:20 Sim:L-Car HCl.
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■ RESULTS

Scanning Electron Microscopy
Size and morphology of raw and Co-SD particles were visualized
by SEM, and their micrographs are shown in Figures 2 and 3 for
0.5% (w/v) and 1% (w/v), respectively. Co-SD systems were
attained at SD liquid feed concentrations of 0.5% (w/v) and 1%
(w/v). The Sim:L-Car molar ratios were 50:50, 60:40, 75:25,
and 80:20. The SD pump rate (PR) was fixed at 25% PR. Other
PRs were tested but no particles were produced. All Co-SD
systems showed that the particles were irregularly shaped with
rough surfaces, rather than spherical. These surface features are
known to influence aerosolization performance, potentially
reducing particle agglomeration and improving dispersibility in
the DPI. Formation of aggregates were shown in the
micrographs; therefore, it was hard to distinguish single
particles. Figure 4 showed the EDX spectra of all Co-SD
powder systems, where the Cl atom was present in all powders
after SD. The peak for the 50:50 system was much higher than
the peaks of all the other systems.
Particle Sizing and Size Distribution by Image Analysis of
SEM Micrographs
As listed in Table 3, all Co-SD systems had about the same
geometric mean diameters. All of them were around 7 μm ±

standard deviation. The ranges varied between systems, but the
low values were ∼2−3 μm for all systems, whereas the high
values were ∼16−24 μm for all systems.
Karl Fisher Titration
The residual water content of raw Sim, raw Car, SD Sim, and SD
L-Car one-component powders were recently reported by
us.15,19 The residual water content for Co-SD Sim:L-Car
powders was quantified by KFT. Residual water content values
are listed in Table 2. Co-SD 50:50 molar ratio systems had more
residual water content than the other systems. The residual
water content decreased by increasing the amount of Sim in the
Co-SD powders. The starting feed solution concentration did
not affect the KFT values. In general, the residual water content
of all Co-SD systems were in the range of 3.7%−8.5% w/w.
X-ray Powder Diffraction
The diffractograms of raw and one-component SD Sim and L-
Car powders have been recently reported by us.15,19 As shown in
Figure 5, the diffractograms of all Co-SD powders showed sharp
peaks reflective of long-range molecular order which are
indicative of crystallinity in the solid-state. Sharp peaks were

seen for all 0.5% (w/v) and 1% (w/v) Co-SD systems. All Co-
SD systems showed characteristic peaks of Sim and L-Car.
Differential Scanning Calorimetry

The thermograms of raw and one-component pure Sim and L-
Car powders were reported recently by us.15,19 The thermo-
grams of Co-SD systems (0.5% (w/v) and 1% (w/v)) are shown
in Figures 6 and 7, respectively. All Co-SD systems showed
similar thermograms. There was one endothermic first-order
phase transition evident, which corresponded to the solid-to-
liquid melting of the powder between 118 and 126 °C in all
systems. Fast DSC heating scans were conducted at 20 and 40
°C/min for all systems; however, no second-order glass
transition temperature (Tg) was detected (data not shown).
Phase transition temperatures and enthalpies for all systems are
summarized in Table 4.
HSM Under Cross-Polarizer Lens

Representative images from HSM for both feed solution
concentrations are presented in Figure 8. The HSM for raw
Sim, raw L-Car HCL, SD Sim, and SD L-Car HCL one-
component powders were reported recently by us.15,19 The Co-
SD systems exhibited birefringence under the cross polarized
light. This confirmed the crystallinity observed in XRPD
diffractograms. There was not any visible minor phase transition
in the HSM images. The melting point was clearly observed in
both systems at ∼120 °C, which was very similar to the melting
in the DSC thermograms.
Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy

The ATR-FTIRmolecular fingerprinting spectra of raw Sim, raw
L-Car HCl, SD Sim, and SD L-Car HCL powders were reported
earlier by us.15,19 ATR-FTIR molecular fingerprinting spectra of
Co-SD powders, shown in Figures 9 and 10, had representative
peaks at 2950, 1840, 1770, 1650, 1260, and 1160 cm−1. Sharp
peaks at 1840 and 1770 cm−1 are characteristic of C�O
stretching from the ester and lactone groups of Sim, confirming
the presence of carbonyl group. A peak at 1650 cm−1 indicates
C�C stretching, which could be associated with the aromatic
rings of Sim. Furthermore, the peaks at 1260 and 1160 cm−1

correspond to C−O stretching vibrations, likely from ester and
hydroxyl groups and together, these peaks confirm themolecular
integrity of the excipient-free Co-SD powder formulation drugs.
In Vitro Aerosol Dispersion Performance

In vitro aerosol dispersion performance (Figure 11) was
successfully done using NGI. The comprehensive aerosol
dispersion performance parameters for all Co-SD systems are
listed in Table 5. The aerosol performance of one-component
SD Sim and one-component SD L-Car DPI powder were
recently reported by our group.15,19 In general, all powders had
∼100% of the dose emitted from both devices tested. The FPF
and RF values were higher for the 0.5% w/v Co-SD systems and
in general using the NeoHaler device. The 1% w/v Co-SD
systems had lower FPF and RF values and in general the values
were lower using the HandiHaler device. The 0.5% w/v systems
had smaller MMAD values using the Neohaler device. The
MMAD values for the 1% w/v Co-SD systems did not show the
same trend. The aerodynamic diameters were smaller using the
HandiHaler device. Figure 11 shows the mass deposition on
each stage of the NGI. Almost all the powder was deposited on
the first stage. It was observed that the 0.5% w/v system
presented more deposition in further stages with both devices
than the 1% w/v % system.

Table 3. Particle Sizing Using Image Analysis on SEM
Micrographs (n ≥ 100 Particles)

Co-SD Sim:L-Car system molar
ratio compositions

mean size ± standard
deviation (μm) range (μm)

0.5% w/v Sim:L-Car Feed Concentration
50:50 7.12 ± 3.02 2.01−19.38
60:40 7.5 ± 2.61 2.91−14.83
75:25 7.5 ± 2.77 2.3−16.74
80:20 9.26 ± 4.2 3.03−24.05

1% w/v Sim:L-Car Feed Concentration
50:50 7.36 ± 2.99 2.72−16.68
60:40 7.47 ± 3.08 3.45−20.14
75:25 7.11 ± 3.3 2.33−22.79
80:20 8.12 ± 2.73 2.84−15.34
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In Vitro Viability Assay in a 2D Cell Culture

As seen in Figure 12, after 72 h of exposure to different

concentrations of the Co-SD systems, both cell lines (H358 and

A549) remained safe (i.e., no decrease in viability). There was a
minimum decrease in the viability of the cells after the exposure
to the maximum tested concentration (100 μg/mL). At all other
concentrations, the percentage of viability persisted close to

Figure 5.XRPD diffractograms of (a) 0.5%w/v Co-SD 50:50 Sim:L-CarHCl; (b) 0.5%w/v Co-SD 60:40 Sim:L-CarHCl; (c) 0.5%w/v Co-SD 75:25
Sim:L-Car HCl; (d) 0.5% w/v Co-SD 80:20 Sim:L-Car HCl; (e) all; (f) 1% w/v Co-SD 50:50 Sim:L-Car HCl; (g) 1% w/v Co-SD 60:40 Sim:L-Car
HCl; (h) 1% w/v Co-SD 75:25 Sim:L-Car HCl; (i) 1% w/v Co-SD 80:20 Sim:L-Car HCl; and (j) all.
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Figure 6.DSC thermograms of powders: (a) 0.5% w/v Co-SD 50:50 Sim:L-Car HCl; (b) 0.5% w/v Co-SD 60:40 Sim:L-Car HCl; (c) 0.5% w/v Co-
SD 75:25 Sim:L-Car HCl; (d) 0.5% w/v Co-SD 80:20 Sim:L-Car HCl; and (e) all.

Figure 7. DSC thermograms of powders: (a) 1% w/v Co-SD 50:50 Sim:L-Car HCl; (b) 1% w/v Co-SD 60:40 Sim:L-Car HCl; (c) 1% w/v Co-SD
75:25 Sim:L-Car HCl; (d) 1% w/v Co-SD 80:20 Sim:L-Car HCl; and (e) all.

ACS Bio & Med Chem Au pubs.acs.org/biomedchemau Article

https://doi.org/10.1021/acsbiomedchemau.4c00063
ACS Bio Med Chem Au 2024, 4, 300−318

308

https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.4c00063?fig=fig7&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.4c00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


100% taking into consideration the standard deviations. In vitro
cell viability dose effects of Sim and Car as one-component
systems were recently reported by our group.15,19

In vitro TEER on 2D human lung epithelial cells at the ALI.
After 100 μg/mL of exposure, the electrical resistance of

H441 had aminimal decrease as it can be seen in Figure 13. Over
time, the TEER kept increasing until it was about the same as it

was before the exposure to the formulations. In vitro TEER on
2D pulmonary cells at the ALI for Sim and Car as one-
component systems were recently reported by our group.15,19

In Vitro Cell-Dose Response Assay in 3D Human Small
Airway Epithelia Cultures

The relative viability of the SmallAir human small airway
epithelia cultures after exposure to 1000 μg/mL of 1% w/v Co-
SD 50:50 Sim:L-Car was 0%. After decreasing the concentration
to 100 μg/mL, the relative viability increased to 63%, as shown
in Figure 14. In vitro viability in 3D SmallAir as one-component
systems were recently reported by our group.15,19

In Vitro TEER in 3D Human Small Airway Epithelia Cultures
at the ALI

When cells were exposed to 1000 μg/mL solution of 1% w/v
Co-SD 50:50 Sim:L-Car, the membrane was irreversibly
disrupted. TEER values at the ALI were below 100 Ω/cm2

after the exposure and they never recovered (i.e., irreversible
membrane disruption). On the other hand, when the
concentration was decreased to 100 μg/mL, the values were
above 200 Ω/cm2, as shown in Figure 15. In vitro TEER on 3D
human small airway epithelia cultures at the ALI for Sim and Car

Table 4. Solid-State Phase Transition Temperature (Tpeak)
and Enthalpy (ΔH) Values for Co-SD Sim:L-Car HCl Dry
Powders (n = 3, Mean ± SD)

Co-SD Sim:L-Car HCl powders molar
ratio compositions Tpeak (°C)

enthalpy (ΔH)
(J/g)

0.5% w/v Sim:L-Car HCl Feed Concentration
50:50 123.13 ± 2.70 28.34 ± 6.64
60:40 119.93 ± 1 22.65 ± 3.78
75:25 123.53 ± 33.71 33.71 ± 14.67
80:20 125.75 ± 0 54.74 ± 0.38
1% w/v Sim:L-Car HCl Feed Concentration
50:50 120.84 ± 3.11 14.96 ± 7.8
60:40 117.09 ± 2.34 9.45 ± 3.79
75:25 124.55 ± 1.17 23.95 ± 15.37
80:20 125.62 ± 2.34 24.23 ± 4.16

Figure 8.HSM images at different temperatures of (a) 0.5%w/v Co-SD 75:25 Sim:L-Car HCl and (b) 1%w/v Co-SD 80:20 Sim:L-CarHCl. Scale bar
= 10 μm.
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as one-component systems were recently reported by our
group.15,19

Figure 9. ATR-FTIR spectra of (a) 0.5% w/v Co-SD 50:50 Sim:L-Car HCl; (b) 0.5% w/v Co-SD 60:40 Sim:L-Car HCl; (c) 0.5% w/v Co-SD 75:25
Sim:L-Car HCl; (d) 0.5% w/v Co-SD 80:20 Sim:L-Car HCl; and (e) all.

Figure 10. ATR-FTIR spectra of (a) 1% w/v Co-SD 50:50 Sim:L-Car HCl; (b) 1% w/v Co-SD 60:40 Sim:L-Car HCl; (c) 1% w/v Co-SD 75:25
Sim:L-Car HCl; (d) 1% w/v Co-SD 80:20 Sim:L-Car HCl; and (e) all.
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■ DISCUSSION
To the authors’ knowledge, this was the first time that the Nrf2
activator ROCK inhibitor, Sim, was successfully formulated in
dual-drug combination with L-Car as a carrier-free DPI
employing organic solution advanced closed-mode SD. The
Co-SD systems of Sim with L-Car can synergistically ameliorate
PH because of these components’ pleiotropic and antioxidant
molecular mechanistic effects. Wong et al.35 delivered Sim
intraperitoneally to neonatal rats, demonstrating therapeutic
efficacy by blocking the RhoA/ROCK pathway, which is crucial
in pulmonary artery remodeling and right ventricular hyper-
trophy in PH patients.
Decreasing the interparticulate interactions to a minimum

could lead to high FPF values. Structural cohesion and
aggregation due to interparticulate interactions such as van der
Waals forces, capillary forces, electrostatic forces, and
mechanical interlocking avoid the proper aerosolization of the
powder, leading to low FPF values. Particle characteristics such
as morphology, size, surface, and density, among others, which
are theoretically of importance in the development of

therapeutic powder aerosol formulations can be manipulated
depending on the desirable formulation and the parameters
employed on SD.36 In this study, the formation of particles was
achieved at low PR (25%) in all the systems. Different molar
ratios and two starting feed solutions were rationally designed in
order to compare their physicochemical characteristics and their
in vitro aerosol dispersion performance using two human FDA
approved DPI devices.
Excipient-free DPIs are important because they can deliver

pure APIs directly to the lungs without the use of extra stabilizers
or carriers. This is especially beneficial for individuals who are
sensitive or allergic to excipients, as it minimizes the possibility
of adverse effects. Excipient-free formulations further ensure
that the API’s therapeutic action is neither damaged or diluted
by nonactive ingredients, potentially increasing drug bioavail-
ability and efficacy. The irregular and rough surface particles
were achieved in all Co-SD systems as seen in SEMmicrographs
(Figures 2 and 3). Nanostructures were visible on the surface of
the particles leading to their aggregation. It was clearly observed
that where single particles could be identified, the size was much

Figure 11. In vitro dry powder aerosol deposition of (a) 0.5% w/v Co-SD systems and (b) 1% w/v Co-SD systems.
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smaller than on the aggregates. The EDwas∼100% even though
SEMmicrographs showed aggregation of the particles. Nair and
Smyth (2023)37 reported on excipient-free tigecycline DPI
particles, both unmilled andmilled. Using SD conditions and SD
parameters different from reported in this study, Quarta et al.
(2020)38 reported on excipient-free insulin spray-dried powder

for inhalation using open-mode SD of water/ethanol cosolvent
feed solutions different.
Most of the powder was deposited on the first stage of the

NGI; however, there was also measurable powder on the lower
stages (Figure 11). This gave comparable FPF and RF values
with what is currently on the market.9 Even though particles
were forming aggregates, the interparticulate forces were not

Table 5. In Vitro Aerosol Dispersion Performance as a Function of Co-SD Sim:L-Car Powder Composition and Human DPI
Device Type Using the NGIa

Co-SD Sim:L-Car HCl powders molar ratio compositions ED (%) FPF (%) RF (%) MMAD (μm) GSD

0.5% w/v Sim:L-Car HCl (NeoHaler)
50:50 100 ± 0 7.18 ± 0.42 23.33 ± 2.97 17.40 ± 1.82 2.94 ± 0.02
60:40 100 ± 0 9.54 ± 0.56 30.69 ± 1.58 13.48 ± 0.2 2.8 ± 0.12
75:25 100 ± 0 7.62 ± 0.01 24.9 ± 3.08 19.8 ± 3.04 3.64 ± 0.15
80:20 100 ± 0 12.13 ± 6.6 33.32 ± 10.71 20.38 ± 1.09 3.84 ± 0.12

0.5% w/v Sim:L-Car HCl (HandiHaler)
50:50 100 ± 0 7.58 ± 3.38 19.89 ± 8.03 24.52 ± 6.69 3.51 ± 0.25
60:40 100 ± 0 8.78 ± 0.36 23.80 ± 2.49 20.33 ± 1.64 3.63 ± 0.15
75:25 100 ± 0 8.32 ± 2.14 22.75 ± 4.28 18.11 ± 5.15 3.19 ± 0.12
80:20 100 ± 0 6.86 ± 0.3 18.02 ± 06 33.12 ± 5.6 4.46 ± 0.78

1% w/v Sim:L-Car HCl (NeoHaler)
50:50 100 ± 0 4.04 ± 0.16 10.6 ± 0.4 39.6 ± 6.21 3.66 ± 0.29
60:40 100 ± 0 4.55 ± 0.89 12.18 ± 0.52 44.24 ± 0.45 4.25 ± 0.5
75:25 100 ± 0 5.01 ± 0.12 11.3 ± 1.16 54.29 ± 10.37 4.82 ± 0.13
80:20 100 ± 0 6.15 ± 0.34 17.37 ± 0.2 41.75 ± 14.6 5.52 ± 1.80

1% w/v Sim:L-Car HCl (HandiHaler)
50:50 100 ± 0 2.47 ± 0.28 8.44 ± 3.4 46.54 ± 19.76 3.2 ± 0.42
60:40 100 ± 0 3.66 ± 0.03 8.7 ± 0.36 30.33 ± 3.15 5.61 ± 1.68
75:25 100 ± 0 2.85 ± 0.36 8.04 ± 2.91 54.28 ± 2.91 4.57 ± 0.83
80:20 100 ± 0 5.06 ± 0.03 11.54 ± 3.66 33.5 ± 2.14 4.36 ± 1.3

aMMAD, GSD, FPF, RF, and ED (n = 3, mean ± SD).

Figure 12. In vitro cell viability plots for (a) H358 human bronchioalveolar and (b) A549 human alveolar cells after 72 h of exposure to different
concentrations of Co-SD Sim-L-Car HCl systems (n = 6, mean ± SD).
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strong enough to avoid a proper aerosolization. High ED and
decent FPF values were achieved in all Co-SD powders. By
decreasing the amount of the hygroscopic L-Car salt, the
residual water content also decreased in all the systems. This was
seen in the 80:20 systems which had a very low residual water
content in comparison with the 50:50 system. Sim is a very
hydrophobic drug, so it did not adsorb moisture while it was in
contact with the environment. In contrast to Sim, L-Car did.
These values were acceptable for dry powder inhalation aerosol
formulations. The low residual water content in all the systems
also played a role in their deposition. In DPI powders, residual
water needs to be reduced since it is known to have a significant
effect on DPI characteristics such as aerosolization of the
particles, particle size distribution, crystallinity, and stability.
Likewise, capillary forces can be extensively reduced by having
low residual water content.21,39 In general, better aerosolization
was achieved with the 0.5% w/v systems. The MMAD values
were smaller and therefore the FPF and RF values had an impact,
showing higher numbers. This was in good agreement with the
literature which says that SDmore diluted solutions give smaller
particles. The comparison between the two DPI devices showed
that in general, this Co-SD systems aerosolized better with the
NeoHaler device, a medium shear stress device.
By observing the 3-D surface response plots (Figure 16) using

Design-Expert 8.0.7.1 software (StatEase Corporation, Minne-
apolis, MN), it was clearly observed that there was no significant
statistical difference in the ED by changing the start feed solution
concentration or by changing the DPI devices. Regarding the
RF, there was a significant statistical difference by changing the
start solution concentration, favoring the lower one. There was
an observable statistical difference by changing the DPI devices,
although not in all systems. Only the 80:20 molar ratio showed
statistical difference in RF by changing theDPI device. The same
trend was observed in FPF where there was a significant
statistical difference by changing the start solution concen-
tration. Also, only for the 80:20 system, the difference was
significant using different devices. The last parameter analyzed
was the MMAD which did not show a significant statistical
difference by changing feed solution concentration or by using
different DPI devices.
Acosta et al. (2021),15 showed NGI results with excellent

aerosol performance, with an ED exceeding 90% for all three
DPI devices tested (i.e., HandiHaler, NeoHaler, and Aerolizer).
The FPF, which indicates the percentage of particles small
enough (<5 μm) to reach the deep lung, was particularly high for
powders produced at lower pump rates and feed concentrations.
In this cospray drying study, the NGI results were similarly
favorable, as were and the ED and RF values. The smooth
surface morphology of these Co-SD particles facilitated efficient
aerosolization. The FPF values for Co-SD Sim and L-Car
formulations were in the range of 6.86−12.13% depending on
the molar ratio and DPI device. A major advantage is in dual-
drug inhalation aerosol delivery, which targets simultaneously
and colocalize at the deposition site, enhancing the therapeutic
effect. This is well-established in the clinical treatment of other
lung diseases including asthma and COPD. Sim offers anti-
inflammatory and antioxidant properties and prevents vascular
remodeling. L-Car supports mitochondrial function and reduces
oxidative stress, providing a synergistic effect with Sim.
Moreover, these Co-SD formulations showed substantial

improvement in aerosol dispersion and aerosol parameters
compared to L-Car alone.19 Greater FPF values of the Co-SD

Figure 13. In vitro TEER analysis of H441 lung epithelial cells exposed
to 100 μg/mLCo-SD Sim:L-Car in ALI culture conditions (n = 3, mean
± SD).

Figure 14. In vitro cell viability plots for SmallAir cells after 72 h of
exposure to different concentrations of the Co-SD 50:50 Sim-L-Car
HCl system (n = 6, mean ± SD).

Figure 15. In vitro TEER analysis of SmallAir 3D human small airway
epithelia exposed to 100 μg/mL Co-SD 50:50 Sim:L-Car HCl in ALI
culture conditions (n = 3, mean ± SD).
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Figure 16. continued
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DPIs compared to SD L-Car DPI powders was also achieved in
this study.
Retention of crystallinity after SDwas demonstrated in all Co-

SD systems. XRPD diffraction pattern (Figure 5) showed sharp
peaks in all powders which were attributable to the long-range
molecular order due to the crystallinity of the drugs. The molar
ratio and/or SD parameters had no apparent effect on the XRPD
diffractograms. DSC thermograms (Figures 6 and 7) also
confirmed the presence of crystalline composites. Fast DSC
heating scans were conducted at 20 and 40 °C/min on all
systems and no Tg was detected (data not shown). This
confirmed that the powders were crystalline which agreed well
with the XRPD diffractograms (Figure 5). Moreover, the DSC
thermograms (Figures 6 and 7) suggested a molecular mixture
formed between Sim and L-Car after SD. This is evident by the
single-phase transition which corresponded to the melting of the
mixture and suggested a homogeneous molecular mixture and
the temperature of melting of the mixture was not close to the
melting temperature of pure Sim nor pure L-Car.

HSM (Figure 8) enabled the visualization of the particles as a
function of temperature and confirmed the phase transitions of
the DPIs. It also demonstrated the thermostability of the
particles at room and physiological temperatures. The temper-
ature of melting of the mixtures agreed with the DSC
thermograms (Figures 6 and 7). In the HSM images,
birefringence was observable. This also confirmed the
crystallinity of the powders which was in excellent agreement
with the DSC thermograms and XRPD diffractograms.
ATR-FTIR molecular fingerprinting spectra (Figures 9 and

10) of the Co-SD systems had peaks matching with both Sim
and L-Car and other peaks that might be a reference of the bonds
that were forming after SD, which were confirming the
molecular mixture. Characteristic bands of both molecules
were seen in the spectra, such as the band corresponding to the
OH group and the bands corresponding to the stretching
vibration of ester and lactone carbonyl functional group of Sim;
and the bands corresponding to L-Car such as the ones
corresponding to the CN group. The in vitro 2D cell and 3D

Figure 16. 3-D surface response plots showing the influence of the molar ratio and the different DPI devices on the in vitro aerosol dispersion
performance of Co-SD Sim/L-Car HCl powder formulations for (a) % ED; (b) % RF; (c) % FPF; and (d) MMAD (μm).
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lung tissue culture viability on various human lung cell and tissue
types and TEER demonstrated that these formulations were safe
at different concentrations and on different human pulmonary
cell types under the conditions studied.

■ CONCLUSIONS
Dry powder aerosol powders of Sim with L-Car were rationally
designed and successfully developed by organic solution
advanced cospray drying from two different dilute solute feed
concentrations. This comprehensive and systematic study is the
first to report on the design, development, and characterization
of innovative Co-SD dual-drug combination of a Nrf2 activator
ROCK inhibitor (Sim)/ L-Car in various ratios for targeted
pulmonary inhalation delivery in PH. The two components were
spray dried at various molar ratios using different starting feed
solution concentrations and process parameters. In addition to
comprehensive physicochemical characterization, in vitro
aerosol dispersion performance as DPIs using two FDA-
approved DPI devices with different shear stress properties, in
vitro viability as a function of dose on 2D human pulmonary
cellular monolayers and on 3D small airway epithelia human
primary cultures at the ALI, and in vitro TEER at the ALI were
conducted. Solid-state physicochemical characterization con-
firmed homogeneous molecular mixtures and the crystalline
nature of the Co-SD formulations. In vitro aerosolization
dispersion performance demonstrated that all Co-SD dual
combination molecular mixtures aerosolized successfully with
both human FDA-approved DPI devices, had ∼100% ED, and
good FPF values. The in vitro viability and TEER assays
demonstrated that all formulations were safe to human
pulmonary 2D and 3D cultures as a function of dose.
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