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ABSTRACT 

The purpose of this research was to investigate the effect of 
the shape of sodium salicylate (SS) particles on the physical 
properties as well as the in vitro aerosol performance of the 
granules granulated by the pressure swing granulation 
method. SS was pulverized with a jet mill (JM) to prepare 
the distorted particles, and SS aqueous solution was spray 
dried (SD) to prepare the nearly spherical particles. The par-
ticle size distribution, crushing strength, and pore size distri-
bution of the granules were measured. The adhesive force of 
the primary particles in the granules was calculated accord-
ing to Rumpf’s equation. The in vitro aerosol performance 
of the granules was evaluated using a cascade impactor. 
Both JM and SD particles can be spherically granulated by 
the pressure swing granulation method without the use of a 
binder. The size of SD granules was smaller than that of JM 
granules. Although the crushing strength of the JM and SD 
granules is almost the same, the internal structures of JM 
granules and SD granules were found to differ, and the SD 
particles appear to have been condensed uniformly, resulting 
in a nearly spherical shape. In the inhalation investigation, 
the percentage of SS particles of appropriate size delivered 
to the region for treatment was noticeably higher for SD 
granules than for JM granules. This finding might be be-
cause the adhesive force of the SD primary particles was 
smaller than that of the JM primary particles in the granules 
and because the SD granules could be easily separated by air 
current to obtain the primary particles. 
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INTRODUCTION 

Dry powder inhalation has been become an attractive treat-
ment for pulmonary and systemic diseases.1 Dry powder 
inhaler (DPI) has the advantages of avoiding the use of 
chlorofluorocarbons as propellants and, in contrast to pres-
surized metered inhalation, easy synchronization with pa-
tient inspiration.2-10 Inhalation efficiency is influenced by the 
aerodynamic diameter of drug particles. The effective aero-
dynamic diameter range for drug particles in treatment is 
from approximately 0.5 µm to 7.0 µm.3,11,12 Particles larger 
than this range deposit in the oral cavity and pharynx, and 
particles smaller than this range are exhausted with expira-
tion. One disadvantage of the fine particles is that they are 
very adhesive, thus handling them is extremely difficult. 
Pressure swing granulation is a novel fluidized bed granula-
tion method for fine cohesive powders that does not require 
the use of binders or other additives.13,14 We have applied 
pressure swing granulation for the first time to the granula-
tion of pharmaceutical powders.15,16 In a previous study, the 
composite granules using 2 model powders (sodium salicy-
late [SS] and calcium gluconate) were granulated by the 
pressure swing granulation method, and the aerosol per-
formance was studied.17 SS is an antipyretic, antiinflamma-
tory, and antirheumatic drug, which is usually injected into a 
vein several times a day.18 It is possible to make a patient-
friendly, pain-free formulation using dry powder inhalation. 
In the present study, distorted particles and almost spherical 
particles of SS were prepared using a jet mill (JM) and a 
spray drier (SD), respectively. These particles were granu-
lated by the pressure swing granulation method, and the ef-
fect of the shape of SS particles on the physical properties as 
well as the in vitro aerosol performance of the granules was 
investigated. 
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Figure 1. Principle of pressure swing granulation. 

 

MATERIALS AND METHODS 
Materials 
SS (Junsei Chemical, Tokyo, Japan) was used as a model 
drug. The distorted particles (JM) were prepared by grinding 
SS with a jet mill (KIIG-1S, JM1, Dalton, Tokyo, Japan). 
Feed pressure and grinding pressure were 0.5 MPa. The 
nearly spherical particles (SD) were prepared by spraying 
3% SS aqueous solution using a spray drier (Pulvis mini-
spray GB22, Yamato, Tokyo, Japan) under the following 
conditions: feed rate, 3.5 g/min; inlet temperature, 90°C; 
outlet temperature, 47°C-59°C; atomizing air pressure, 3.0 
kgf/cm2; and aspiration rate, 24 m3/h. JM and SD were dried 
in vacuo after preparation and stored in the desiccator. 
 

Methods 
Scanning Electron Microscope Observation 
SS particles and granules were observed under a scanning 
electron microscope (SEM) (S-2250N, Hitachi, Tokyo, Ja-
pan). The samples were coated with gold having a thickness 
of 25 nm, using a quick carbon coater (SC-701C, Sanyu 
Electronics, Tokyo, Japan). The magnifications used were 
original magnification ×3000 and ×300. 
 
 

Physical Properties of SS Particles 
The density and particle size distribution of SS particles 
were measured using an air comparison pycnometer (model 
930, Toshiba-Beckmann, Kyoto, Japan) and a particle size 
distribution analyzer (CAPA-700, Horiba, Kyoto, Japan). 
The specific surface area of SS particles was measured via 
the air permeability method using a powder-specific surface 
area measurement instrument (SS-100 type, Shimadzu, 
Kyoto, Japan). The time taken for air to pass through the 
inside of the powder bed of SS was measured and the sur-
face area was calculated using Kozeny-Carman’s equation.19 
Circularity of SS particles was measured using WinROOF 
(Image analysis software, Mitani, Fukui, Japan) and SEM 
photographs. Powder x-ray diffractometer (Geigerflex 
RAD-IB, Rigaku, Tokyo, Japan) and differential scanning 
calorimeter (DSC) (DSC-8230, Rigaku) were used for 
studying the crystallinity of SS. The conditions were as fol-
lows for powder x-ray diffractometer: filter, Ni; voltage, 40 
kV; current, 20 mA; scanning rate, 3°/min; and for DSC: 
heating rate, 4°C/min; N2 gas flow, 90 mL/min. 
 
Principle of Pressure Swing Granulation 
Figure 1 shows the granulation mechanism of the pressure 
swing granulation method. The compaction process and the 
granulation-fluidization process are repeated by turns. In the 
compaction process, the gas flows from the upper side to the  
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Figure 2. Structure of Jethaler reverse type inhalation device. 

 
lower side, and the powder bed is wholly compacted. In the 
granulation-fluidization process, air bubbles rise through the 
powder bed and the powder particles are forced closed to-
gether and compacted in the particle-thick domain formed 
under the air bubbles. The weak areas of the aggregation are 
ground by a shock force and a shear stress generated by the 
collision between the particles and the rising of the air bub-
bles. Simultaneously, the aggregations become spherical 
because of a rotating effect. As these processes are repeated, 
the granules are formed mainly by the van der Waals force 
of the particles.14 The pressure swing granulation method 
enables the manufacture of granules that consist purely of 
drug particles. 
 
Preparation of Granules by Pressure Swing Granulation 
JM or SD were granulated into JM or SD granules using a 
pressure swing processor (Dalton, Tokyo, Japan) under the 
following conditions: loading weight, 100 g; superficial gas 
velocity, 425 mm/s; reservoir tank pressure, 29.4 kPa; dura-
tion of fluidization period, 15 seconds; interval between flu-
idization and compaction, 0.5 seconds; duration of compac-
tion period, 1 second; and granulation time, 60 minutes. 
 
Physical Properties of Granules 
The particle size distributions of granules were measured 
using the image analysis method (digital microscope VH-
7000, Keyence, Osaka, Japan; WinROOF image analysis 
software). Feret’s diameter was used, and the mean particle 

diameter was defined as the 50% diameter on the cumula-
tive curve of the particle size distribution. 
The crushing strength of granules of diameters ranging from 
100 µm to 200 µm was measured using a microcompression 
testing machine (MCTE-200, Shimazu Co, Tokyo, Japan). 
The pore size distributions of granules were measured using 
a porosimeter (Autoscan-33, Yuasa-Ionics, Osaka, Japan), 
and the porosity of granules was calculated from the pore 
volume of granules and the density of SS. 
The adhesive force between primary SS particles in the 
granules was calculated according to Rumpf’s equation.20 

F = (σεa dp
2) / (1-εa) (1) 

where F is the adhesive force (N), σ is the crushing strength 
of granules (Pa), εa is the porosity of granules, and dp is the 
primary particle diameter. 
 
Evaluation of In Vitro Aerosol Performance 
In vitro aerosol performance of SS from SS powder or SS 
granules was evaluated using a cascade impactor (Andersen 
nonviable sampler, AN-200, Tokyo dyrec, Tokyo, Japan). A 
Jethaler reverse type inhalation device (Hitachi Unisia 
Automotive, Kanagawa, Japan) was used as the inhalation 
device (Figure 2).21,22 This inhalation device was equipped 
with a milling chamber, in which the aggregate of drug is 
ground into fine particles in the air stream inhaled as shown 
in Figure 2. Twenty milligrams of SS powder or SS gran-
ules6,17,21-23 was filled into hydroxypropyl methylcellulose  
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Table 1. Physical Properties of Drug Particles* 
 Density (g/cm3)† Particle Size (µm)‡ Specific Surface Area (cm2/g)§ Circularity║ 
JM 1.53 3.09 27 100 0.573 
SD 1.49 2.41 15 000 0.767 
*JM indicates distorted particles; SD, nearly spherical particles. 
†Density was measured with an air comparison pycnometer. 
‡Particle size was measured with a particle size distribution analyzer. 
§Specific surface area was measured by the air permeability method. 
║C = 4π× Sp /(lc)2, where C is circularity ( 0 < C ≤ 1 ); 
Sp is projected area; and lc is the length of circumference. 

 
capsule (size No. 2) (Shionogi Qualicaps, Nara, Japan). The 
inhalation test was performed at an inhalation rate of 28.3 
L/min for 5 seconds. The calibration of the flow rate was 
performed several times using the inhaler with an empty 
capsule, and then the inhalation study was performed. The 
quantity of the SS was assayed using a spectrophotometer 
(U-best 30, JASCO, Tokyo, Japan) at 295 nm. The particles 
in the range of aerodynamic diameter that is effective for 
treatment are approximately 0.5-7 µm.3,11,12 
The stages where these particles deposit corresponded to 2, 
3, 4, 5, 6, and 7 stages of the cascade impactor (0.4-6.8 µm). 
The fine particle fraction (FPF), which is the total percent-
age deposition at stages 2 to 7 of the cascade impactor, was 
used to evaluate the aerosol performance. A higher FPF 
deposition percentage is thought to be an indicator of higher 
in vitro aerosol performance. 
 

RESULTS AND DISCUSSION 

Physical Properties of Primary SS Particles 
Figure 3 and Table 1 show SEM photographs and the 
physical properties of the JM and SD primary particles, re-
spectively. The shape of JM was distorted, but the SD had a 
higher circularity than did the JM. The densities of JM and 
SD were similar. The specific surface area of JM was large, 
almost twice that of SD, because of the distorted shape of 
JM. Figure 4 shows the particle size distribution of the pri-
mary particles of JM and SD. The particle size distributions 
were sharp in both JM and SD and they were fine particles 
under 6 µm. The mean particle diameters (D50) of the JM 
and SD particles were approximately 3.09 and 2.41 µm, re-
spectively (shown in Table 1). The powder x-ray diffracto-
metry and DSC suggested that SD was almost amorphous 
and that the crystallinity of JM was decreased compared 
with that of original SS but not completely amorphous. 
 

Physical Properties of SS Granules 
Figure 5 shows SEM photographs of JM and SD granules 
granulated with JM and SD, respectively. Both JM and SD 

particles can be spherically granulated by pressure swing 
granulation without the use of a binder. Figure 6 shows the 
particle size distribution of the granules. The size of SD 
granules was smaller than that of JM granules, and the mean 
particle diameters (D50) of the JM and SD granules were 
approximately 230 and 160 µm, respectively. 

 

Figure 3. SEM photographs of SS particles (A) JM and 
(B) SD. (Original magnification is ×3). 

Figure 7 shows the pore size distribution of the JM or SD 
granules. The porosities of JM and SD were approximately 
equal at 0.53 and 0.51, respectively. However, the internal 
structures of JM granules and SD granules were found to 
differ. The pore size distribution of the SD granules showed 
a sharp peak at approximately 0.6 µm, whereas the pore size 
distribution of the JM granules showed 2 broad peaks at 
approximately 1.0 µm and 0.4 µm. The SD particles appear 
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to have been condensed uniformly, resulting in a nearly 
spherical shape. In contrast, the shape of JM particles was 
distorted, forming a flake-like shape, thus making uniform 
condensation of the JM particles difficult. The crushing 
strengths of the JM and SD granules were approximately 30 
and 25 kPa, respectively. The adhesive forces between pri-
mary particles of JM and SD calculated using Rumpf’s 
equation were 3.2 and 1.5 × 10-7 N, respectively. 

Figure 4. Particle size distribution of JM and SD primary 
particles. 

Although the SD particles appear to have been condensed 
uniformly, the adhesive force of the SD primary particles is 
smaller than that of the JM. Since the shape of the JM parti-
cles is distorted, and the specific surface area effective for 
adhesion is larger than that of the SD particles, as shown in 
Figure 3 and Table 1, the JM particles may have adhered to 
each other not only by point contact but also by surface con-
tact with other JM particles. Conversely, the spherical SD 
particles are thought to have adhered to each other by 
mainly point contact. These different contact behaviors and 
surface areas of the primary particles may cause the adhe-
sive force in the SD granules to be smaller than in the JM 
granules. In the size distribution of the JM and SD granules, 
shown in Figure 6, the D50 of the SD granules was smaller 
than that of the JM granules. SD could not grow larger 
granules because of the smaller adhesive force of the SD 
primary particles as compared with the JM primary parti-
cles. 

 

Figure 5. SEM photographs of (A) JM granules and 
(B) SD granules. (Original magnification is ×300). 

 

Evaluation of In Vitro Aerosol Performance 
Figure 8 shows the in vitro aerosol performance of the JM 
and SD powders. In both cases, the residual percentage in a 
capsule was very high and deposition percentage in FPF was 
low. The deposition percentage of FPF from the SD powder 
was slightly higher than that from the JM powder. 
Figure 9 shows the in vitro aerosol performance of the JM 
and SD granules prepared by pressure swing granulation of 
JM and SD powders, respectively. For both JM and SD 
granules, the residual percentage in a capsule decreased no-
ticeably and the deposition percentage in FPF increased 
markedly compared with the powders shown in Figure 8. In 
the granule system, most of the JM and SD granules were 
emitted from the capsule, but the JM showed a high residual 
percentage in the device and a low deposition percentage of 
FPF. In contrast, the SD showed a very high deposition per-
centage of FPF (approximately 40%). There are reports con-
cerning Easyhaler, Turbuhaler, and TAIFUN with high FPF 
(about 20% to 50%) in the inhaler commercially available.24-

28 Considering that our granules contain neither binder nor 
carrier, 40% of FPF may be of sufficient value. 
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Figure 6. Particle size distribution of JM and SD 
granules. 

 

Figure 7. Pore size distribution of granules of JM and SD 
granules. 

 

Figure 8. Comparison of aerosol performance of JM and SD 
powders. Each point represents the mean ± SD ( n = 3 ). 

 

 

Figure 9. Comparison of aerosol performance of JM and 
SD granules. Each point represents the mean ± SD ( n = 3 ). 

 
Effect of Adhesive Force Between Primary SS  
Particles on In Vitro Aerosol Performance 
Figure 10 shows the relationship between the adhesive 
force and the deposition percentage of FPF. The SD gran-
ules, having a smaller adhesive force between primary parti-
cles, showed a higher deposition percentage of FPF. As 
mentioned above, the JM particles may have adhered to 
each other not only by point contact but also by surface con-
tact with other JM granules; however, the spherical SD par 

ticles are thought to have adhered to each other by mainly 
point contact. These different contact behaviors may cause 
the adhesive force in the SD granules to be smaller than in 
the JM granules. Therefore, compared with the JM granules, 
the SD granules were easily separated by air current to ob-
tain the primary particles, resulting in a higher deposition 
percentage of FPF. 
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Figure 10. Effect of aerosol performance on adhesive 
force. Each point represents the mean ± SD (respirable 
fraction, n = 3; adhesive force, n = 20). 

 

CONCLUSION 

Both JM and SD particles can be spherically granulated by 
the pressure swing granulation without the use of binder. 
The SD granules showed a higher percentage of FPF depo-
sition, approximately 40%, compared with the JM granules. 
In the present study, granules consisting of nearly spherical 
primary SS particles prepared by pressure swing granulation 
were found to have a much greater DPI than DPI using 
ground particles. 
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