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Abstract: The objectives of this study were to prepare bosentan hydrate (BST) microparticles 

as dry powder inhalations (DPIs) via spray drying and jet milling under various parameters, to 

comprehensively characterize the physicochemical properties of the BST hydrate microparticles, 

and to evaluate the aerosol dispersion performance and dissolution behavior as DPIs. The BST 

microparticles were successfully prepared for DPIs by spray drying from feeding solution con-

centrations of 1%, 3%, and 5% (w/v) and by jet milling at grinding pressures of 2, 3, and 4 MPa. 

The physicochemical properties of the spray-dried (SD) and jet-milled (JM) microparticles 

were determined via scanning electron microscopy, atomic force microscopy, dynamic light 

scattering particle size analysis, Karl Fischer titration, surface analysis, pycnometry, differential 

scanning calorimetry, powder X-ray diffraction, and Fourier transform infrared spectroscopy. 

The in vitro aerosol dispersion performance and drug dissolution behavior were evaluated using 

an Anderson cascade impactor and a Franz diffusion cell, respectively. The JM microparticles 

exhibited an irregular corrugated surface and a crystalline solid state, while the SD microparticles 

were spherical with a smooth surface and an amorphous solid state. Thus, the in vitro aerosol 

dispersion performance and dissolution behavior as DPIs were considerably different due to the 

differences in the physicochemical properties of the SD and JM microparticles. In particular, the 

highest grinding pressures under jet milling exhibited excellent aerosol dispersion performance 

with statistically higher values of 56.8%±2.0% of respirable fraction and 33.8%±2.3% of fine 

particle fraction and lower mass median aerodynamic diameter of 5.0±0.3 µm than the others 

(P,0.05, analysis of variance/Tukey). The drug dissolution mechanism was also affected by the 

physicochemical properties that determine the dissolution kinetics of the SD and JM micropar-

ticles, which were well fitted into the Higuchi and zero-order models, respectively.

Keywords: bosentan, dry powder inhalations, pulmonary arterial hypertension, respiratory 

drug delivery, spray drying, jet milling

Introduction
Bosentan hydrate (BST) (Figure 1) is a competitive dual endothelin receptor antagonist 

that is nonselective for both endothelin A and endothelin B receptors. It decreases both 

pulmonary vascular resistance and systemic vascular resistance and hence increases 

cardiac output without increasing the heart rate.1,2 BST hydrate was approved by the 

US Food and Drug Administration (FDA) in 2001 under the brand name of Tracleer® 

(Bosentan), which is orally administered to alleviate the symptoms of pulmonary 

arterial hypertension (PAH).3
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Since PAH is a disease of pulmonary circulation and 

not of the whole circulatory system, the oral dosage of BST 

hydrate that is currently marketed has several limitations 

and produces side effects associated with its systemic cir-

culation. The side effects of the systemic circulation include 

systemic hypotension, deterioration in the right ventricular 

performance, reduction in the right coronary blood flow, 

increase in the shunt function, and reduced oxygenation.4,5 

Furthermore, orally administered BST hydrate also exhibits 

hepatotoxicity via the first-pass hepatic metabolism.6,7 Thus, 

there is an unmet clinical need to explore the possibilities of 

delivering anti-PAH drugs right into the diseased pulmonary 

circulation and also to develop a drug delivery system that 

is capable of releasing medication only in the vicinity of the 

diseased part of the pulmonary circulation.6

Targeted pulmonary delivery of BST hydrate has several 

advantages, including avoidance of the hepatic first-pass 

metabolism, a higher therapeutic concentration locally in the 

pulmonary system and, thus, a reduction in the systemic side 

effects. The targeted pulmonary delivery through inhalation is 

an effective noninvasive method for local therapeutic delivery 

of active pharmaceutical ingredients.8,9 Currently, iloprost 

inhalation solution (Ventavis®) and treprostinil inhalation 

solution (Tyvaso®) have been approved to treat PAH.

Of the various types of targeted pulmonary delivery formu-

lations and devices, dry powders for inhalation are attractive 

since these offer several advantages, including a high stability 

in the dry state, easy handling, and portability.10,11 Actually, 

dry powder inhalations (DPIs) significantly decrease the daily 

treatment burden compared to a liquid formulation due to the 

absence of cleaning and disinfection requirements.12

The efficiency of DPIs is typically determined by the 

aerosol performance of particles and is also significantly 

influenced by the physicochemical properties of the 

formulation, including the particle size distribution, density, 

surface morphology, shape, interparticulate forces, and solid 

state.11,13,14 In general, the aerosolization efficiency of DPIs 

is represented by the particles’ aerodynamic diameter, with 

diameters of 5–10 µm for airways and 1–5 µm for deep lung 

delivery considered to be respirable.15,16

Respirable-sized particle is mostly engineered using both 

top-down and bottom-up processes, depending on the start-

ing materials.17 Spray drying and jet milling are traditional 

bottom-up and top-down processes, respectively, and have 

been well established and validated to prepare DPIs.18 Spray dry-

ing is a one-step process that converts the drug solution into dry 

particles with a narrow size distribution, and the physicochemi-

cal properties of the dry particles can be tailored by adjusting 

the spray-drying parameters for the feeding solution conditions 

(ie, solvent type, concentration, and feeding rate) and drying 

gas conditions (ie, gas type, inlet and outlet temperatures, and 

flow rate).9,11 Jet milling is a size reduction process by particle–

particle and particle–wall collisions under high-velocity jets 

of compressed gases, and this allows for micronizing without 

contamination as well as the milling of heat-sensitive materials. 

The mechanical parameters for milling, namely the jet pressure 

and particle nature, strongly affect the particulate and physico-

chemical properties of the particles.18–20

The objectives of this study were to prepare BST 

microparticles as DPIs using different spray-drying and 

jet-milling processes under various parameters, to compre-

hensively characterize the particulate and physicochemical 

properties and to indirectly evaluate their suitability as DPIs 

by determining the aerosol dispersion performance and drug 

dissolution behavior of the BST microparticles.

Materials and methods
Materials
BST hydrate (molecular weight: 569.63 g/mol) was obtained 

from Hanmi Pharmaceutical Co. Ltd. (Seoul, Korea). High-

performance liquid chromatography (HPLC)-grade ethanol 

and acetonitrile were used (Honeywell Burdick & Jackson®, 

Muskegon, MI, USA), and all other reagents were either 

analytical grade or HPLC grade.

Preparation of BsT microparticles
spray-drying method
BST was accurately weighed and completely dissolved 

in ethanol using ultrasonication for 20 min to obtain 1%, 

3%, and 5% (w/v) drug concentration solutions for spray 

drying. As listed in Table 1, the different formulations for 

spray drying were designated as spray-dried (SD) 1%, SD 

3%, and SD 5%, respectively. The BST formulations were 

spray dried using a laboratory scale spray dryer (EYELA 

SD-1000, Rikakikai Co. Ltd., Tokyo, Japan) with the 

following parameters: inlet temperature of 110°C, outlet 

Figure 1 chemical structure of bosentan hydrate.

• 
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temperature of 65°C–75°C, nozzle size of 0.4 mm, feed 

rate of 10 mL/min, atomization air pressure of 200 kPa, 

and drying air flow rate of 0.30 m3/min. The spray-dried 

BST microparticles (SD-BSTs) were kept in a glass vial 

containing silica gel at -20°C until used.

Jet-milling method
The jet-milled BSTs microparticles (JM-BSTs) were pre-

pared using an air jet mill (A-O JET MILL; JS Tech Co. 

Ltd., Sacheon, Korea). As listed in Table 1, JM-BSTs were 

prepared under three different grinding air pressures of 0.2, 

0.3, and 0.4 MPa, designated as JM 0.2, JM 0.3, and JM 0.4, 

respectively. In all cases, the other jet-milling parameters 

were set as follows: feeding rate of 250%, feeding vibration 

of 40 Hz and pushing air pressure of 0.5 MPa. Nitrogen air 

was used for milling, and the JM-BSTs were then kept in a 

glass vial containing silica gel at -20°C until used.

hPlc analysis
The BST contents in the SD and JM microparticle formula-

tions were analyzed using a validated HPLC (Ultimate 3000 

series HPLC system; Thermo Fisher Scientific, Waltham, 

MA, USA) consisting of a pump, an autosampler, a column 

compartment, and a diode array detector operating at ultra-

violet 220 nm with a Luna L11 250 ×4.60 mm, 5 µm column 

(Phenomenex, Torrance, CA, USA). The mobile phase con-

sisting of acetonitrile and buffer (0.1% triethylamine solution, 

pH 2.5) at a ratio of 45:55 (v/v) was eluted at a flow rate of 

1.5 mL/min. The column temperature was maintained at 

35°C, and the volume of each injected sample was 10 µL.

Physicochemical characterization of BsT 
microparticles
scanning electron microscope (seM)
The BST microparticles were visually imaged via SEM 

(ZEISS-GEMINI LEO 1530; Carl Zeiss AG, Oberkochen, 

Germany). The samples were placed onto carbon tape and 

were then coated with platinum using a Hummer VI sputter-

ing device, reaching 200 Å coating thick. A voltage of 3 kV 

and magnifications of 5,000× and 20,000× were used.

atomic force microscope (aFM)
AFM (Dimension Icon, Bruker, Germany) was used to 

achieve the surface topography and roughness of the BST 

microparticles. The BST microparticles were placed onto 

carbon tape and were scanned on the top of each primary 

particle in the tapping mode, by using pyramidal cantilevers 

with silicon probes at a scan rate of 0.1 Hz. The roughness 

was expressed as the root-mean-square (RMS).

Particle size distribution and surface charge
The particle size distribution and surface charge of the 

BST microparticles were determined using a dynamic 

light scattering technique (Zetasizer Nano ZS; Malvern 

Instruments, Malvern, UK, measurement range of 

0.3 nm–10.0 µm). Three milligrams of the samples were 

added to 10 mL of distilled water, and the suspensions 

were vortexed for 20 s and allowed to equilibrate for 1 h. 

The mean particle size and size distribution that were 

measured are expressed as the Z-average and polydisper-

sity index, while the surface charge was expressed as the 

zeta potential (ZP).

Water content
The water content of the BST microparticles was quantified 

via Karl Fischer titration (736 GP Titrino; Metrohm, Herisau, 

Switzerland). A known amount of sample was dissolved 

in methanol and titrated with Hydranal®-Composite as a 

reagent. Karl Fischer titration was standardized using water 

before quantifying the water content of the samples.

True density
A pycnometer (AccuPyc 1330; Micromeritics Instrument 

Corporation, Norcross, GA, USA) was used to determine 

true density of the BST microparticles under helium gas. 

The temperature was maintained at 27°C, and each sample 

was run 10 times.

surface area
The surface areas of the BST microparticles were mea-

sured using an accelerated surface area and porosimetry 

analyzer (ASAP 2000; Micromeritics Instrument Corpo-

ration). The samples were degassed at 90°C for 90 min 

under nitrogen prior to analysis, and the surface area was 

calculated according to the Brunauer–Emmet–Teller (BET) 

equation.

Table 1 Formulation of the spray-dried and jet-milled bosentan 
microparticles

Formulation Preparation methods

raw bosentan hydrate – – –
sD 1% sD Bosentan solution  

concentration for feed (w/v)
1%

sD 3% 3%
sD 5% 5%
JM 0.2 JM grinding nozzle pressure 0.2 MPa
JM 0.3 0.3 MPa
JM 0.4 0.4 MPa

Abbreviations: JM, jet milling; sD, spray drying.
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Differential scanning calorimeter (Dsc)
The thermal behavior and phase transition of the BST 

microparticles were measured using a DSC (DSC 2910; 

TA Instruments, New Castle, DE, USA). Each sample was 

placed in DSC aluminum sample pans that were then sealed 

and heated from 30°C to 180°C at a heating scan rate of 

10°C/min.

Powder X-ray diffraction (PXrD)
The PXRD patterns of the BST microparticles were mea-

sured using an X-ray diffractometer (XDS 2000; Scintag, 

Cupertino, CA, USA). The scanning range of 2θ was from 

5° to 60° with a step size of 0.009°/2θ at ambient temperature 

with a Cu radiation source (40 kV, 40 mA).

Fourier transform infrared (FT-ir) spectroscopy
The infrared spectra were recorded using the FT-IR spec-

troscopy (IFS 66v/S; Bruker Optics, Ettlingen, Germany) 

by following the potassium bromide technique, and the 

spectroscopic wavelength range from 2,400 to 4,000 cm-1 

was investigated.

in vitro aerosol dispersion performance 
by andersen cascade impactor (aci)
The in vitro aerosol dispersion performance of the BST 

microparticles as DPIs was determined using an eight-stage 

nonviable ACI (TE-20-800; Tisch Environmental, Cleves, 

OH, USA). A hydroxypropyl methylcellulose hard capsule 

(size 4) was loaded with 30 mg of the sample and was placed 

in a commercially approved DPI device (Handihaler®; Boeh-

ringer Ingelheim, Ingelheim am Rhein, Germany) and tightly 

inserted into the mouthpiece adapted on the induction port. 

The ACI was actuated at a controlled flow rate of 90 L/min, at 

which time the particles were drawn into the impactor for 10 s. 

The flow rate of 90 L/min for 10 s, a hard condition for the 

evaluation of in vitro aerosol dispersion performance of DPIs, 

was used in this study to starkly compare the aerosolization 

performance of BST microparticles by the processes of spray 

drying and jet milling. To prevent particle bounce, glass fiber 

filters (GF/A glass fiber filter, 1.6 µm, 80 mm; HYUNDAI 

Micro, Korea) were placed on the collection plates of the 

stages from -1 to the final.21,22 The glass fiber filter is widely 

used with ACI because it offers fine particle retention, high 

flow rate, as well as good loading capacity to conveniently 

evaluate the aerosol performance. The quantity of particles 

remaining in the capsule and deposited at each stage was 

analytically determined using modified HPLC methods. For 

the ACI flow rate of 90 L/min, the cutoff diameters were 

determined for the modified impactor through experimental 

techniques and were stated as 8.0, 6.5, 5.2, 3.5, 2.6, 1.7, 1.0, 

and 0.43 µm for stages -2, -1, -0, 1, 2, 3, 4, and 5 stages, 

respectively. The emitted dose (ED), fine particle fraction 

(FPF), and respirable fraction (RF) of the BST microparticles 

as DPIs were determined using the following equations:

Emitted dose ED  %

Initial mass in capsule Final mass rema

( )

=
− iining in capsule

Initial mass in capsule
*

Fine particle f

100

rraction FPF  %

Mass of particles on stages through 

Em

( )

=
− 0 5

iitted dose ED

 

Respirable fraction RF %

Mass of par

( )
*

( )

100

=
tticles on stages through 

Total mass on all stages
*

− 0 5
100

The ED indicates the ability of dry powder to be emitted 

from the capsule. The FPF and RF were considered as fractions 

of ED and administrated dose, respectively, that is able to reach 

the respirable region with aerodynamic size ~#5.0 µm (ie, the 

dose collected on the -0 to 5 stages).11,23 The mass median 

aerodynamic diameter (MMAD) and the geometric standard 

deviation (GSD) were determined using the web-based tool 

(www.mmadcalculator.com/andersen-impactor-mmad.html). 

All experiments were performed in triplicate (n=3).

in vitro dissolution study via Franz 
diffusion cell
The in vitro dissolution profile of the BST microparticles as 

DPIs was investigated using a Franz diffusion cell system 

(FCDS-900C; Labfine Instruments, Anyang, Korea). The 

medium reservoir of the Franz cell was filled with phosphate-

buffered saline buffer pH 7.4 containing Tween 80 (5%, w/w) 

and maintained at 37°C±1°C. The medium was continuously 

stirred to ensure the homogeneity. A cellulose membrane filter 

(pore size: 0.45 µm; Advantec®, Tokyo, Japan) was then used 

as a barrier and was placed into the membrane holder to allow 

contact with the medium. Approximately 5 mg of precisely 

weighted samples was uniformly spread on the surface of 

the membrane at the air–liquid interface. At the defined 

time, 200 µL of samples was removed and the same volume 

of fresh buffer was refilled to maintain a constant medium 

volume. The removed samples were centrifuged for 10 min 

at 1,000 rpm to obtain the supernatant, and the samples were 

quantified in terms of their BST content using the modified 

HPLC method. All experiments were done with n=4.
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To calculate the statistical significance of the dissolution 

data equivalence, the authors performed using similarity 

factor (f
2
) according to the FDA guidance. The similarity 

factor (f
2
) is a measurement of the similarity in the dissolu-

tion percentage between the two curves and is a logarithmic 

reciprocal square root transformation of the sum of squared 

error using the following equation.24

Similarity factor:

 
f *log

2
1

2

0 5

50 1
1

100= + 





 −









′

=

−

∑n
St S t

t

n

( ) *
.

n is the number of time points and St and S′t are the dissolu-

tion values of the samples at time t. In order to consider the 

similar dissolution profiles, the f
2
 values should be close 

to 100. In general, the values .50 (50–100) show the simi-

larity of the dissolution profiles.

The drug kinetics were also investigated to evaluate the 

drug release mechanism. The results of the in vitro drug 

dissolution study were fitted to zero-order, Higuchi, and 

Korsmeyer–Peppas kinetic models using the following 

equations.

Zero-order kinetic model:

 
Q Q K t

t
= +

0 0  

Q
t
 is the amount of drug dissolved at time t, Q

0
 is the 

initial amount of drug in medium, and K
0
 is the zero-order 

constant.

Higuchi kinetic model:

 
Q K t

H
= 1 2/

 

Q is the amount of drug dissolved in time t per unit area 

and K
H
 is the Higuchi constant.

Korsmeyer–Peppas kinetic model:

 
M M Kt

t
n/ ∞ =

 

M
t
/M∞ is the fraction of the drug dissolved at time t, K is 

the dissolution rate constant, and n is the exponent. The 

value of the exponent (n) indicates the drug dissolution 

mechanism.

statistics
Statistically significant differences in the physicochemical 

properties, in vitro aerosol dispersion performance, and 

in vitro drug dissolution behavior were evaluated using 

a one-way analysis of variance (ANOVA) and Tukey’s 

post hoc test (version 22.0; SPSS Inc., Chicago, IL, USA). 

A P-value of ,0.05 was considered to be statistically 

significant.

Results
Particle and surface morphology 
of sD- and JM-BsT microparticles
seM
Images were obtained using an SEM, as shown in Figure 2, 

to obtain the qualitative information of the shape and sur-

face morphology of the BST microparticles. The raw BST 

had irregular nonspherical morphology, polydisperse size 

range, and crystalline particle state. In the case of SD 1%, 

the surface morphology had changed substantially in that the 

particles were quite spherical, smooth, and regular. Changes 

in crystallinity and in the morphology for JM 0.4 were not 

observed, but the particles appeared to be smaller and nar-

rower in size than the raw BST. In addition, the quite small 

particles of JM 0.4 showed a tendency for aggregation. The 

drug solution concentrations of the SD-BSTs and the grinding 

air pressure of the JM-BSTs did not significantly influence 

the morphologic properties.

aFM
The surface topography of the BST microparticles was 

analyzed using an AFM, and representative images of each 

sample are shown in Figure 3. The RMS was calculated to 

quantify the statistical differences in the surface roughness 

of the particles. The raw BST, SD 1%, and JM 0.4 had 

RMS values of 323, 19.7, and 173 nm, respectively. As was 

expected from the SEM image, the SD-BSTs had the lowest 

RMS value and exhibited a smooth surface topography, while 

the JM-BSTs exhibited a relatively irregular topography 

and higher RMS values than the SD-BSTs. The RMS value 

and the topographical AFM image were consistent with the 

results from the SEM, which showed morphological and 

topographic changes when spray dried and a size reduction 

when jet milled.

Physicochemical properties of sD- and 
JM-BsT microparticles
Particle size distribution
Table 2 shows data pertaining to particle size and size 

distribution, suggesting that the Z-average of the SD-BSTs 

ranged from 2.2 to 2.7 µm. The JM-BSTs showed a Z-average 

within the range from 1.7 to 2.8 µm. In particular, the 
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JM 0.4 exhibited a considerable reduction in particle size. 

The particle size distribution of the formulated samples 

decreased and became monodispersed relative to the raw 

BST after spray-drying or jet-milling processes, and these 

measurements were in good agreement with the observations 

from the SEM images.

surface charge
Table 2 also presents the ZP describing the surface charge. 

The ZP was from -16.7±5.0 to -27.2±4.1 mV for the SD-

BSTs and -41.4±0.6 to -42.6±0.5 mV for JM-BSTs, which 

varies significantly according to the different preparation 

methods used (P,0.05, ANOVA/Tukey). The JM-BSTs 

Figure 2 seM micrographs of bosentan microparticles.
Notes: (A and B) raw bosentan hydrate; (C and D) sD 1%; and (E and F) JM 0.4. Magnification for samples was 5,000× and 20,000×.
Abbreviations: JM, jet milling; sD, spray drying; seM, scanning electron microscope.
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exhibited a more unipolar nature than the SD-BSTs, and the 

SD 3% sample showed the most bipolar surface charge.

Water content
The water content of all prepared BST microparticles was 

analytically quantified via Karl Fischer titration, and the 

results are listed in Table 2. The water content of the SD-

BSTs was 1.6%–2.3% with no trends corresponding to the 

drug solution concentration under the spray-drying process. 

These values for the SD-BSTs were significantly lower than 

those for raw BST, indicating that water had been removed 

during the spray-drying process. The water content of the 

JM-BSTs was from 3.7% to 3.8%, which indicates that this 

method kept the raw BST water content.

True density
The true density of the BST microparticles was measured 

using a pycnometer, and the results are listed in Table 2. 

Figure 3 aFM images of bosentan microparticles.
Notes: (A) raw bosentan hydrate; (B) sD 1%; and (C) JM 0.4.
Abbreviations: aFM, atomic force microscope; JM, jet milling; rMs, root-mean-square; sD, spray drying.

Table 2 Particle size distribution, ZP, water content, true density, and surface area of bosentan microparticles (mean ± standard 
deviation, n=3)

Formulation Z-average (d, µm) (PDI) ZP (mV) Water % True density (g/cm3) Surface area (m2/g)

raw bosentan hydrate 3.1 (1.0) -43.4±1.5 3.5 1.3±0.0 2.9±0.0
sD 1% 2.2 (0.8) -27.2±4.1 1.9 1.3±0.0 0.0±0.0*
sD 3% 2.5 (0.6) -16.7±5.0 2.3 1.3±0.0 0.5±0.1
sD 5% 2.7 (0.7) -26.2±8.4 1.6 1.3±0.0 0.5±0.0
JM 0.2 2.6 (0.7) -42.4±2.0 3.7 1.3±0.0 3.2±0.1
JM 0.3 2.8 (0.9) -41.4±0.6 3.8 1.3±0.0 3.4±0.1
JM 0.4 1.7 (0.7) -42.6±0.5 3.9 1.3±0.0 3.8±0.1

Note: *P-value of ,0.05.
Abbreviations: JM, jet milling; PDi, polydispersity index; sD, spray drying; ZP, zeta potential.
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All BST microparticles showed a density of 1.3 g/cm3 that 

is equal to the true density of raw BST. The true density was 

not affected by the preparation methods and formulation since 

the particles were composed of a single material.

surface area
The surface area was measured using the nitrogen adsorp-

tion BET method, and Table 2 shows the surface area of 

the BST microparticles, in which the data are seen to be 

consistent with the observations from the SEM images 

(Figure 2), AFM measurements (Figure 3), and particle size 

data (Table 2). Significant differences can be seen in the 

surface area after the spray-drying process and jet-milling 

process. The surface area of the SD-BSTs ranged ,0.6 m2/g, 

which was considerably low due to the spherical and smooth 

morphology despite a comparable particle size of the other 

BST microparticles. In contrast, the surface area of the JM-

BSTs was 3.2±0.1–3.8±0.1 m2/g. The values of the JM-BSTs 

were 10 times larger than those of the SD-BSTs because 

jet milling resulted in small, rough, and irregular particles. 

In practice, the surface area is seriously affected by the degree 

of roughness and the size of the particles.25

crystallinity characterization of sD- and 
JM-BsT microparticles
Dsc
Figure 4 shows the DSC thermograms that were used to 

characterize the thermal behavior of the BST microparticles. 

The raw BST exhibits two endotherm peaks at 113.6°C and 

125.9°C, which is consistent with the results previously 

reported in the literature.26 The first peak represents the water 

elimination of hydrate, and the second sharp peak is the melt-

ing point of drug, which indicates that a high crystalline solid 

state is achieved. However, the drug in the solid state was 

severely transformed by spray drying. The SD-BSTs exhib-

ited a significantly broad endothermic peak at ~127°C and a 

baseline shift at ~65°C–72°C, representing a glass transition 

that indicates the change in the solid state to amorphous as a 

result of spray drying. In contrast, the JM-BSTs did not show 

a significant influence in the thermal behavior, with a sharp 

endothermic peak at ~125°C representing the melting point.

PXrD
The PXRD patterns of the BST microparticles are shown 

in Figure 5. The diffractograms of the SD-BSTs had no 

specific diffraction peaks due to complete phase transform-

ing to an amorphous solid state, whereas the raw BST and 

JM-BSTs had approximately identical diffractograms with 

sharp and strong diffraction peaks at the main angles (2θ) 

of 9.28, 15.55, 16.69, and 18.64°, indicating that both had 

a high crystallinity and that jet milling did not influence the 

solid state of the drug.

FT-ir spectroscopy
The results of the FT-IR for the BST microparticles are 

depicted in Figure 6 to determine the functional groups that 

are present in the BST microparticles’ structure. The raw BST 

spectra were in agreement with that from a previous study.26 

In comparison to the raw BST, the FT-IR spectra of the SD-

BSTs showed a disappearance in the peaks at ~3,650–3,600, 

~3,400–3,500, and ~3,000–3,100 cm-1. These peaks may 

respectively correspond to the O–H stretching, N–H stretching, 

Figure 4 Dsc thermogram of bosentan microparticles.
Abbreviations: Dsc, differential scanning calorimetry; JM, jet milling; sD, spray 
drying.

°

Figure 5 PXrD patterns of bosentan microparticles.
Abbreviations: JM, jet milling; PXrD, powder X-ray diffraction; sD, spray drying.
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and C–H stretching in the particle structure. As expected from 

the DSC and PXRD, the FT-IR spectra of the JM-BSTs showed 

no appearance or disappearance of any of the characteristic 

peaks, which confirmed the absence of chemical changes in 

the structure resulting from the jet-milling process.

in vitro aerosol dispersion performance
The aerosol performance characteristics of the BST 

microparticles as DPIs were evaluated using an ACI coupled 

with a Handihaler® DPI device. The distribution is presented 

in Figure 7 as the percentage deposition for each ACI stage, 

and the aerosol performance parameters are tabulated in 

Table 3. The ED values for all BST microparticles were high, 

in the range from 90.9% to 98.7%, and this corresponds to 

minimal retention in the capsule. The SD-BSTs exhibited 

FPF from 14.0% to 19.3%, RF from 22.4% to 27.6%, MMAD 

from 7.1 to 7.3 µm, and a GSD value of 1.2, with no trends 

corresponding to the drug solution concentration under the 

spray-drying process. The JM-BSTs showed FPF within 

a range from 23.0% to 33.8%, RF from 45.3% to 56.8%, 

MMAD from 5.0 to 6.7 µm, and GSD values of 1.2–5.6. 

Differences in the particle diameter can be observed in the 

MMAD found in the results of ACI compared to Z-average 

found in the dynamic light scattering method. The reason 

for this phenomenon is that MMAD is an airborne diameter 

statistically derived figure for aerosolization effected by 

density, shape, and size of particles and not by a geometric 

diameter.27 In general, the increase in FPF and RF and the 

decrease in MMAD and GSD values are associated with 

an increase in the drug dispersion. In particular, the JM 0.4 

samples showed significant enhancement in the FPF, RF, 

and MMAD values in contrast to other BST microparticles 

(P,0.05, ANOVA/Tukey). However, JM 0.4 had a relatively 

higher GSD value than others due to an aggregation tendency 

of fine particles as expected from SEM images (Figure 2).28 

These quantified results indicate that the aerosol dispersion 

performance was influenced by the preparation method used. 

The JM-BSTs exhibited a higher percentage deposition on 

ACI stages from -0 to 5 compared to the SD-BSTs, and in 

particular, the high grinding air pressures under the jet milling 

may result in enhanced deposition in the deep lung region 

for pulmonary delivery.

Figure 6 FT-ir spectra of bosentan microparticles.
Abbreviations: FT-ir, Fourier transform infrared spectroscopy; JM, jet milling; 
sD, spray drying.

Figure 7 aerosol dispersion performance as percentage deposited in each stage of anderson cascade impactor for bosentan microparticles (mean ± standard 
deviation, n=3).
Abbreviations: BST, bosentan hydrate; F, final stage; JM, jet milling; SD, spray drying.
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in vitro drug dissolution study
The dissolution profiles of the BST microparticles obtained 

via a Franz diffusion cell are shown in Figure 8. The drug 

concentrations were measured, and the data are plotted as 

the cumulative percentage of drug dissolved over 9 h. The 

Franz diffusion cell was used to wet the BST micropar-

ticles deposited on the membrane and then to dissolve and 

diffuse them into the surrounding media. It mimicked the 

diffusion-controlled air–liquid interface of the lung after 

administration of the inhaled drug.29 The SD-BSTs had an 

initial burst during 1 h after starting the dissolution test. 

Hence, the cumulative percentage of the drug dissolution at 

1 h, the SD-BSTs showed significantly higher values than 

the JM-BSTs (P,0.05, ANOVA/Tukey). In addition, the 

drug dissolution rate of the SD-BSTs slightly increased as 

the drug concentration decreased in the spray-drying process, 

but this was not significant during the 9 h period (P.0.05, 

ANOVA), so each of the dissolution curves of SD-BSTs 

had similarity factor (f
2
) .50, which indicates similarity in 

the dissolution profiles.24 The JM-BSTs showed a relatively 

constant drug dissolution rate during the 9 h period, and these 

results were not influenced by the grinding nozzle pressure 

of the jet milling (P.0.05, ANOVA). The significant differ-

ence of dissolution curves between SD-BSTs and JM-BSTs 

was confirmed by similarity factor (f
2
) ,50. However, for 

all BST microparticles, the cumulative percentage of the 

drug dissolution at 9 h ranged from 28.8% to 39.9% and did 

not vary significantly according to the preparation methods 

(P.0.05, ANOVA).

The dissolution kinetic fitting parameters of the BST 

microparticles were calculated according to the zero-order, 

Higuchi, and Korsmeyer–Peppas models. The correlation 

coefficients (r2), dissolution constants (K), and dissolution 

exponent (n) are listed in Table 4. As listed in Table 4, the 

release profiles of SD-BSTs fit well into the Higuchi model 

(r2 range of 0.89–0.94), in which the release rates showed 

similar dissolution constants regardless of the feeding 

solution concentrations (K
H
 range of 11.21–12.06). The 

JM-BSTs were properly applied to both zero-order (r2 range 

of 0.96–0.99) and Higuchi kinetics (r2 range of 0.99) with 

constant dissolution rates as grinding pressure (K
H
 range of 

10.49–11.89 and K
0
 range of 3.11–3.44). The exponent n at 

the Korsmeyer–Peppas kinetic model characterizes the dis-

solution mechanisms of the drug of diffusion, mass transfer, 

and relaxation, namely, 0.5=n corresponds to a Fickian dif-

fusion, 0.5,n,1 to non-Fickian (anomalous) transport, n=1 

to case II transport, and n.1 to super case II transport. In 

particular, the case II transport shows the t1 of dissolution 

Table 4 Dissolution kinetics of bosentan microparticles in a 
Franz diffusion cell

Formulation Zero order Higuchi Korsmeyer–
Peppas

r2 K0 r2 KH r2 n

raw bosentan 
hydrate

0.9822 3.4431 0.9974 11.9421 0.9818 0.9543

sD 1% 0.7779 3.7752 0.9116 12.0641 0.8631 0.4750
sD 3% 0.7733 3.4283 0.8939 11.2506 0.8188 0.5760
sD 5% 0.8325 3.4242 0.9354 11.2118 0.8273 0.5878
JM 0.2 0.9866 3.4401 0.9952 11.8890 0.9847 0.9253
JM 0.3 0.9618 3.3163 0.9989 11.5035 0.9637 0.9188
JM 0.4 0.9765 3.1110 0.9945 10.4942 0.9969 0.6420

Abbreviations: r2, correlation coefficients; K0, zero-order constant; KH, higuchi 
constant; n, dissolution exponent; JM, jet milling; sD, spray drying.

Table 3 aerosol performance characteristics of bosentan 
microparticles including eD, FPF, rF, MMaD and gsD (mean ± 
standard deviation, n=3)

Formulation Aerosol performance parameters

ED (%) FPF (%) RF (%) MMAD (µm) GSD

raw bosentan 
hydrate

90.9±6.5 28.2±7.1 49.8±9.3 6.2±0.9 2.5±2.1

sD 1% 97.0±4.7 14.0±1.9 22.4±3.7 7.3±0.1 1.2±0.0
sD 3% 96.7±5.6 19.3±4.4 27.6±7.4 7.2±0.3 1.2±0.0
sD 5% 98.7±0.6 15.4±2.2 25.8±3.7 7.1±0.1 1.2±0.0
JM 0.2 94.2±7.8 28.2±4.0 51.7±5.8 5.8±1.0 4.2±2.6
JM 0.3 96.7±3.2 23.0±1.6 45.3±2.7 6.7±0.1 1.2±0.0
JM 0.4 95.6±3.0 33.8±2.3 56.8±2.0 5.0±0.3 5.6±0.3

Abbreviations: ED, emitted dose; FPF, fine particle fraction; GSD, geometric 
standard deviation; JM, jet milling; MMaD, mass mean aerodynamic diameter; 
rF, respirable fraction; sD, spray drying.

Figure 8 Dissolution profiles of bosentan microparticles in Franz diffusion cell 
(mean ± standard deviation, n=4).
Abbreviations: JM, jet milling; sD, spray drying.
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rate as a function of time (ie, zero-order kinetics) and the 

super case II transport exhibits tn–1. As listed in Table 4, the 

SD-BSTs had n values close to 0.5, indicating an anomalous 

transport mechanism. In contrast, the JM-BSTs usually had 

n values close to 1, which is indicative of case II transport 

for which the drug dissolution rate is independent of time 

and hence corresponds to the zero-order kinetics.

Discussion
The SD-BSTs had spherical (Figure 2) and smooth (Figure 3) 

morphology in an amorphous solid state (Figures 2, 4–6) 

when compared with raw BST and JM-BSTs. The formation 

of the spherical and amorphous particles can be explained 

by considering the mass transport of the component radial 

direction during the drying process.30 During spray drying, 

it can be a result of the sufficiently rapid evaporation of the 

solvent (eg, high inlet air temperature and solvents with 

high solubility and low boiling points), which would not 

allow enough time for crystallization.9,31 As a consensus, 

the SD-BSTs had a spherical shape and amorphous solid 

state with low surface area, low water content, and low 

absolute value of ZP (Table 2).

In comparison to the SD-BSTs, the JM-BSTs had an 

irregular (Figure 2), rough (Figure 3), and crystal solid state 

(Figures 2, 5, and 6) with a relatively high water content, high 

absolute value of ZP, and large surface area (Table 2), show-

ing that the physicochemical properties of raw BST had been 

maintained, except for the particle size distribution. If exces-

sively high energy had been input during jet-milling process, 

the raw particles damaged the crystal surface and created local 

hot spots that result in the formation of undesirable solid-state 

or morphological changes in the particles, especially at the 

surface.13,32,33 This indicates that the JM-BSTs underwent an 

appropriate milling shear, because the JM-BSTs maintained 

the crystallinity of raw BST evidenced by the unconverted 

melting peak ~125°C of thermodynamic behavior for DSC, 

the identical diffractograms for PXRD, and the absence of 

structural changes for FT-IR (Figures 4–6).

Depending on the target delivery region of the DPIs, the 

particles should exhibit desirable particle size distribution 

with ideal aerodynamic diameters of 5–10 µm for airways and 

1–5 µm for deep lung delivery.15,16 The aerodynamic diam-

eter, a diameter of a sphere of unit density, generally depends 

on the airflow (eg, particle Reynolds [Re] number) as well as 

on the particulate properties (eg, geometric size, shape, and 

density), and a smaller aerodynamic diameter can, therefore, 

be obtained for particles with small volume-equivalent 

diameter, low density, and nonspherical shapes.13,34

As shown in Figures 2 and 3, the nonspherical and irregu-

lar shape of JM-BSTs influenced to decreasing the aerody-

namic diameter and, consequently, showed better aerosol 

dispersion performance of ED, FPF, RF, and MMAD than 

those of spherical SD-BSTs, regardless of similar Z-average 

of geometric size as tabulated in Tables 2 and 3. In particular, 

the JM 0.4 having considerably small Z-average generated a 

synergy effect to the aerosol dispersion performance.

In addition, the dispersion property of the particles in the 

airflow is defined by the balance of the aerodynamic stress 

and the aggregate strength.13 Particles with a nonspherical 

and irregular morphology, stable surface charge, and suitable 

water content have smaller aggregation strength than the 

spherical and smooth particles with a unstable surface charge 

due to the reduced contact area and reduced interparticulate 

forces.18

Irregular and rough particles can exhibit a significant 

reduction in the true area of the contact between particles, 

and thus, aggregation decreases due to the decrease in point-

to-point contact that would in turn reduce the influence of the 

van der Waals interactions by increasing the average distance 

between particles.34 Therefore, JM-BSTs were showed gen-

erally better aerosol performance than SD-BSTs due to its 

irregular and rough shape (Figures 2 and 3).

The surface charge of the particles is also related to the 

degree of aggregation.35 When the particles have a lower 

absolute value of ZPs of bipolar charge, collisions between 

the particles occur more rapidly; namely, the unipolar par-

ticles that correspond to the high absolute value of ZPs show 

an even stable surface charge and smaller collision rate due to 

the increasing electrostatic repulsion force between similarly 

charged particles.36 As listed in Table 2, the JM-BSTs had 

a significantly higher absolute value of ZPs than SD-BSTs 

and, consequently, could reduce the aggregation tendency 

of particles. However, considerably fine particle size of JM 

0.4 dominantly effected to aggregation between particles in 

spite of high absolute value of ZP (Figure 2).

In terms of the moisture content of the particle as DPIs, 

a low water content is required to efficiently disperse and 

deliver the particles since a high water content can signifi-

cantly decrease the dispersion properties in the airflow due 

to the interparticular capillary forces acting at the solid–solid 

interface between the particles.37 However, the presence of 

a minimum water content in the particles may be necessary 

to reduce the powder aggregation due to the triboelectric 

charges.35 In case of SD-BSTs, the water content was rela-

tively lower, which can be considered as a reason for the 

negative effect of interaction between the particles, while 
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the relatively higher water content of JM-BSTs was rather 

appropriate for the aerosolization of BST microparticles 

(Tables 2 and 3).

After considering all the factors to dispersion properties 

of DPIs, spherical and smooth shape, relatively low abso-

lute value of ZP, and water content of SD-BSTs influenced 

to increasing the aerodynamic diameter and aggregation 

strength. Meanwhile, the JM-BSTs having irregular shape, 

relatively high absolute ZP, and proper water content showed 

the enhanced dispersion properties, including ED, FPF, RF, 

and MMAD, in the consequence of reducing the aerodynamic 

diameter and aggregation tendency of microparticles. In 

particular, JM 0.4 showed the highest FPF and RF values 

and the smallest MMAD value in spite of the highest GSD 

value due to the significantly fine particle size. The fine 

particle size of JM 0.4 was likely to aggregate, but this fine 

size dominantly performed to decrease the aerodynamic 

diameter, so that JM 0.4 showed the most effective aerosol 

performance in BST microparticles.

After administration by aerosolization of dry powders, 

the inhaled drug that delivered to the target pulmonary region 

undergoes dissolution in the fluids, and the dissolved fraction 

of the dose will be available for diffusion and absorption 

across the alveolar membrane.38 The efficacy of inhaled 

drugs is understood to be influenced by aerosolized dose 

delivered to lung as well as by dissolution behavior in the 

lung fluids. In this study, the in vitro dissolution test of BST 

microparticles was conducted to estimate the dissolution 

behavior in vivo after inhaled administration.29 The drug dis-

solution rate and dissolution mechanism are also affected by 

the physicochemical properties, including the polymorphism, 

particle size, and water solubility.11,39 Mathematical fitting 

models including the zero-order, Higuchi, and Korsmeyer–

Peppas kinetic models can explain the drug dissolution from 

the DPIs.

The dissolution profiles of SD-BSTs showed initial 

burst during 1 h and well fitted into Higuchi model, while 

the JM-BSTs showed constant dissolution profile and prop-

erly applied to zero-order kinetics as shown in Figure 8 

and Table 4. The reason for the difference of dissolution 

mechanisms between SD-BSTs and JM-BSTs was that each 

aqueous solubility was controlled by the affinity between 

the solid particles and the medium,29,40 while the dissolution 

behavior was not affected by the aerosol properties of the 

BST microparticles. In particular, the zero-order kinetics is 

an ideal drug delivery model wherein the blood level of the 

drugs remains constant,41 which is particularly important to 

control the blood pressure during PAH. In conclusion, the 

zero-order kinetics of JM-BSTs was a desirable profile to 

apply the BST as DPIs for constant drug delivery to pulmo-

nary for PAH treatment.

Many physicochemical factors can influence the in vitro 

aerosol dispersion performance and drug dissolution of the 

DPIs, including the morphology, particle size, density, sur-

face energy, and solid state. The qualitative and quantitative 

results of this study show that the different physicochemical 

properties depend on the processing methods that were used. 

In this study, the JM-BSTs had the potential to effectively 

deliver and dissolve the drug in the respiratory tract for 

PAH therapy due to their ideal physicochemical properties 

(nonspherical shape, irregular, rough, crystal solid state, 

suitable water content, high absolute value of ZP, and large 

surface area). In particular, the JM 0.4 sample showed a sig-

nificant improvement in the aerosol dispersion performance 

and zero-order dissolution kinetics when compared to other 

BST microparticles.

Conclusion
There were significant differences in the physicochemical 

properties of the BST microparticles depending on the 

preparation methods that were used. The SD-BSTs were 

quite spherical and smooth with an amorphous solid 

state, while the JM-BSTs were irregular and rough with 

a crystal solid state. These properties directly influenced 

the aerosol dispersion and the dissolution behavior of 

the SD-BSTs and JM-BSTs as DPIs. In conclusion, the 

JM-BSTs are ideal DPIs, and high grinding air pressures 

with jet milling may produce an improved deposition in 

the deep lung region for pulmonary delivery due to the 

smaller aerodynamic diameter and aggregate strength 

owing to their physicochemical properties. The DPIs in 

the JM 0.4 sample exhibited suitable properties for clini-

cal delivery and have the possibility to deliver a higher 

drug concentration locally in the lung and thus reduce the 

systemic side effects and improve the therapeutic effect 

for PAH treatment. Further studies are needed to explore 

the BST microparticles delivering to lung target region 

and therapeutic effects for PAH in animals.
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