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Abstract

Tacrolimus (TAC) has exhibited promising therapeutic potential in the treatment of pulmonary
arterial hypertension (PAH); however, its application is prevented by its poor solubility, instability,
poor bioavailability, and negative systemic side effects. To overcome the obstacles of using TAC
for the treatment of PAH, we developed nanocomposite microparticles (nCmP) for the pulmonary
delivery of tacrolimus in the form of dry powder aerosols. These particles can provide targeted
pulmonary delivery, improved solubility of tacrolimus, the potential of penetration through mucus
barrier, and controlled drug release. In this system, tacrolimus-loaded polymeric nanoparticles
(NP) were prepared via emulsion solvent evaporation and nCmP were prepared by spray drying
these NP with mannitol.

The NP were approximately 200 nm in diameter with narrow size distribution both before loading
into and after redispersion from nCmP. The NP exhibited smooth, spherical morphology and the
nCmP were raisin-like spheres. High encapsulation efficacy was achieved both in the
encapsulation of tacrolimus in NP and that of NP in nCmP. nCmP exhibited desirable aerosol
dispersion properties, allowing them to deposit into the deep lung regions for effective drug
delivery. A549 cells were used as /n vitro models to demonstrate the non-cytotoxicity of TAC
nCmP. Overall, the designed nCmP have the potential to aid in the delivery of tacrolimus for the
treatment of PAH.
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1. INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive cardiovascular disease that results in
limited exercise capacity, right ventricular heart failure, and ultimately death (1). It is hemo-
dynamically defined as an increased mean pulmonary arterial pressure higher than 25 mmHg
with a pulmonary capillary wedge pressure lower than 15 mmHg at rest (2, 3). Patients often
develop PAH because of genetic and/or environmental insult, resulting in endothelial cell
apoptosis, loss of distal vessels, and occlusive vascular remodeling, which causes elevated
pulmonary arterial pressures.

The primary treatment options currently available for patients with PAH are based on drugs
with vasodilatory properties that improve cardiopulmonary function. Unfortunately, these
drugs show no effect on prohibiting the progress of or improving obliterative vascular
pathology. Because of this, the only option for many patients to improve their health and
quality of life is heart-lung transplantation. Therefore, new approaches to utilize compounds
that focus on activating cellular mechanisms to reverse vascular remodeling are under
investigation (4). Improving the function of the bone morphogenetic protein receptor-2
(BMPR?2) signaling pathway is a potential direction in the development of improved PAH
therapies, as the mutations of BMPR2 have been identified as a cause of inherited PAH,
accounting for 60 to 80% of familial cases. BMPR2 mutations are also the main cause of 10
to 25% cases in sporadic PAH and 9% of PAH associated with fenfluramine use (4-8).

Since challenges exist in the clinical application of BMPR2 gene therapy, tacrolimus can be
applied instead, as it increases signaling of the BMPR2 pathway. Tacrolimus (TAC) is an
FDA-approved immunosuppressive drug with a known pharmacokinetic and toxicity profile.
Aerosolized tacrolimus has been studied in a few select applications, including to reduce
lung transplant rejection (9), airway grafts (10), and to modulate idiopathic pulmonary
fibrosis (11). Previous research on the use of TAC to treat PAH has shown that: 1) low-dose
TAC can reverse dysfunctional BMPR2 signaling in pulmonary artery endothelial cells
(ECs) from patients with idiopathic PAH, 2) low-dose TAC can prevent exaggerated chronic
hypoxic PAH in mice with conditional BMPR2 deletion in ECs, and 3) low-dose TAC can
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reverse severe PAH in rats with medial hypertrophy following monocrotaline exposure and
in rats with neointima formation following vascular endothelial growth factor receptor
blockade and chronic hypoxia (4).

Although TAC shows promising potential in the treatment of PAH, its application is
hindered by its poor solubility in water (1.3 pg/mL), instability, and limited bioavailability
(12-14). In addition to these limiting pharmacokinetic properties, systemic side effects such
as neurotoxicity and nephrotoxicity also complicate the clinical use of TAC (15). To
overcome this problem, biodegradable polymeric acetalated dextran (Ac-Dex) nanoparticles
(NP) can be applied to more safely and effectively deliver TAC. Ac-Dex NP can improve
hydrophobic agent solubility, promote drug penetration to obtain higher plasma
concentration, provide sustained drug release, and provide reduced systemic side effects due
to localized delivery to the lungs.

Ac-Dex is an acid-sensitive, biodegradable, biocompatible polymer that can be prepared in a
one-step reaction by reversibly modifying dextran with acetal groups (16). This modification
reverses the solubility properties of dextran from hydrophilic to hydrophobic, making it
possible to form polymeric particles using standard emulsion or nanoprecipitation
techniques. In contrast to poly(lactic-co-glycolic acid) (PLGA) and other polyesters, which
are widely applied as excipients in drug delivery applications, Ac-Dex offers several
advantages. Most notably, the degradation rate of Ac-Dex can be tuned from minutes to
months to suit various applications. Tunable degradation rates are a result in the adjustment
of the ratio of cyclic acetal groups with a slower degradation rate to acyclic acetal groups
with a faster degradation rate, which can be easily completed by controlling the reaction
time during Ac-Dex synthesis. Furthermore, Ac-Dex particulates typically show minimal
burst release at physiological conditions (pH 7.4), which is desirable to maintain a steady
drug level in the body. Finally, Ac-Dex degrades into the biocompatible, biodegradable,
FDA-approved by-products of dextran and very low levels of methanol and acetone (16-19).

Pulmonary aerosols have attracted increasing attention for the treatment of lung diseases, as
they are capable of delivering a wide range of therapeutics directly and efficiently to the
lungs. Pulmonary delivery systems offer several advantages including increased local drug
concentration in the lungs, reduced systemic side effects, rapid onset of action due to the
enormous surface area and plentiful capillary vessels in the lung, and avoidance of the first-
pass metabolism associated with the liver (20-25). While dry powder aerosolized
nanoparticles (less than 500 nm) will be exhaled owing to their small size and mass,
aerosolized particles with aerodynamic diameters of 1-5 pm (or larger) can effectively
deposit into the lungs. However, this size range is also the size at which particles are
commonly phagocytosed by alveolar macrophages, which limits their efficacy as aerosol
drug delivery vehicles (26). To overcome these aforementioned obstacles for pulmonary
TAC delivery, we developed nanocomposite microparticles (nCmP) in the form of dry
powder aerosols (Figure 1). This system is comprised of TAC-loaded Ac-Dex NP entrapped
in microparticle carriers with the excipient mannitol. Once the nCmP impact on the surface
of the lungs, NP are released to allow for the delivery of TAC.
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Mannitol was used as the excipient in the nCmP due to its beneficial properties in aerosol
formulations. First, mannitol is highly water-soluble, which ensures rapid decomposition of
nCmP in the aqueous environment of mucus and pulmonary surfactant in the lungs, leading
to quick release of NP from the nCmP system. Furthermore, mannitol is able to enhance
mucus penetration of nanoparticles by increasing fluidity of mucus in the lung (27). Finally,
mannitol has been extensively studied as a carrier in spray-dried powder aerosols for
pulmonary drug administration and the resulting particles have been shown to exhibit
desirable water content, size, and surface morphology for successful aerosol delivery (28—
33).

In the present nCmP system, the drug-loaded nanoparticles contain TAC as a therapeutic and
these NP are coated by polyvinyl alcohol (PVA). Upon pulmonary administration, the nCmP
will deposit on the mucus in the respiratory tract, decompose into free NP and mannitol, and
allow the nanoparticles to penetrate the mucus barrier and then release drug to the targeted
site. The goal of the described research was the initial development and physicochemical
and /n vitro characterization of the nCmP systems with ability of targeted delivery, improved
drug solubility, and potential of efficient penetration of mucus barrier and of controlled
release via particle engineering.

2. MATERIALS AND METHODS

2.1 Materials

Dextran from Leuconostoc mesenteroides (9000-11000 MW), pyridinium p-
toluenesulfonate (PPTS, 98%), D-mannitol (= 98%), 2-methoxypropene (2-MOP, 97%),
triethylamine (TEA, = 99%), anhydrous dimethyl sulfoxide (DMSO, = 99.9%), poly(vinyl
alcohol) (PVA, MW 13,000-23,000, 87-89% hydrolyzed), dichloromethane (DCM,
anhydrous, = 99.8%), deuterium chloride (DCI, 35 weight % in D,0, 99 atom % D),
Tween® 80, potassium phosphate dibasic, potassium phosphate monobasic, and acetonitrile
(HPLC grade, = 99.9%) were obtained from Sigma—Aldrich (St. Louis, MO). Deuterium
oxide (D,0, 99.8% atom D) was obtained from Acros Organics (Geel, Belgium). Phosphate
buffered saline (PBS), phosphoric acid (extra pure, 85% solution in water), and sodium
pyruvate were obtained from Fisher Scientific (Somerville, NJ). Hydranal® KF reagent was
obtained from Fluka Analytical. Tacrolimus (FK-506) was purchased from LC Laboratories
(Woburn, MA). Ab49 cells were obtained from American Type Culture Collection
(Manassas, VA, USA). Dulbecco’s Modified Eagle Medium (DMEM), pen-strep, and
Fungizone® were obtained from Life Technologies (Norwalk, CT, USA). Fetal bovine
serum (FBS) was obtained from Atlanta Biologics (Flowery Branch, GA, USA) and
resazurin was obtained from Acros Organics.

2.2 Methods

2.2.1 Synthesis and NMR Analysis of Acetalated Dextran (Ac-Dex)—Ac-Dex was
synthesized as described previously (17) with minor modifications. Briefly, 1 g of
lyophilized dextran and 25 mg of PPTS were dissolved in 10 mL anhydrous DMSO. The
resulting solution was reacted with 5 mL of 2-MOP under nitrogen gas for 5 minutes and
was quenched with 1 mL of TEA. The reaction mixture was then precipitated in basic water
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(water and TEA, pH 9), vacuum filtered, and lyophilized (=50 °C, 0.023 mbar) for 24 hours
to yield a solid product.

The cyclic-to-acyclic (CAC) ratio of acetal coverage and degrees of total acetal coverage per
100 glucose molecules was confirmed by 1H NMR spectroscopy (Bruker 300 MHz NMR,
MA). 10 mg of Ac-Dex was added to 700 pL of DO and was hydrolyzed with 30 uL of DCI
prior to analysis. The hydrolysis of one cyclic acetal group produces one acetone whereas
one acyclic acetal produces one acetone and one methanol. Consequently, from the
normalized integrations of peaks related to acetone, methanol, and the carbon ring of
dextran, the CAC ratio of acetal coverage and degrees of total acetal coverage per 100
glucoses was determined.

2.2.2 Formation of TAC-Loaded Ac-Dex Nanoparticles (TAC NP)—Tacrolimus-
loaded nanoparticles (TAC NP) were prepared via oil/water emulsion and solvent
evaporation. 90 mg of Ac-Dex and 10 mg of TAC (10 weight % initial loading) were
dissolved in 1 mL of DCM over an ice bath, establishing the organic phase. 3% PVA in PBS,
the aqueous phase, was added to the organic phase and the resulting solution was sonicated
(Q500 Sonicator, Qsonica, Newtown, CT) for 30 seconds with a 1 second on/off pulse at
70% amplitude. The emulsion was transferred to a spinning solution of 0.3% PVA in PBS
and stirred for 4 hours to allow for evaporation of the organic solvent and particle hardening.
The solution was then centrifuged at 14000 rpm for 20 minutes to collect the nanoparticles.
Nanoparticles were washed once with basic water, redispersed in 0.1% PVA, and lyophilized
(=50 °C, 0.023 mbar) for 48 hours.

2.2.3 Formulation of Nanocomposite Microparticles (hCmP) Via Spray Drying
—Nanocomposite microparticles (nCmP) were prepared via the spray drying of TAC NP
suspensions and mannitol in an aqueous solution using a Buichi B-290 spray dryer (Bichi
Labortechnik, AG, Switzerland) in open mode. The spray drying conditions were as follows:
1:1 (weight) ratio of TAC NP to mannitol in DI water, feed solution concentration of 1%
(w/v), 0.7 mm nozzle diameter, atomization gas flow rate of 414 L/h using UHP dry
nitrogen, aspiration rate of 28 m3/h, inlet temperature of 50 °C, pump rate of 0.6 mL/min,
and nozzle cleaner rate of 4. The resulting nCmP were separated in a high-performance
cyclone, collected in a sample collector, and stored in amber glass vials in desiccators at
-20 °C.

2.2.4 Particle Morphology and Shape Analysis via Scanning Electron
Microscopy (SEM)—The shape and surface morphology of the NP and nCmP were
evaluated by SEM using a Zeiss SIGMA VP Field Emission-Scanning Electron Microscope
(Germany). nCmP samples were placed on aluminum SEM stubs with double-sided
adhesive carbon tabs. Nanoparticles were dispersed in basic water (pH =9, 10 mg/mL) and
this suspension was dropped onto aluminum SEM stubs and then dried at room temperature.
Both the NP and nCmP samples were coated with a thin film of a gold/palladium alloy using
a BIO-RAD sputter coating system at 20 PA for 60 seconds under argon gas. Images were
captured at 5 kV at various magnifications.
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2.2.5 Particle Size, Size Distribution, and Zeta Potential Analysis—The size, size
distribution, and zeta potential of the NP systems were measured by dynamic light scattering
(DLS) using a Malvern Nano Zetasizer (Malvern Instruments, Worcestershire, UK). The NP
were dispersed in basic water (pH =9, 0.3 mg/mL). All experiments were performed in
triplicate with a scattering angle of 173° at 25 °C. The mean size (geometric diameter) of the
nCmP was measured digitally from SEM images using ImageJ software (Systat, San Jose,
CA, USA). Representative micrographs (5000x magnification) for each sample were
analyzed by measuring the diameter of at least 100 particles.

2.2.6 Analysis of Nanoparticle Drug Loading and Nanoparticle Loading in
nCmP—Drug loading and encapsulation efficacy (EE) of TAC NP and nCmP were
determined via Ultra Performance Liquid Chromatography (UPLC, LaChrom, Hitachi,
Japan). Detection of TAC was performed using following conditions: Cyg, 5 um x 150 mm x
4.6 mm column (Ascentis, Sigma-Aldrich, St. Louis, MO), 1 mL/min pump rate, 6 minute
retention time, mobile phase of 70% acetonitrile and 30% phosphoric acid aqueous solution
(0.1%), absorbance of 215 nm, and temperature of 50 °C. Drug-loaded NP and nCmP were
fully dissolved in the mobile phase prior to analysis. The drug concentration in each sample
was quantified by comparison with a standard curve of TAC in its mobile phase. The TAC
loading of NP, TAC loading of nCmP, NP loading in nCmP, and TAC EE of NP and nCmP
were determined by the following equations:

mass of drug loaded in NP

1
mass of NP x 100%

Drug loading=

f d loaded in NP
mass of drug loaded in < 100%

D lati f EE)=
rug encapsulation efficacy (EE) initial mass of drug in NP formulation

f NP loaded in nCmP
Nanoparticles loading:maLSS o O? eC 1}11n m 100%
mass of nCm

mass of NP loaded in nCmP
NP loadi fhi = 100
cacing etieacy initial mass of NP in nCmP formulation X @

2.2.7 In Vitro Drug Release from Nanoparticles—The /in vitrorelease profiles of TAC
from nanoparticles were determined via the release of NP (1 mg/mL, 1.5ml) in modified
phosphate buffer (PBS, 0.1 M, pH = 7.4) with 0.5% (w/v) Tween® 80. The NP suspension
was incubated at 37 °C and 100 rpm. At various time points NP samples were centrifuged at
14000 rpm for 5 minutes at 4 °C to isolate the NP. 200 uL of supernatant was withdrawn and
replaced by the same amount of fresh modified PB in each sample. The withdrawn solutions
were analyzed for drug content via UPLC using the same method described previously.
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2.2.8 Karl Fischer Coulemetric Titration—The water content of the nCmP was
quantified by Karl Fischer (KF) titration using a 737 KF coulometer (Metrohm, Riverview,
FL). 10 mg of powder was dissolved in anhydrous methanol. The resulting solution was
injected into the KF reaction cell filled with Hydranal® KF reagent and then the amount of
water was analyzed accordingly.

2.2.9 Differential Scanning Calorimetry (DSC)—The thermal phase transitions of the
nCmP, NP, and their raw components were determined via DSC using a TA Q10 DSC
system (TA Instruments, New Castle, DE) equipped with an automated computer-controlled
TA instruments DSC refrigerated cooling system. 1 — 3 mg of sample was weighed into
Tzero™ alodined aluminum pans that were hermetically sealed. The sealed pans were
placed into the DSC furnace along with an empty sealed reference pan. The heating range
used was 0 — 200 °C at a heating rate of 10 °C/min.

2.2.10 Powder X-Ray Diffraction (PXRD)—Crystalline states of the nCmP and its raw
components were examined by powder X-ray detection (PXRD) using a Rigaku Multiflex
X-ray diffractometer (The Woodlands, TX) with a Cu Ka radiation source (40 kV, 44 mA).
The samples were placed on a horizontal quartz glass sample holder (3 mm). The scan range
was 5 — 60° in 20 with a step width of 0.1 and scan rate of 1 °/min.

2.2.11 In Vitro Aerosol Dispersion Performance with the Next Generation
Impactor (NGI)—/n vitro aerosol dispersion performance of the nCmP was evaluated
using a Next Generation Impactor™ (NGI™, MSP Corporation, Shoreview, MN) equipped
with a stainless steel induction port (USP throat adaptor) attachment and stainless steel
gravimetric insert cups. The NGI™ was coupled with a Copley TPK 2000 critical flow
controller, which was connected to a Copley HCP5 vacuum pump (Copley Scientific, United
Kingdom). The airflow rate (Q) was measured and adjusted to 60 L/min in order to model
the flow rate in a healthy adult lung before each experiment. Glass fiber filters (55 mm, Type
AJE, Pall Life Sciences, PA) were placed in the gravimetric insert cups for stages 1 through
7 to minimize bounce or re-entrapment (34) and these filters were weighed before and after
the experiment to determine the particle mass deposited on each stage. Approximately 10
mg of powder was loaded into a hydroxypropyl methylcellulose (HPMC, size 3, Quali-V®,
Qualicaps® Inc., Whitsett, NC) capsule and the capsule was placed into a human dry
powder inhaler device (HandiHaler, Boehringer Ingelheim Pharmaceuticals, CT) attached to
a customized rubber mouthpiece connected to the NGI™. Three HPMC capsules were
loaded and released in each measurement and experiments were performed in triplicate. The
NGI™ was run with a delay time of 10 s and running time of 10 s. For Q = 60 L/min, the
effective cutoff diameters for each stage of the impactor were given from the manufacturer
as: stage 1 (8.06 um); stage 2 (4.46 um); stage 3 (2.82 um); stage 4 (1.66 pum); stage 5 (0.94
um); stage 6 (0.55 um); and stage 7 (0.34 um). The fine particle dose (FPD), fine particle
fraction (FPF), respirable fraction (RF), and emitted dose (ED) were calculated as follows:

Fine particles dose (FPD)=mass of particles on stages 2 through 7
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fine particles dose

Fine particles fraction (FPF)= x100%

initial particle mass loaded into capsules

. . mass of particles on Stages 2 through 7
Respirable fraction (RF)= total particle mass on all stages x100%

initial mass in capsules — final mass remaining in capsules

Emitted dose (ED)= x100%

initial mass in capsules

The experimental mass median aerodynamic diameter (MMADE) and geometric standard
deviation (GSD) for the particles were determined using a Mathematica® program written
by Dr. Warren Finlay (34, 35).

2.2.12 Tapped Density and Theoretical Aerodynamic Diameter Analysis—The
density of the nCmP was evaluated via tapped density measurements as described previously
with minor modifications (36). 30 — 35 mg of nCmP was weighed in a glass tube. The tube
was tapped 200 times to ensure efficient packing of the nCmP and then the volume occupied
by the particles was measured using digital calipers. The density was determined by the
following equation:

b
<8

where p is the tapped density of the nCmP, m is the nCmP mass, and V is the nCmP volume
determined by measuring the height of the particles in a tube with a known diameter (5 mm).
The theoretical MMAD (MMAD-~) of the nCmP was calculated using the following

equation:
_ P
MMAD, =d , / e

where d is the geometric diameter of the nCmP determined by ImageJ, p is the tapped
density, and p* = 1 g/cm?3 (reference density of solid polymer).

2.2.13 In Vitro Cytotoxicity of TAC nCmP—The /n vitro cytotoxicity of TAC nCmP as
well as free TAC was evaluated using the resazurin viability assay. A549 human
adenocarcinoma alveolar epithelial cells were used as /7 vitro model to evaluate the effect of
various TAC nCmP concentrations at different time intervals on their viability. A549 cells
were maintained in DMEM supplemented with 10% (v/v) fetal bovine serum, 100 U/ml
penicillin, 100 ug/ml streptomycin, Fungizone® (0.5 pug amphotericin, B, 0.41 ug/mL
sodium deoxycholate), and 1 mM sodium pyruvate at 37°C in 5% CO,. The cells were
trypsinized and plated at density 5 x 104 cells/ml (100 pl/well) in flat-bottomed 96-well
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plates and incubated overnight. After 24 hours, the A549 cells were exposed to various
concentrations of free TAC and TAC nCmP (0.00001 to 10 uM) for 48 and 72 hours. After
exposure, 20 pl of resazurin solution (60 M) was added to each well and the plate was
incubated for 3 hours, allowing the viable cells to convert resazurin to resorufin, and the
fluorescence intensity of the resorufin produced by viable cells was detected at 520 nm
(excitation) and 590 nm (emission) using a Cytation 3 plate reader (BioTek, Winooski, VT).
The wells containing complete medium and resazurin, without cells, were used as the
background measurement and wells containing cells and resazurin, without particles, served
as the positive control. The relative viability of each sample was calculated by:

Fluorescence Intensity of Sample

Relative Viability= x 100%

Fluorescence Intensity of Control

2.2.14 Statistical Analysis—All measurements were performed in at least triplicate.
Values are given in the form of means + SD. The statistical significance of the results was
determined using Student’s t-tests where a p-value of < 0.05 was considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1 Characterization of Ac-Dex

Ac-Dex exhibited 71.5% cyclic acetal coverage and 79.2% total conversion of -OH groups.
An increase in CAC is known to decrease the drug release rate due to slower degradation of
Ac-Dex (16, 17). A high total acetal coverage (higher than 75% according to our research) is
necessary to stabilize the PVA coating of nanoparticles, which ensures small particles size
and narrow size distribution. Therefore, NMR confirmed successful synthesis of Ac-Dex.

3.2 Characterization of Nanoparticles

3.2.1 NP Size, Distribution, and Surface Charge—The tacrolimus-loaded
nanoparticles (TAC NP) shown in Figure 2A, appear as uniform spheres with smooth surface
morphology. The apparent sintering evident in the SEM micrographs is likely an artifact of
the PVA present on the NP and particle drying process prior to imaging. NP size, size
distribution (polydispersity index, PDI), and zeta potential are shown in Table 1. The
resulting sizes of the NP analyzed via DLS (approximately 200 nm) were larger than those
observed from SEM micrographs and ImageJ analysis (approximately 100 nm) due to
shrinking of the particles during drying and/or sputter coating and agglomeration of particles
during resuspension into aqueous solutions (37, 38). The TAC NP exhibited desirable size
(less than 200 nm) with narrow size distribution to potentially allow for mucus penetration
and pulmonary epithelial targeting. The surface charge of the NP system was slightly
negative, which is suitable to reduce interactions with negatively charged mucin fibers,
potentially enhancing the particle permeation through the mucus barrier (38).

3.2.2 TAC Loading and In Vitro Release—TAC was successfully encapsulated into the
TAC NP. 70.4% of the initially loaded TAC was effectively encapsulated within the NP
prepared using emulsion solvent evaporation of Ac-Dex and drug in PVA solution. The high
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encapsulation efficacy of the drug is due to the low solubility of TAC in the aqueous
spinning solution.

Results of the in vitrorelease of TAC NP at physiological pH and temperature are reported
in Figure 3 as the percentage of drug released over time. The TAC NP system displayed a
sustained release of 40% of its payload after 12 hours, in which 30% of TAC was released in
the first 6 hours and 10% was released in the next 6 hours. Previous research showed that
similar Ac-Dex NP exhibited a maximum of degradation at 6 hours and negligible
degradation after that (18). Based on these results, the TAC release profiles in this study can
likely be explained as follows: the first release stage (up to 6 hours) corresponds to Ac-Dex
degradation as well as nanoparticle dissociation, whereas after 6 hours the rate of TAC
release is controlled by drugs passively diffusing out of the dissociated matrix of
nanoparticles following the partial degradation of Ac-Dex. This two-stage release profile of
Ac-Dex based particles matches that of other drug-loaded Ac-Dex nanoparticle systems in
our group and other previous studies (36).

3.3 Nanocomposite Microparticle Characterization

3.3.1 nCmP Morphology, Size, and Size Distribution—TAC nCmP displayed a
wrinkled and raisin-like surface with visibly encapsulated NP as seen in Figures 2B and 2C.
The corrugated surface of the nCmP reduces their contact area, which helps to prevent the
particles from aggregating upon aerosolization, thus improving aerosol performance and
dispersion of the NP from the dry powder nCmP formulation. The cause of the raisin-like
morphology of the nCmP may be attributed to the early formation of nanoparticle shells in
droplets during spray drying. The formation of nanoparticle shells during spray drying
determines the geometric size of nCmP. As the drying proceeds, the remaining water keeps
evaporating from the droplet center, resulting in hollow particles that tend to shrink (39, 40).
The number average geometric diameter of the TAC nCmP system was 2.13 + 0.52 ym, as
determined by ImageJ analysis.

3.3.2 Karl Fischer Titration—The residual water content of TAC nCmP was
approximately 8 weight % (Table 2), which is acceptable in this dry powder formulation.
Water in inhalable dry powders can significantly reduce their dispersion properties during
aerosolization due to the interparticulate capillary forces acting at the solid—solid interface
between particles (41) and the presence of water is also responsible for the instability of the
powders during storage (42). Correspondingly, low water content in inhalable dry powders is
highly favorable for efficient dry powder aerosolization and effective particle delivery (41,
43).

3.3.3 Differential Scanning Calorimetry—Figure 4 shows DSC thermograms of the
raw materials used in particle preparation and the final drug-loaded nCmP. Raw Ac-Dex,
TAC, and mannitol displayed endothermic main phase transition peaks (T,) near 170, 135,
and 167 °C, respectively, which are in accordance with previously reported values (44, 45).
The TAC nCmP system exhibited a main phase transition peak (T,,) near 142 °C,
corresponding to the melting of mannitol (see Figure S1). This melting point was lower than
those of raw mannitol, indicating an increase in the amorphous state of these raw materials
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in nCmP. No glass transitions or other phase transitions were evident under 120 °C, which
indicated that all the materials are stable during manufacturing and storage conditions.

3.3.4 Powder X-ray Diffraction (PXRD)—X-ray diffraction diffractograms of the raw
materials and TAC nCmP are shown in Figure 5. Strong peaks were present for raw TAC and
mannitol powders. These strong peaks indicate that the raw materials were in their
crystalline forms prior to spray drying, which is in accordance with previous studies (44,
45). No strong peaks were present for raw Ac-Dex, indicating that it is non-crystalline. The
non-crystallinity of Ac-Dex is quite different from commercialized polymers such as PLGA,
which exhibits strong XRD characterization peaks (46—48). The absence of diffraction peaks
in Ac-Dex is likely because the Ac-Dex was collected by rapid precipitation in water. XRD
patterns of TAC nCmP displayed the absence of any diffraction peaks of raw TAC,
suggesting amorphization of raw TAC in the particle matrix, which is suitable for the
improvement of tacrolimus solubility. Also, the peaks characterizing mannitol were
significantly reduced, indicating that mannitol is reduced to its amorphous state in the nCmP.
The results obtained from the XRD diffractograms confirmed those from DSC thermograms,
where raw TAC and mannitol were converted into more amorphous forms during the nCmP
manufacturing process.

3.3.5 Drug and Nanoparticle (NP) Loading in nCmP—UPLC was used to determine
the amount of TAC loading in the nCmP and this data was used to calculate the resulting NP
loading and NP encapsulation efficacy (EE) in the nCmP formulation as seen in Tables 1 and
2. The TAC nCmP showed high NP loading (> 45%), and very high NP EE (> 90%). The
high drug loading in the nCmP formulation (approximately 3 mg of TAC per mg of nCmP)
is favorable in order to reduce the amount of particles administrated to achieve a target
therapeutic effect in the lungs and reduce the total particle load delivered.

3.3.6 Nanoparticle Redispersion from nCmP—The properties of NP redispersed
from nCmP in water were evaluated using DLS (Table 1). The size and PDI of the
redispersed NP exhibited slight increases after redispersion from nCmP, which is likely a
result of agglomeration that occurred during the spray drying process. The NP surface
charge remained slightly negative. These parameters were all within the desirable ranges for
effective penetration of NP through the mucus barrier, demonstrating the favorable
properties of nanoparticles remain intact after spray drying.

3.3.7 In Vitro Aerosol Dispersion Performance Using Next Generation
Impactor (NGI)—/n vitro aerosol dispersion performance properties of the nCmP were
evaluated using a Next Generation Impactor™ coupled with a human DPI device (Figure 6
and Table 3). The results indicated that the formulated nCmP aerosol properties are
favorable for efficient dry powder aerosolization and effective pulmonary delivery. The
experimental mass mean aerodynamic diameter (MMADg) value of TAC-nCmP was 3.57
um, while the geometric standard deviation (GSD) value was 1.78 pm. The MMADg value
is within the range of 1 — 5 um that is required for predominant deposition of nCmP into the
deep lung regions (49), which would be desirable for the delivery of TAC to the periphery of
the lungs. The GSD values were within the range of those previously reported and the
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respirable fraction (RF), fine particle fraction (FPF), and emitted dose (ED) values were all
higher than reports from similar systems (34, 49, 50). In clinical research, PAH patients are
treated with TAC with a target blood level of 1.5 — 5 ng/mL (51-53). The present nCmP
system is expected to achieve a therapeutic effect using a low amount of TAC through its
improved delivery efficacy over current systemic methods. As seen in Figure 6, 32.7 % of
TAC nCmP deposited on stages 4 — 7 and it is predicted that these particles will deposit in
the deep lung alveolar region due to diffusion mechanisms of deposition (54). Subsequently,
45.3% of nCmP deposited on stages 3 — 4 and are thus predicted to deposit in the lungs by
sedimentation due to gravitational settling (21, 55, 56). Overall, the nCmP exhibited
desirable aerosol dispersion characteristics allowing them to deposit in deep lung regions for
effective drug delivery of TAC.

3.3.8 Analysis of nCmP Density and Theoretical Aerodynamic Diameter—The
density of the particles was determined via tapped density measurements. The TAC nCmP
exhibited a low density of 0.138 + 0.001 g/cm3 compared with the raw materials (1.5 g/
cm3), which can be attributed to the raisin-like surface morphology and hollow structure of
the nCmP. The theoretical MMAD calculated with the geometric diameter and tapped
density was 0.79 pm, which was lower than the experimental result (3.57 um). The lower
MMAD- in comparison to MMADE can be attributed to nCmP agglomeration during
aerosolization, which increased the geometric size (and thus aerodynamic diameter) of the
dry powder formulation.

3.3.9 In Vitro Cytotoxicity of TAC nCmP Microparticles—To evaluate the response
of pulmonary cells to particles, /in vitro cytotoxicity analysis of TAC nCmP as well as free
TAC against A549 cells was evaluated. For free TAC the relative viability of the A549 cells
remains constant for increasing drug concentrations at 48 and 72 hours, demonstrating that
TAC is non-toxic to lung cells up to 10 uM (Figure 7 (a)). TAC nCmP did not cause any
significant cytotoxic effects at various TAC concentrations (0.00001 — 10 pM) and there was
no significant decrease in the viability of A549 cells between 48 and 72 hours (Figure 7 (b)).
Thus, TAC nCmP was not cytotoxic and could be used for the treatment of PAH, hence
minimizing the potential negative side effects.

4. CONCLUSIONS

Tacrolimus was successfully encapsulated in Ac-Dex nanoparticles with a high
encapsulation efficacy. The drug-loaded nanoparticles were 200 nm, smooth spheres with
narrow size distribution and slightly negative surface charge, which is desirable to overcome
the mucus barrier in the lung. These favorable properties were maintained during the nCmP
manufacturing process as shown in redispersion testing. The nCmP systems were 2 um,
raisin-like spheres with observable nanoparticles present on their surface. The water content
of the nCmP systems was relatively low, which can enable efficient dry powder
aerosolization and particle delivery. None of the raw materials underwent degradation during
nCmP manufacturing, indicating the stability of the therapeutics during formation. No
crystalline structures of TAC was observed in the nCmP, which confirmed that the drug in
the nCmP were in their amorphous form. /n vitro aerosol performance testing demonstrated
desirable aerosol dispersion characteristics of nCmP, allowing them to deposit in deep lung
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regions for drug delivery. There was no significant effect in the viability of A549 cells,
which confirmed the non-cytotoxic effect of TAC nCmP.

This nCmP system exhibits promising application in pulmonary TAC delivery for the
treatment of PAH due to its novel features including targeted pulmonary delivery, improved
solubility of tacrolimus, potential of permeation through mucus barrier, and of controlled
drug release. In contrast to other delivery methods, this dry powder formulation also
provides more convenient administration, more flexible storage conditions, and lower risk of
contamination in the device.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of an aerosol nanoparticle microparticle (hCmP) system interacting with the
pulmonary mucosa and epithelium. Once the nCmP impact the surface of the mucus coating
the pulmonary epithelium they immediately degrade to release nanoparticles.
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Figure 2.
Representative SEM micrographs of tacrolimus (TAC) nanoparticles (NP) and

nanocomposite microparticles (nCmP) including: (A) tacrolimus-loaded nanoparticles (TAC
NP), (B) tacrolimus-loaded nanocomposite microparticles (TAC nCmP), and (C)
representative zoomed in image of TAC nCmP.
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Figure 3.
In vitro drug release profile for tacrolimus (TAC) nanoparticle system.

Int J Pharm. Author manuscript; available in PMC 2017 October 15.

25



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al.

Heat Flow (mW)

Page 20

Raw TAC

Raw Ac-Dex

Raw Mannitol
TAC nCmP

Exo

25 50 75 100 125 150 175
Temperature (°C)

Figure 4.
Representative differential scanning calorimetry (DSC) thermograms of raw tacrolimus

(TAC), raw acetalated dextran (Ac-Dex), raw mannitol, and formulated TAC nanocomposite
microparticles (TAC nCmP).
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Figure 5.
Representative powder X-ray (PXRD) diffractograms of raw tacrolimus (TAC), raw

acetalated dextran (Ac-Dex), raw mannitol, and formulated TAC nanocomposite
microparticles (TAC nCmP).
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Figure 6.
Aerosol dispersion performance of tacrolimus nanocomposite microparticles (TAC nCmP)

as % particles deposited on each stage of the Next Generation Impactor™ (NGI™). For Q =
60 L/min, the effective cutoff diameters (Dsgg) for each impaction stage are as follows: stage
1 (8.06 um), stage 2 (4.46 ym), stage 3 (2.82 um), stage 4 (1.66 um), stage 5 (0.94 um),
stage 6 (0.55 um), and stage 7 (0.34 um) (n = 3, Average + SD).
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Figure 7.
Ab549 cell viability measured by resazurin assay after 48 h and 72 h exposure to (a) free

TAC, and (b) TAC nanocomposite microparticles (ncmp) (n = 3, Average + SD).
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