
Dry powder inhaler (DPI) formulations have been utilized
in the treatment of respiratory disease1—3) and for systemic
administration.4 —7) They have become common in the in-
halation therapy field because of various advantages, such as
being free from anti-environmental propellants8) and ease of
use with portable small devices.

DPI formulations with fine drug particles and coarse car-
rier particles have been widely used for a long time. Usually
their components are simple and they can be manufactured
with conventional equipment. Therefore, they appear to be a
valuable option as the formulation for clinical trials, espe-
cially in the early stages of development. The carrier parti-
cles play the critical role in preventing the agglomeration of
fine drug particles which possesses high surface energy due
to their large specific surface area. On the other hand, it is
necessary to achieve the high deposition in the deep lungs to
satisfy the required bioavailability. Because only small parti-
cles (aerodynamic diameter below 5 mm) can reach the lungs,
fine drug particles should be detached from the coarse carrier
particles through the inhalation process. The percentage of
small particles to the entire dose is defined as fine particle
fraction (FPF). Therefore, FPF is an index of the extent of
deposition in the lungs.

Studies have been conducted to clarify the factors that
control the inhalation properties of the carrier-based DPI for-
mulations.9—14) Many studies focused on the carrier surface
properties especially rugosity and/or coverage of high energy
binding sites.10,15—21) Surface energy of particles would be
one of the major factors influencing the inhalation profile of
DPI including FPF.22,23) However the mechanism of FPF in-
crease has not been fully clarified so far. This seems to be be-
cause the inhalation profile of DPI is affected by various fac-
tors including particle size, morphology electrostatic charge

and inhalation condition.10,12,24—26) Therefore, there is a need
for preparation and characterization of series of powder sam-
ples that are different in surface properties but similar in
other properties and compare them under the same inhalation
condition.

Mechanofusion can modify the surface energy of lactose
carrier particles without drastic change of the particle size
and can make the particle shape round to lessen the differ-
ences.

Inverse gas chromatography (IGC) has been utilized to ex-
amine the effect of surface energy on the inhalation behavior
of DPI. We reported that mechanofusion on a lactose carrier
changed the carrier’s surface condition and the inhalation
properties of DPI formulations containing the lactose carrier
and Compound A.27) The Andersen cascade impactor (ACI)
profile suggested that the increase of FPF was accompanied
by the decrease of the interaction between Compound A and
carrier particles. Begat et al. also reported that mechanofu-
sion of lactose with Mg-St reduced the interaction between
drug and lactose particles.28) Mg-St is known as lubricant and
utilized to modify DPI formulation properties such as mois-
ture resistance29) and particle–particle interaction.28)

On the other hand, mechanofusion enhanced the surface
energy of the lactose carrier. As the surface energy enhance-
ment could be reflected in an increase of the surface adhe-
siveness,30,31) there seemed to be discrepancy between the
ACI study profile and the measured surface adhesiveness.

In this study, the applicability of a mechanofusion-
processed carrier was evaluated using four pharmaceutical
compounds. Then we discussed the mechanism of the inhala-
tion profile change by a mechanofusion process with some
additives, particularly focused on the surface adhesiveness.
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In our previous paper, we reported the inhalation properties of dry powder inhaler (DPI) formulations con-
taining Compound A and mechanofusion-processed lactose carriers. The mechanofusion process with magne-
sium stearate (Mg-St) on the lactose carrier enhanced the fine particle fraction (FPF) value of the Andersen cas-
cade impactor (ACI) study. The increase of FPF seemed to be associated with the increase of the dispersibility of
drug particles. The objectives of this study were (1) to evaluate the applicability of lactose carrier mechanofu-
sion-processed with Mg-St and (2) to examine the mechanism of FPF alteration by the mechanofusion process
applied on the lactose carrier with or without additive. The inhalation profiles of DPI formulations containing
four different pharmaceutical compounds were evaluated with an ACI. The dispersibility of the formulations was
observed by particle size distribution measurement in the air stream and the adhesive force was measured by
direct separation method. It was found that higher FPF was obtained with lactose mechanofusion-processed with
Mg-St as compared to control lactose carriers for all four compounds. This suggested that mechanofusion
process with Mg-St is widely applicable in DPI formulations. The homogenization of surface adhesiveness was at-
tributed to the increased FPF of the DPI including lactose mechanofusion-processed with Mg-St, as suggested by
the combination of several physicochemical characteristics. Combination of different characterization methods
would be of help to clarify the whole mechanism which defines the inhalation properties of DPI formulations.
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Experimental
Materials Two grades of a-lactose monohydrates, Lactohale 100 (150

mm in diameter) and Pharmatose 325M (60 mm in diameter) were purchased
from respectively Friesland Foods Domo (The Netherlands) and DMV (The
Netherlands). Mg-St was purchased from Taihei Chemical Industrial Co.,
Ltd. (Japan) and sucrose stearate (S370F) was purchased from Mitsubishi-
Kagaku Foods Corporation (Japan). Dipalmitoylphosphatidylcholine was
purchased from Wako Pure Chemical Industries, Ltd. (Japan). Triamci-
nolone acetonide (TAA) was supplied by Toho University (Japan) and 
disodium cromoglycate (cromolyn) was obtained from Sigma Aldrich 
Co. (U.S.A.). Compound A and 1-{2-[(2R)-2-(3,4-dichlorophenyl)-4-(3,4,5-
trimethoxybenzoyl)morpholin-2-yl]ethyl}spiro[benzo[c]thiophene-1(3H),4�-
piperidine]-(2S)-oxide hydrochloride (triple neurokinin receptors antagonist:
TNRA) were synthesized by Daiichi Sankyo Co., Ltd. (Japan). Coomassie
Brilliant Blue (R-250) (CBB) was purchased from Wako Pure Chemical In-
dustries, Ltd. (Tokyo, Japan). CBB was sieved with a 350 mesh sieve before
mixing with lactose.

Preparation of Lactose Carriers For the surface modification, lactose
products (Lactohale 100 and Pharmatose 325M) were treated by mechanofu-
sion with or without additive using a rotor-type powder mixer, Mechanofu-
sion® AMS (Hosokawa Micron Corporation, Japan). Briefly, the mechanofu-
sion process was conducted with a Mechanofusion® AMS and the basic pro-
cedures were reported.27) The detailed conditions of the mechanofusion
process are shown in Table 1.

Preparation of Powder Formulation Drug compounds were milled
with a Jet Mill Co-Jet system (Seishin Enterprise Co., Ltd., Japan) to the
size of 2—3 mm in diameter (Table 2). The modified lactose carrier and the
milled drug particles were gently blended with a mortar and pestle at the ra-
tios of 98 : 2 and 96 : 4, w/w. In the case of the ternary mixture of the milled
drug, the lactose carrier and additive, the drug was added to the mixture of
lactose and additive. After mixing, the mixture was sieved with a 60 mesh
sieve. The drug concentration of each mixture thus obtained was in the range
of 90 to 110% of that calculated from the feed composition. Twenty-five
milligrams (�1 mg) of each mixture, drug powder or lactose carrier was
loaded into HPMC capsules (size 2, Qualicaps Co., Ltd., Japan).

Physicochemical Characterization of Drug Particles, Carrier Lactose
and Dry Powder Formulations The particle size distribution of the milled
drug compounds, lactose carriers and DPI formulations were measured with
a laser diffraction particle size distribution analyzer (Helos & Rodos, Sym-
patec GmbH, Germany). The specific surface area of the carrier lactose was
measured by the BET adsorption method with nitrogen gas.

Cascade Impactor Test The inhalation properties of the DPI formula-
tions were evaluated using an Andersen Cascade Impactor (ACI, Copley,
U.K.) with an inhalation device, a Jethaler (dual chamber type, Hitachi
Unisia Automotive, Ltd., Japan) in the manner as described for the DPI for-
mulations containing Compound A.27) In brief, the formulated powder was
filled in a capsule and inhaled with Jethaler at the flow rate of 30 l/min. The
amount of the drug deposited on each part of the ACI was measured by
HPLC or UV absorption analysis. Lactose deposition was evaluated by
weighing each part of ACI before and after the inhalation.

The fine particle fraction (FPF) is defined as the percentage of powder
collected from Stage 2 to Stage 7 and a filter at 30 l/min. FPF is given by 
Eq. 1:

FPF (%)�(drug compound collected from Stage 2 to Stage 7 and 

a filter)/(entire dose)�100 (1)

Drug Analysis Compound A, TNRA and Cromolyn were analyzed by
HPLC with a basic system consisting of a pump (Shimadzu Corporation,
Japan) and a UV detector (Shimadzu Corporation, Japan). Regarding the
analysis of Compound A, the details have already been reported.27) TNRA
was analyzed with an HPLC system employing a mixture of acetonitrile and
0.01 mol/l sodium phosphate buffer (pH 7.0) (43 : 57%, v/v) as the mobile
phase running at a flow rate of ca. 1 ml/min and UV detection at 254 nm.
The ODS column (L-column ODS, 15 cm�4.6 mm i.d., particle size 5 mm,
Chemicals Evaluation and Research Institute, Japan) was maintained at
40 °C. Cromolyn was analyzed with an HPLC system employing a mixture
of acetonitrile and 0.1% (v/v) phosphoric acid (pH 3.0) (30 : 70%, v/v) con-
taining 0.05% tetra-n-butyl ammonium bromide as an ion pair agent as the
mobile phase running at a flow rate of ca. 1 ml/min and UV detection at
240 nm. The same column conditions as those for TNRA were used. TAA
was analyzed by UV absorption at 254 nm with a UV-spectrophotometer
(UV-1600PC, Shimadzu Corporation, Japan).

Measurement of Surface Property with Inverse Gas Chromatography
(IGC) Experiments were performed using an IGC (Surface Measure-
ment Systems Ltd., U.K.). The basic method has already been reported 
elsewhere.27) Briefly, samples were packed into a silanised glass column.
Methane was used for the inert reference; n-decane, n-nonane, n-octane and
n-heptane were used to determine the alkane line. Powder surface energy
can be calculated from the retention time of nonpolar probes. The methodol-
ogy utilized is described by Shultz et al.32) As Grimsey et al. reported,33) the
basic relationship employed is:

RT ln Vn�2N(g s
D)1/2a(g l

D)1/2�C (2)

where R is the gas constant, T is the temperature (K), Vn is the net retention
volume of the probe, N is Avogadro’s number, a is the molecular surface
area of the probe, g s

D is the dispersive component of the surface energy of
the sample powder, g l

D is the dispersive component of the surface energy of
the probe and C is a constant. Plotting RT ln Vn vs. a(g l

D)1/2 for the nonpolar
probes yields a straight line (alkane line). The dispersive component of the
solids is calculated from the slope in Eq. 2. The value of a and g l

D were ob-
tained from the literature.32,34)

Measurement of Adhesive Force The adhesive force between the drug
particle and the lactose carrier particle was measured by the direct separa-
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Table 1. Mechanofusion Processing Conditions of Carrier Lactose Used for Each Study

Mechanofusion condition Study
BET Surface

Lactose
Time ACI study

Particle size distribution Adhesive force area 
Power Additive measurement measurement (m2/g)

(min) (Figs. 1, 2 and/or 3)
(Figs. 4, 5) (Fig. 6)

Lactohale 100 — — — �a) — � 0.1
Lactohale 100 Weak 15 — �a) — � 0.2
Lactohale 100 Weak 15 Sucrose stearate 1% �a) — � 0.2
Lactohale 100 Weak 15 Mg-St 3% �a) — � 0.3

Pharmatose 325M (Intact) — — — �a,b,c) � � 0.2
Pharmatose 325M Medium 30 — �a) � � 0.3
Pharmatose 325M Medium 15 Sucrose stearate 1% �a,c) � � 0.1
Pharmatose 325M Medium 15 Mg-St 3% �a,b,c) � � 0.8

a) Applied to the study for Fig. 1, b) applied to the study for Fig. 2, c) applied to the study for Fig. 3.

Table 2. Surface Energy and Particle Sizes of Drug Compounds

Particle size (mm)
g s

D (mJ/m2)
D10% D50% D90%

Compound A 52.0 (1.1) 0.9 (0.2) 2.4 (0.5) 6.4 (2.0)
TNRA 66.3 (1.9) 0.7 (0.1) 1.8 (0.4) 4.4 (0.6)
Cromolyn 86.7 (1.0) 0.8 (0.0) 2.3 (0.1) 4.9 (0.1)
TAA 84.8 (0.6) 1.2 (0.1) 3.3 (0.1) 9.2 (0.4)

Data represented as mean (S.D.) n�3.



tion method using PAF-300N (OKADA SEIKO Co., Ltd., Japan). A lactose
particle was attached to the end of the contact needle and drug particles were
attached to the stage plate. The particles were attached to each other by mov-
ing the stage to the needle. After the attachment, the stage was moved away
from the needle at a speed of about 0.6 mm/s. When the particles were sepa-
rated, the displacement of the contact needle was measured and the adhesive
force was calculated based on the spring constant. The basic theory and de-
tails of this calculation are reported elsewhere.35,36)

Microscopic Observation of Drug Particles on Carrier Lactose Sur-
face A powder of CBB was employed as a model drug powder. The carrier
lactose and CBB were mixed in the same manner as described in ‘Prepara-
tion of Powder Formulation.’ The powder was observed with a digital micro-
scope VH-Z450 (VH-8000C) (KEYENCE CORPORATION, Japan). To ob-
tain a view of the overall-in-focus image, photographs of the target at differ-
ent focus depths were taken. From these, photographs of different focus
depths were composed and an overall-in-focus image of the target was ob-
tained.

Results
The Inhalation Profile of Andersen Cascade Impactor

The DPI formulations of the four pharmaceutical compounds
mixed with lactose carriers were prepared and their inhala-
tion profiles were evaluated with ACI (Fig. 1, Table 3). Data
of Compound A in Fig. 1 and Table 3 were cited from our 
previous report.27) For all four drugs, the lactose mechanofu-
sion-processed with Mg-St showed higher FPF compared 
to the intact lactose. Namely, mechanofusion with Mg-St 
decreased the deposition of drugs on the upper part, espe-
cially on the pre-separator, and increased it on the lower
stages compared to intact lactose (Fig. 1). In contrast,
mechanofusion without additives showed the tendency of 
decreasing FPF except the case of TNRA with Lactohale
100. Mechanofusion process with sucrose stearate showed

the similar alteration of ACI deposition profile to that with
Mg-St, but not as distinct as it was. Generally, the trend of
the inhalation profile change was kept over the two different
lactose particle sizes of 60 and 150 mm (Figs. 1a—d and 
e—h). In the comparison with other testing conditions (Figs.
1b—h), Compound A showed the different deposition pattern
depending on the mechanofusion condition most clearly, es-
pecially with Pharmatose 325M (Fig. 1a). And there were
some exceptions as follows: TNRA with intact Lactohale
100 showed relatively high deposition on capsules and 
devices and resulted in a lower FPF (Fig. 1f) compared 
with Pharmatose 325M. Cromolyn with Pharmatose 325M
mechanofusion-processed without additive showed lower
deposition on pre-separator compared to the other drug com-
pounds and resulted in relatively high FPF (Fig. 1c). TAA
showed the smaller difference among the ACI deposition
profile of 4 different formulations (Figs. 1d, h).

To investigate the effect of the incorporation of the carrier
into the DPI formulations, the ACI deposition patterns of
carrier lactose and drug compounds with or without carrier
were compared by using Compound A (Fig. 2a) and TNRA
(Fig. 2b). As lactose carrier itself was mainly deposited on
the pre-separator, the drug particles needed to be detached
from the carrier to be deposited as FPF. When Compound A
was inhaled without carrier, only small FPF was obtained
and the deposition on the pre-separator was increased (Fig.
2a). This suggests that highly cohesive fine drug particles
formed agglomerates which is not redispersible. As well,
TNRA without lactose showed small FPF and the majority of
the drug remained in the capsule (Fig. 2b). Indeed, large ag-
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Table 3. Effect of Dispersive Component of Lactose Surface Energy on Fine Particle Fraction

[Base lactose: Pharmatose 325M]

FPF (%)
g s

D of
Lactose carrier lactose Compound A TNRA Cromolyn TAA

(mJ/m2)
2% 4% 2% 4% 2% 4%

Intact (Pharmatose 325M) 46.9 (2.6) 20.8 (1.8) 25.1 (3.1) 28.1 (0.4) 20.5 (6.3) 31.7 (2.8) 32.5 (1.0)

Mechanofusion Without additive 50.6 (7.2) 13.2 (0.3)** 20.4 (3.7) 11.7 (3.4)** 19.8 (2.1) 27.6 (3.2) 22.4 (0.2)**
processed �Sucrose stearate 64.9 (0.8) 25.7 (2.5)* 35.2 (0.3)** 20.9 (2.4)** 27.5 (2.1) 29.7 (1.6) 26.9 (1.0)**

�Mg-St 76.3 (1.5) 42.4 (1.3)** 42.7 (3.2)** 34.6 (2.3)** 30.2 (0.0)* 42.0 (1.1)** 38.8 (2.2)*

Simple mixing �Sucrose stearate 47.7 (0.9) NT NT NT 12.4 (1.0)** NT NT
with mortar �Mg-St 40.7 (0.6) NT NT NT 14.7 (1.0)** NT NT
and pestle

[Base lactose: Lactohale 100]

FPF (%)
g s

D of
Lactose carrier lactose Compound A TNRA Cromolyn TAA

(mJ/m2)
2% 4% 2% 4% 2% 4%

Intact (Lactohale 100) 38.5 (0.1) 28.9 (1.2) 34.8 (1.3) NT 13.7 (1.3) 33.2 (0.3) 32.7 (2.4)

Mechanofusion Without additive 43.8 (0.2) 25.8 (1.3)* 25.8 (1.1)** NT 25.4 (0.5)** 27.3 (0.3)** 28.0 (3.3)
processed �Sucrose stearate 56.2 (0.9) 32.5 (0.9)* 33.3 (0.4) NT 26.5 (1.8)** 31.9 (2.1) 31.7 (4.9)

�Mg-St 60.8 (1.3) 39.3 (1.9)** 42.4 (2.1)** NT 34.1 (5.1)** 40.5 (3.5)* 38.7 (1.7)*

The surface energy of intact and mechanofusion-processed Pharmatose 325M and Lactohale 100 were reported earlier.27) Data represented as mean (S.D.) n�3. ∗ p�0.05,
∗∗ p�0.01, significant difference compared to intact lactose by Student’s unpaired t-test. NT�Not tested.
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Fig. 1. Cascade Impactor Deposition Profile of DPI Formulations Containing Mechanofusion-Processed Lactose

(a) Compound A was mixed with Pharmatose 325M or mechanofusion-processed Pharmatose 325M at the ratio of 2 : 98 (w/w). (b) TNRA was mixed with Pharmatose 325M or
mechanofusion-processed Pharmatose 325M at the ratio of 2 : 98 (w/w). (c) Cromolyn was mixed with Pharmatose 325M or mechanofusion-processed Pharmatose 325M at the
ratio of 2 : 98 (w/w). (d) TAA was mixed with Pharmatose 325M or mechanofusion-processed Pharmatose 325M at the ratio of 4 : 96 (w/w). (e) Compound A was mixed with Lac-
tohale 100 or mechanofusion-processed Lactohale 100 at the ratio of 2 : 98 (w/w). (f) TNRA was mixed with Lactohale 100 or mechanofusion-processed Lactohale 100 at the ratio
of 4 : 96 (w/w). (g) Cromolyn was mixed with Lactohale 100 or mechanofusion-processed Lactohale 100 at the ratio of 2 : 98 (w/w). (h) TAA was mixed with Lactohale 100 or
mechanofusion-processed Lactohale 100 at the ratio of 4 : 96 (w/w). Error bars denote standard deviation, n�3. ∗ p�0.05, ∗∗ p�0.01, significant difference compared to intact lac-
tose by Student’s unpaired t-test.



glomerates were observed in the capsule after inhalation.
Influence of BET surface area on FPF value was evaluated

and there was no clear correlation between them. DPI formu-
lations containing lactose mechanofusion-processed with
Mg-St showed higher FPF than other carrier lactose over a
wide range of surface area.

The effect of mechanofusion process was evaluated through
the comparison between the simple mixing and mechanofu-
sion process (Fig. 3). Simple mixing of lactose and additive
was not as effective as the mechanofusion of additive on the
lactose surface to achieve a high deposition on the lower
stages of the ACI. This indicated that the mechanofusion
process plays an important role in demonstrating high FPF
values in DPI formulation containing additives.

Evaluation of Detachment of Drug Particles from Car-
rier in the Air Stream The particle size distributions of
the lactose carriers and DPI formulations were evaluated. 
As shown in Fig. 4, in the case when measurement was 
performed under the dispersion pressure of 0.1 bar, larger
amount of small particles was detected in DPI than in carrier
lactose powder. The increased amount of small particles was
considered to be due to the increased fine drug particles de-
tached from the carrier lactose by the dispersion pressure.
Therefore, the subtraction of the particle ratio of the carrier
lactose from that of the DPI formulation at each particle size
should be reflected the dispersibility of the drug particles (D
accumulative %). D accumulative % at the dispersing pres-
sure of 0.1 bar (Fig. 5a) shows that drug particles was dis-

persed more easily when they were formulated with lactose
mechanofusion-processed with additives than with intact lac-
tose. As the dispersive pressure increased, the amount of
small particles was increased for all lactoses, and the differ-
ence among them became unclear (Fig. 5).

Evaluation of Surface Energy by IGC The surface en-
ergy of the drug compounds, intact lactose, mechanofusion-
processed lactose and the mixture of the intact lactose and
the additives was measured and the results are shown in Ta-
bles 2 and 3. The surface energy of drug particles ranged
from 52.0 to 86.7 mJ/m2. In mechanofusion-processed pow-
der, Mg-St and sucrose stearate increased the surface energy,
whereas the simple mixing of lactose and additive without
mechanical compression did not increase the surface energy
(Table 3). This indicated that mechanofusion process in the
presence of additives drastically changed surface property of
the particles, namely increased surface energy.

Adhesive Force between Carrier Lactose and Drug
Particles Direct measurement of the adhesive force be-
tween the carrier lactose and the drug particles was con-
ducted and the results are shown in Fig. 6. The measurements
were repeated 25 times for each sample. When the adhesive
force was within the measurable range, the carrier lactose
and drug particles were estimated to be separated. In con-
trast, when the adhesive force was over the measurement
range, the drug particle was separated from the plate while it
was attaching to the carrier lactose. Thus, the adhesive force
was considered to exceed the measurable range. The upper
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Fig. 2. ACI Deposition Profile of Lactose (Pharmatose 325M) Only, Drug
Particles Only and DPI Formulation Containing Drug Particles

DPI formulations were composed of drug and Pharmatose 325M mechanofusion-
processed with Mg-St (2 : 98). The drug particles used for the study were compound A
(a) and TNRA (b). Error bars denote standard deviation, n�3.

Fig. 3. ACI Deposition Profile of TNRA of DPI Formulations Containing
Lactose and Additive or Lactose Mechanofusion-Processed with Additive

TNRA concentration of DPI formulation was 4%. Additive was sucrose stearate (a)
or Mg-St (b).



limit is shown by dotted lines in Fig. 6. The frequency of the
over-range measurement was decreased when the lactose was
mechanofusion-processed, especially with additive. For Phar-
matose 325M, 44% of measurements were over-range with
intact lactose. The ratio decreased to 12% when the lactose
was mechanofusion-processed without additive. When Phar-
matose 325M was mechanofusion-processed with additive,
all measurements were within the measurable range. For Lac-
tohale 100, the adhesive force range was apparently nar-
rowed when the mechanofusion process was conducted with
additive.

Microscopic Observation of the Drug Particles Adher-
ing to the Carrier Lactose Adhesion of CBB particles to
the surface of the lactose carriers was observed with a digital
microscope which could detect color (Fig. 7). The micro-
scopic photographs of intact lactose or lactose mechanofu-
sion-processed without additive showed that agglomerates or
large particles of CBB adhered to the lactose surface. On the
other hand, fewer agglomerates of CBB particles adhered to
the surface of lactose mechanofusion-processed with addi-
tive. From these observations, it was suggested that both in-
tact lactose and lactose mechanofusion-processed without

additive tend to form agglomerates of the CBB particles ad-
hering to the narrow highly adhesive sites.

Discussion
Similar alterations of inhalation properties induced by

mechanofusion with Mg-St were observed for DPI formula-
tions with different drug compounds or different particle 
size of carriers. This suggested the wide applicability of
mechanofusion with Mg-St for the improvement of the in-
halation properties of DPI formulations (Fig. 1). On the con-
trary, Begat et al. suggested that lactose mechanofusion-
processed with Mg-St decreased FPF in their work28) where
size of lactose carrier was relatively small (less than 10 mm),
high drug/carrier ratio in powder formulation (1/1) and a dif-
ferent model drug was applied. In addition, even in our pres-
ent study, dependence of inhalation profile on carrier prop-
erty was varied as described in ‘Results.’ Therefore, although
wide application of mechanofusion with lubricants is ex-
pected as mentioned above, there still are limitations with re-
spect to drug property and need for further optimization of
property of carrier particles and mixing conditions. The fur-
ther examination focusing on those exceptions would be of
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Fig. 4. Particle Size Distribution of Carrier Lactose and DPI Formulations Containing Lactose and Additive or Lactose Mechanofusion-Processed with
Additive

�: carrier lactose, �: DPI formulation of TNRA 4%. Lactose was intact (a), mechanofusion-processed without additive (b), mechanofusion-processed with sucrose stearate (c)
and mechanofusion-processed with Mg-St (d). (e), (f), (g), (h) are the magnification of (a), (b), (c), (d) respectively. Dispersion pressure was 0.1 bar.

Fig. 5. Detachment of Drug Particles from Carrier Evaluated by the Comparison of Particle Size Distribution of D Accumulative % Profile of TNRA 4%
DPI Dispersed at 0.1 bar (a), 2.0 bar (b), 4.0 bar (c)

�: Intact Pharmatose 325M, �: Pharmatose 325M mechanofusion-processed without additive, �: Pharmatose 325M mechanofusion-processed with sucrose stearate, �: Phar-
matose 325M mechanofusion-processed with Mg-St.



help to clarify these influencing factors on the drug–lactose
interaction. The ACI deposition profile suggested that the
drug particles were dispersed easily to show a high FPF
value when they were formulated with lactose mechanofu-
sion-processed with Mg-St (Fig. 2). Particle size distribution
measurement implied that the higher FPF by mechanofusion
with Mg-St was caused by higher dispersibility of the drug
particles from the formulated powder mixture.

Both easier separation of the drug particles from the car-
rier and the formation of fewer agglomerates of the drug par-
ticles have been suggested to increase the dispersibility of the
drug particles.10,37) Based on the strategy of increasing FPF
by decreasing the drug–carrier interaction, various techniques
have been studied in order to improve the inhalation proper-
ties of DPI.22,38—42)

A schematic diagram of the estimated relation between the
drug–carrier interaction and the inhalation properties is illus-
trated in Fig. 8. When the interaction was too strong, the
drug particles couldn’t be released from the carrier into the
air stream and would be deposited on the upper part of the
trachea (Fig. 8a),43) even though, the drug particles would ad-
here to the carrier surface and form fewer agglomerates. On
the contrary, when the interaction is too weak, the drug parti-
cles easily become agglomerated or adhere to the device
wall. Agglomerates deposited on the upper part of the tra-
chea and drug particles adhering to the device wall would not
be inhaled deep into the lungs (Fig. 8c) resulting in low FPF.
Therefore, it follows that intermediate interaction that keeps
the drug particles in a well dispersed condition and easily re-
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Fig. 6. Adhesive Force between TNRA and Lactose Carrier Surface Measured with PAF-300N

Each figure on the upper row shows the adhesive force between TNRA and intact Pharmatose 325M (a) or Pharmatose 325M mechanofusion-processed without additive (b),
with sucrose stearate (c) and with Mg-St (d). Each figure on the lower row shows the adhesive force between TNRA and intact Lactohale 100 (e) or Lactohale 100 mechanofusion-
processed without additive (f), with sucrose stearate (g) and with Mg-St (h).

Fig. 7. Microscopic Images of Drug Particle Adhesion to Carrier Lactose
Particle

CBB was mixed with intact Pharmatose 325M (a), Pharmatose 325M mechanofu-
sion-processed without additive (b), with sucrose stearate (c), with Mg-St (d).

Fig. 8. Effect of Adhesive Force between Drug and Carrier Particles on
the Inhalation Property of DPI Containing Carrier Particles

Small circles and large circles represent the drug and carrier lactose particles, respec-
tively. Arrows show the direction of the inhalation air stream and boxes are simplified
figures of the inhaler devices. Drug particles adhere to the carrier surface strongly and
do not detach from it in the air stream (a). Interaction between the drug and carrier par-
ticles is so weak that the drug particles become agglomerated or adhere to the device
wall (c). Interaction between the drug and carrier particles is at the appropriate level
and the drug particles maintain a dispersed condition and easily detach from the carrier
in the air stream (b).



leases the drug particles into the inhalation air stream would
be advantageous to achieve high FPF (Fig. 8b).

In this study, the ACI deposition profile and particle size
distribution data seemed to be compatible with the schematic
diagram that the weaker drug–carrier interaction caused the
higher FPF (as the comparison of Figs. 8a and b). To ap-
proach the mechanism, g s

D, the contact area and adhesive
force were measured.

The g s
D was increased by mechanofusion process but 

FPF decreased when mechanofusion was conducted without 
additive. However, in the comparison of three types of
mechanofusion-processed lactose, increase of g s

D was corre-
lated with the FPF increase (Table 3). As the major part of
g s

D was constituted of van der Waals forces that were re-
ported to make the predominant contribution to the total sur-
face energy of dry aerosol particles,30) mechanofusion was
estimated to increase the interaction between the carrier and
the drug particles. In the case of mechanofusion without ad-
ditive, the decrease of FPF and detachment of drug particles
from lactose with increase of g s

D conformed to the mecha-
nism shown in Fig. 8a. However, in the case of mechanofu-
sion with Mg-St, FPF increased with the decrease of the ac-
tual interaction between drug and lactose while g s

D increased.
Therefore, the estimations of drug–lactose interaction based
on ACI deposition profile and g s

D were incompatible. Then it
was implied that some factor other than surface energy af-
fected the interaction between drug and lactose mechanofu-
sion-processed.

The contact area is one of the determining factors of 
the interaction between the two particles. The lactose
mechanofusion-processed with Mg-St constantly showed
high FPF over the wide range of surface area. Therefore, in
this study, the contact area didn’t seem to affect the interac-
tion between the drug and lactose particles.

The repetitive adhesive force measurement suggested that
mechanofusion process with additive homogenized the adhe-
sive area distribution over the lactose surface (Fig. 6). The
frequency of the over-range measurement of the adhesive
force could be considered to reflect the distribution of adhe-
sive areas. If a highly adhesive area and a less adhesive area
localized separately on a carrier particle surface, the adhesive
force would deviate widely. On the contrary, if the adhesive-
ness was homogeneous over the surface, the adhesive force
would be in a narrow range. Therefore, the mechanofusion
process, especially with additive, was suggested to homoge-
nize the surface adhesiveness of the carrier lactose particles.
It was reported that there were high energy binding sites i.e.,
adhering areas, on the carrier surface.38,44,45) Drug particles
attached to those sites are considered not to be detached by
the air flow. Therefore, fine additives are often utilized to
cover the high energy binding sites and increase FPF. In 
the mechanofusion process, additives, such as Mg-St, also
seemed to cover the high energy binding sites. Although the
covering of high energy sites was expected, the following
mechanofusion process with sheering and compressing
spread the additive over the lactose surface and led to the ad-
ditive having a brand-new surface with high energy. There-
fore, mechanofusion with additive seemed to homogenize the
surface adhesiveness through these steps.

Based on the two considerations above, i.e., the incompati-
bility between g s

D and drug–lactose interaction change and

homogenization of surface adhesiveness, we propose the hy-
pothesis as follows: mechanofusion with Mg-St spreads “ex-
tremely small high energy sites” homogeneously over the
particle surface and the uniform adhesive surface of the car-
rier generated by mechanofusion with additive is advanta-
geous to the achievement of a high FPF value. Our hypothe-
sis of the mechanism whereby FPF increased with Mg-St is
illustrated in Fig. 9. Intact lactose would have highly adhe-
sive “high energy binding areas” localized on the surface
(Fig. 9a). These “high energy binding areas” could be con-
sidered as clusters of the “extremely small high energy sites.”
The drug particles would strongly adhere to the localized
binding sites too strongly to be released by the air flow. On
the other hand, when lactose was mechanofusion processed
with additive, especially with Mg-St, “extremely small high
energy sites” would be spread over the lactose surface homo-
geneously as Mg-St got spread over the lactose surface. At
the same time there would be fewer localized binding areas
(clusters) as Mg-St adhere to those high energy binding sites
prior to the lower energy sites. This alteration of the surface
adhesiveness condition is considered to meet the require-
ments of the most appropriate interaction described above
(Fig. 8). Namely, the drug particles were maintained in a well
dispersed condition with fewer agglomerates, and could be
easily separated or dispersed in the air stream (Fig. 8b). We
consider that the number of “extremely small high energy
sites” was increased by the compressing and shearing pres-
sure through mechanofusion process, being reflected to the
increase of g s

D, as IGC selectively detects the small high en-
ergy sites where the probe molecules could access. On the
other hand, the homogenization by mechanofusion process
could reduce the clusters of those areas, i.e. highly adhesive
binding sites which were detected by PAF-300N. For the con-
struction of the model in Fig. 9, g s

D provided the information
that mechanofusion process increased the surface energy that
would contribute to keep the drug particles well dispersed; in
contrast, direct measurement of adhesive force provided the
information that the surface adhesiveness was homogenized
through mechanofusion process. These two examinations
seem to explain the mechanism of FPF increase by dis-
persibility increase that goes along with increase of surface
energy. As there are various factors to be considered to inter-
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Fig. 9. Illustration of Inhalation Property Improvement Mechanism with
Mechanofusion Process with Mg-St

Small circles and large circles represent the drug and carrier lactose particles, respec-
tively. Arrows show the direction of the inhalation air stream. Intact lactose (a) and lac-
tose mechanofusion-processed with Mg-St (b).



pret the inhalation properties of DPI formulations, further in-
vestigation should be conducted to study how the homoge-
nization of the surface adhesiveness attributes to DPI per-
formance. The variations of the mechanofusion conditions
with different surface energy outcomes would be valuable in
supporting the schematic mechanism of FPF increase by
mechanofusion with Mg-St.

Throughout this study, it was suggested that utilizing a
combination of different methods for surface characterization
was valuable. IGC would be one of the best techniques to
evaluate the highly adhesive sites for the probes and selec-
tively detects the changes of high energy sites with high sen-
sitivity. Thus, IGC could be utilized to evaluate the differ-
ence between the surface properties of carrier. In contrast,
the direct separation method also measures the adhesive
force of a specific site where the probe has contact and pro-
vides the information of the interaction of drug particles and
the carrier surface. It differs from IGC on the following
point: that the actual contact area would be reflected by using
the lactose particle as a probe. In addition, the repetition of
the measurement can give information regarding the whole
surface of the sample particle, just as the scanning AFM di-
rect measurement method also gives valuable information.46)

Conclusion
The mechanofusion with Mg-St was suggested to be

widely applicable to the DPI formulations. And it was im-
plied that mechanofusion with Mg-St increased the FPF of
DPI formulation by both appropriately increasing the surface
energy and homogenizing the surface adhesiveness over the
carrier surface. The combination of direct adhesive force
measurement, inhalation profile evaluation and surface en-
ergy measurement seemed to be of great help in DPI formu-
lation development.
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