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Abstract. The inhalation performance of a dry powder
inhaler (DPI) depends on the inhalation patterns of patients,
inhalation particle characteristics and inhalation devices. In
capsule‑based DPIs, the capsule plays an important role in the
dispersion of inhalation particles. The present study inves‑
tigated the effects of inner physical properties of capsules
on drug release from capsules‑based DPIs with high resis‑
tance device. Atomic force microscopy (AFM) was used to
evaluate the capsule physical properties, such as the capsule
inner structure and surface potential, of three capsules with
different compositions (G‑Cap, PEG/G‑Cap, and HPMC‑Cap).
As a model dry powder for capsule‑based DPIs, the dry
powder in Spiriva® Inhalation Capsules containing tiotropium
bromide was used. Inhalation performance was evaluated
using a twin‑stage liquid impinge and Handihaler® (flow rate
30 l/min). The results indicated that the capsule inner surface
presented with numerous valleys and mountains, regardless of
the capsule type. Furthermore, the valley and mountain areas
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on the capsule inner surface showed a significantly higher or
lower surface potential. Following inhalation of capsule‑based
DPIs, the drug remained in the valleys on the capsule inner
surface; however, no significant difference was observed
in the drug release from capsule and lung drug delivery.
Therefore, inhalation performance in capsule‑based DPIs
when a high resistance device, such as Handihaler ®, is used
at an appropriately flow rate is not markedly affected by the
physical properties of the capsule inner surface due to capsule
composition.
Introduction
Inhalation drug products have been developed for the treatment
of respiratory diseases, such as asthma, chronic obstructive
pulmonary disease (COPD) and pulmonary infections.
Inhalation drug products are also used to treat systemic diseases,
including diabetes (1,2), and their application for pulmonary
vaccination (3) is expected. Three types of inhalation drug
products are currently on the market: nebulizers, pressurized
metered dose inhalers (pMDIs) and dry powder inhalers (DPIs).
In contrast to nebulizers and pMDIs, DPIs deliver a powder
formulation without synchronizing the timing of nebulization
and inhalation. Furthermore, a nebulizer and propellant are
not necessary for DPI and the device is small. However, drug
release from DPIs is affected by the inhalation patterns of
patients (4‑7), inhalation devices (5), inhalation formulations (8)
and the physiology of the airways (9). There are two types
of DPIs, the multi‑ and single‑unit‑dose inhalers (10‑12). A
typical example of a single‑unit‑dose inhaler is capsule‑based
DPIs, including Intal® Spinhaler ®, Spiriva® Handihaler ®,
Onbrez®, Ultibro® and Seebri® Breezhaler®. These inhalers are
widely distributed as commercial inhalers. The advantages of
capsule‑based DPIs are the accurate and uniform drug delivery
as well as the simplicity of use for patients (13). Patients can also
visually confirm whether a dose has been administered (14).
Drug retention in capsules affects inhalation performances and
attenuates therapeutic efficacy for pulmonary diseases (15,16).
Therefore, the development of a formulation with controlled
drug release from capsules is needed for capsule‑based DPIs.
To improve drug release from capsules, previous studies
focused on inhalation particles. For example, drug release
from capsules is improved by preparing drug‑carrier particles
and drug‑drug granulate particles or adding dispersive
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agents, including L‑leucine, L‑phenylalanine, DPPC and
DOTAP. These inhalation particles preparation techniques
attenuate drug‑drug and drug‑capsule adhesive‑cohesive
forces (17‑21). The capsule body has also been previously
investigated. Wauthoz et al (22) and Saleem et al (23) have
reported that inhalation characteristics depend on capsule
compositions [e.g., gelatin and hydroxypropyl methylcellulose
(HPMC)], capsule loss on drying, capsule piercing pattern, the
manufacturing method and the lubricant content. Most of these
findings were related to the capsule outer properties; however,
there are few studies on the effect of capsule inner properties.
In addition, most of the previous studies have been performed
using a low resistance device instead of a high resistance device.
The present study aimed to evaluate the effects of capsule
inner surface physical properties on drug release from capsules
and lung drug delivery using a high resistance device.
Materials and methods
Materials. As a model capsule‑based DPIs, Spiriva ®
Handihaler ® was purchased from Boehringer Ingelheim
Japan Ltd. Spiriva® Handihaler ® is a typical capsule‑based
DPIs, used for the treatment of COPD and for reducing
COPD exacerbations. A dry powder in Spiriva® inhalation
capsules containing tiotropium bromide (TIO) as the
main component was used as a model drug. The capsule
contained 5.5 mg of a powder formulation consisting of
18 µg micronized tiotropium (as bromide hydrate, 22.5 µg)
with coarse lactose monohydrate (24). The Handihaler ®
(Boehringer Ingelheim Japan Ltd.) was used as a model high
resistance device for capsule‑based DPIs (device specific
resistance 3.03 Pa* min2/l2) (25). Size 3 capsules with different
compositions were supplied by Qualicaps, Co., Ltd. (G‑Cap,
gelatin capsule; PEG/G‑Cap, gelatin capsule containing 5%
PEG4000 as plasticizer; and HPMC‑Cap, HPMC capsule).
PEG/G‑Cap is a gelatin capsule that is resistant to cracking
due to the presence of PEG. HPMC‑Cap is resistant to
cracking under dry conditions and may be filled with highly
hygroscopic drugs. Each capsule was stored at 15‑25˚C and
under 40‑50% relative humidity (RH) in a glass desiccator.
The characteristics of each capsule are presented in Table I.
All other reagents and solvents were of analytical or HPLC
grade.
Characterization of three type of capsule with different
compositions. Each capsule image was analyzed using the
image analysis software ImageJ, and the length diameter,
width diameter, surface area and volume were calculated
(Table I). The loss on drying (LOD) and lubricant content of
each capsule are shown as stated in the analysis certificate. The
numbers shown in Table I correspond to the average of three
capsules of each capsule type except for LOD and lubricant
content. Fig. 1A‑C display the appearance of each capsule.
Morphological analysis of TIO by scanning electron
microscopy. The morphology of TIO was examined using
scanning electron microscopy (SEM; SU1510; Hitachi
High‑Technologies Corp.). Prior to observations, free falling
powders from a spatula were manually dispersed on a
specimen mount with double‑side tape and were then coated

with platinum using an ion sputter coater (E‑1013; Hitachi
High‑Technologies Corp.).
Capsule hole examination after piercing in Handihaler ®.
Ten capsules of each type were successively placed in the
Handihaler® to be pierced. Capsule hole images were taken of
the most representative hole type of each capsule. In addition,
each capsule hole image was analyzed using the image anal‑
ysis software ImageJ (version 1.8.0_172; National Institutes of
Health), and the hole diameter and hole area were calculated.
Topographical analysis of capsule inner surface by AFM. AFM
is widely used for micro‑ and nanoscale material conditions to
create a 3D image of a physical surface (26). In the present
study, the AFM topography of each capsule inner surface
was obtained by scanning probe microscopy (SPM‑9700HT;
Shimadzu Corp.). Prior to observations, the capsule was cut off
and placed on a specimen mount with double‑side tape. AFM
topography was performed in air using an EFM cantilever with
a force constant 42 N/m in the phase mode. All experiments
were performed in triplicate with an area of 20.0x20.0 µm in
each capsule. The obtained AFM images were evaluated and
quantified using ImageJ software. The capsule inner surface
of each capsule using AFM was characterized by calculating
the valley diameter, the valley area and the valley ratio.
The valley diameter corresponds to the average diameter of
capsule valleys in the total observed area. The valley area is
the average area of capsule valleys in the total observed area.
The valley ratio was expressed as the ratio of valley areas in
the total observed area. The valley diameter, valley area and
valley ratio were evaluated for 40 valleys in one observation
area, and the average value was calculated.
Measurement of capsule inner surface potential
distribution with the KFM mode. The potential distribution
of each capsule inner surface was obtained using the KFM
mode from SPM‑9700HT. The KFM mode is a method used
to measure the potential distribution of the sample surface.
This distribution is evaluated by detecting the electrostatic
force acting between the sample surface and the probe tip by
applying an alternating current signal to the electric conduc‑
tive cantilever. A KFM image is obtained in air using the
EFM cantilever with a force constant of 2.8 N/m in KFM
mode. Prior to observation, the capsule was cut off and placed
on a specimen mount with double‑side tape. All experiments
were performed in triplicate with an area of 5.0x5.0 µm in
each capsule. Image analysis was performed on a represen‑
tative image of each capsule. Images were analyzed using
SPM‑9700HT manager software (Shimadzu Corp.).
In vitro inhalation performance evaluation. Inhalation
performance was evaluated using a twin‑stage liquid impinger
(TSLI; European Pharmacopoeia Apparatus; Copley Scientific
Ltd.) equipped with a suction pump. Stages 1 and 2 in TSLI
contained 7 and 30 ml of purified water and methanol (75:25,
volume ratio), respectively. Each capsule (G‑Cap, PEG/G‑Cap
and HPMC‑Cap) was manually filled with 5.5±0.1 mg of TIO
while the weight was measured using sensitive digital balance
(±0.1 mg; Balance XS64; Mettler‑Toledo GmbH). Once
Handihaler ® was connected to the mouthpiece of TSLI, the
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Table I. Characteristics of each capsule.

Main material
Length diameter, mm
Width diameter, mm
Surface area, mm2
Volume, mm3
Loss of drying, %
Lubricant content

G‑Cap

PEG/G‑Cap

HPMC‑Cap

Gelatin

Gelatin, PEG4000

Hydroxypropyl methyl cellulose

12.7±1.53
4.37±0.53
289±6.14
304±1.03
14.3
NR

13.9±0.79
4.67±0.14
245±20.5
301±2.04
13.2
NR

14.1±0.56
4.52±0.27
268±24.6
313±17.9
5.0
NR

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Each value represents the mean ± standard error of measurements. n=3. ‘Lubricant content’ of each capsule is displayed as ‘NR’. This is
because there was no detailed description in the analysis certificate. G‑Cap, gelatin capsule; PEG/G‑Cap, gelatin capsule containing 5%
PEG4000 as plasticizer; HPMC‑Cap, hydroxypropyl methylcellulose capsule; NR, not reported.

Figure 1. Images of the (A‑C) three capsule types and (D and E) SEM images of TIO. (A) G‑Cap, (B) PEG/G‑Cap, and (C) HPMC‑Cap. (D) High magnifica‑
tion, x5000 image of TIO. (E) Low magnification, x1,000 image of TIO. G-Cap, gelatin capsule; PEG/G‑Cap, gelatin capsule containing 5% PEG4000 as
plasticizer; HPMC‑Cap, hydroxypropyl methylcellulose capsule; API, active pharmaceutical ingredient; TIO, tiotropium bromide.

TIO‑loaded capsule was placed in the holder of Handihaler®
with a pin to pierce it. The Handihaler ® pierced one hole
in the side wall of the cap and the body. The suction pump
was operated to disperse the powder in the capsule at a flow
rate 30 l/min. Since the lower limit of peak inhalation flow
rates for Handihaler ® is >20 l/min (25), the flow rate of the
suction pump was set to 30 l/min in the present study. Dry
powder remaining in the capsule and device at each stage
after dispersion by the suction pump was collected by rinsing
with purified water and methanol (75:25, volume ratio). The
collected samples were diluted into 50 ml purified water and
methanol (75:25, volume ratio), and the concentration of TIO
in each sample was measured by high performance liquid
chromatography (HPLC). All experiments were performed in
triplicate. The inhalation performance of TIO by TSLI was

characterized using the following parameters: i) Recovered
dose (RD) is the mass of TIO recovered from all parts of the
apparatus (capsule, device and TSLI); ii) mass balance (MB)
is the ratio between RD to the amount of TIO to be loaded into
capsule; iii) drug retention for capsule is the ratio of the amount
of capsule drug deposition of the RD, while Emitted dose (ED)
is the amount of drug particles emitted from a capsule to that
from an inhalation device; iv) fine particle dose (FPD) is the
mass of drug particles from Stage 2 within the RD; and v) fine
particle fraction (FPF) is the ratio between FPD to RD.
Conditions for measuring TIO by HPLC. The concentration
of TIO in in vitro inhalation characteristics samples was
determined using Shimadzu LC‑20AT system (Shimadzu
Corp.), which consists of a UV‑vis detector (SPD‑20A),
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Figure 2. Image of hole type after piercing by Handihaler ®. (A) G‑Cap, (B) PEG/G‑Cap, and (C) HPMC‑Cap. G-Cap, gelatin capsule; PEG/G‑Cap, gelatin
capsule containing 5% PEG4000 as plasticizer; HPMC‑Cap, hydroxypropyl methylcellulose capsule.

Table II. Characteristics of pierced capsule holes of each
capsule.
Hole diameter, mm
G‑Cap
PEG/G‑Cap
HPMC‑Cap

1.28±0.02
1.14±0.98
1.17±0.15

Hole area, mm2
1.56±0.08
1.26±0.06
1.35±0.19

Each value represents the mean ± standard error of measurements.
n=10. G‑Cap, gelatin capsule; PEG/G‑Cap, gelatin capsule containing
5% PEG4000 as plasticizer; HPMC‑Cap, hydroxypropyl methylcel‑
lulose capsule.

column oven (CTO‑20A), degassing unite (DGU‑20A 3R)
and an auto sampler (SIL‑10AF). The mobile phase was
composed of 100 mM potassium dihydrogenphosphate
solution (pH 4.0) and acetonitrile (80:20, volume ratio).
The flow rate was set to 0.25 ml/min. The column (Inertsil®
ODS‑3, 3.0 µm, 2.1x50 mm; GL Science Co., Inc.) was heated
at 35˚C. The injection volume was 100 µl. The UV absorbance
of each sample was measured at 238 nm. Under these HPLC
condition, the limit of detection for TIO was 0.03 µg/ml,
and a calibration curve was linear at a concentration range
of 0.1‑20 µg/ml. The correlation coefficients (R 2) was 0.999
(y=326.12x+2684.8). All samples were properly diluted to
fit within this calibration range and peak area was used for
quantification of TIO.
Statistical analysis. All data were presented as the
means ± standard errors of measurements. The ‘BellCurve
for Excel’ (Social Survey Research Information Co., Ltd.) was
used for statistical data analysis. One‑way ANOVA followed
by Dunnett' s post hoc test for multiple comparison and an
unpaired Student' s t‑test were used for statistical analyses.
P<0.05 was considered to indicate a statistically significant
difference.
Results
Capsule characterization. The characterization of the three
type of capsules (G‑Cap, PEG/G‑Cap and HPMC‑Cap) are
presented in Table I. The appearance of each capsule is shown

in Fig. 1A‑C. G‑Cap and HPMC‑Cap were clear capsule
bodies, whereas PEG/G‑Cap had a translucent capsule body.
No significant differences were observed in the length diam‑
eter, width diameter, surface area and volume of each capsule
between G‑Cap, PEG/G‑Cap and HPMC‑Cap [non‑significant
(NS), ANOVA]. The LOD of HPMC‑Cap was much lower
than the LOD of G‑Cap and PEG/G‑Cap, with no difference
between G‑Cap to PEG/G‑Cap (Table I).
Morphology of a model dry powder. In the present study,
TIO was used as a dry powder model for capsule‑based DPIs.
TIO consists of micronized tiotropium particles and coarse
lactose monohydrate particles as carriers. The morphology of
TIO is presented in Fig. 1D and E. The SEM images clearly
demonstrated that micronized tiotropium particles [active
pharmaceutical ingredient (API) particles] adhered to coarse
lactose monohydrate particles (carrier particles).
Pierced capsule hole characterization. The image of capsule
hole of each capsule is presented in Fig. 2. The characteris‑
tics of pierced capsule holes of each capsule are presented in
Table II. In terms of capsule hole after piercing, no cracked
holes between G‑Cap, PEG/G‑Cap and HPMC‑Cap were seen
(Fig. 2). The capsule hole diameter and hole area of G‑Cap
tended to be larger than that of PEG/G‑Cap and HPMC‑Cap
(Table II; NS, ANOVA).
Comparison of inner surface structure of each capsule. Fig. 3
presents the inner surface structure of each capsule before
TIO loading and after suction of TIO‑loaded capsules. The
valley diameter, valley area and valley ratio of capsule inner
surface before TIO loading and after the suction of TIO‑loaded
capsules are shown in Table III. In Fig. 3A‑C, the areas darker
than background indicated the valleys while the lighter areas
indicated the mountains. Numerous valleys and mountains
were observed on the capsule inner surface regardless of the
capsule composition. After the suction of TIO‑loaded capsules,
TIO was observed in valleys on the capsule inner surface
(Fig. 3D‑F). The black arrows in Fig. 3D‑F indicated the area
where particles were placed in the valley. As presented in
Table III, the valley diameter, valley area and valley ratio were
decreased following suction, regardless of the type of capsule.
Furthermore, valley diameter, valley area and valley ratio of
HPMC‑Cap were significantly difference before TIO loading
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Table III. Valley diameter, valley area and valley ratio of each capsule type determined by atomic force microscopy images
analysis.
Valley diameter, µm

Valley area, µm2

Valley ratio, %

---------------------------------------------------------	---------------------------------------------------------	--------------------------------------------------------

G‑Cap
PEG/G‑Cap
HPMC‑Cap

Before

After

Before

After

Before

After

0.59±0.26
0.68±0.39
1.97±0.98

0.54±0.28
0.64±0.36
1.06±0.40a

0.28±0.22
0.64±0.58
2.05±1.89

0.24±0.16
0.46±0.32
1.02±0.67a

4.60±0.75
5.24±3.65
10.6±6.24

3.68±0.09
4.51±0.54
6.39±0.16a

Each value represents the mean ± standard error of measurements. n=120. aP<0.05 vs. before TIO‑loading. Before, before TIO‑loading; After,
after the suction TIO‑loading capsule; G‑Cap, gelatin capsule; PEG/G‑Cap, gelatin capsule containing 5% PEG4000 as plasticizer; HPMC‑Cap,
hydroxypropyl methylcellulose capsule; TIO, tiotropium bromide.

Figure 3. Comparison of the capsule inner surface structure by atomic force microscopy. (A‑C) Inner surface of each capsule before drug loading. (D‑F) Inner
surface of each capsule after drug release. Black arrows in (D‑F) indicate the area where particles are placed in the valley. G-Cap, gelatin capsule; PEG/G‑Cap,
gelatin capsule containing 5% PEG4000 as plasticizer; HPMC‑Cap, hydroxypropyl methylcellulose capsule; TIO, tiotropium bromide.

and after the suction of TIO‑loaded capsules (P<0.05, unpaired
Student's t‑test).
3D mapping analysis of the capsule inner surface structure
and surface potential distribution. The 3D topography of
the capsule inner surface and capsule inner surface potential
distribution were evaluated using SPM‑9700HT. The 3D
topographies of the three capsule inner surfaces are presented
in Fig. 4A‑C. In Fig. 4A‑C, the areas darker than background
indicated the valleys, and the lighter areas indicated the
mountains. These topographies revealed the distribution of
valleys and mountains on the inner surface of each capsule.
KFM images of the three capsule inner surfaces are shown in
Fig. 4D‑F. In these images, the red fraction indicates a higher
potential and the blue fraction a lower potential. KFM images
showed mixed high and low potential fractions in all three
capsules. In addition, 3D topography and KFM image mapping
were performed to confirm the relationship between the capsule
inner surface structure and surface potential. The results of
image mapping demonstrated that the distribution of valleys
and mountains on the capsule inner surface corresponded to
high and low potential fractions, respectively (Fig. 4G‑I).

Comparison of inhalation performance. We evaluated drug
release from capsule and lung drug delivery with different
compositions using TSLI. Fig. 5A shows an image of the
inner surface of each capsule before TIO loading and after
the suction of TIO‑loaded capsules. Images of TIO‑loaded
capsules after the suction demonstrated the adherence of TIO
to the surface of capsule regardless of the capsule type. The
results for inhalation performance parameters are presented in
Fig. 5B and Table IV. The drug retention for capsule, RD, MB,
ED, FPD and FPF were not significantly different between
G‑Cap, PEG/G‑Cap and HPMC‑Cap (NS, ANOVA).
Discussion
The advantages of capsule‑based DPIs over other DPIs
are as follows: Accurate and uniform drug delivery, ease
to use for patients and the visual confirmation of whether a
dose has been administered (13,14). The inhalation perfor‑
mance of capsule‑based DPIs is related to numerous factors,
such as the inhalation patterns of patients (4‑7), the inhalation
devices (5) and the inhalation formulations (8). The inhalation
performance of capsule‑based DPIs was recently reported

6

OTAKE et al: EFFECT OF INNER PHYSICAL PROPERTIES ON POWDER ADHESION IN INHALATION CAPSULES

Figure 4. Atomic force microscopy, kelvin probe force microscopy and 3D mapping images of three capsule inner surface. (A‑C) 3D topography of each
capsule. (D‑F) 2D surface potential of each capsule. (G‑I) 3D topography mapping 2D surface potential of each capsule. G-Cap, gelatin capsule; PEG/G‑Cap,
gelatin capsule containing 5% PEG4000 as plasticizer; HPMC‑Cap, hydroxypropyl methylcellulose capsule; 2D, two dimensional; 3D, three dimensional.

Figure 5. Evaluation of the drug retention for capsule using twin‑stage liquid impinger. Inhaler used was Handihaler® (flow rate, 30 l/min). (A) Images of the
capsule inner surface after drug release and (B) drug retention for capsule. Each value represents the mean ± standard errors. Each experiment was repeated
three times. G-Cap, gelatin capsule; PEG/G‑Cap, gelatin capsule containing 5% PEG4000 as plasticizer; HPMC‑Cap, hydroxypropyl methylcellulose capsule;
TIO, tiotropium bromide.
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Table IV. Inhalation performance of tiotropium bromide loaded in three capsules with different compositions using twin‑stage
liquid impinger.

Recovery dose, µg
Mass balance, %
Emitted dose, µg
Fine particle dose, µg
Fine particle fraction, %

G‑Cap

PEG/G‑Cap

HPMC‑Cap

17.4±0.18
96.9±0.98
4.37±0.53
7.94±0.85
25.7±4.85

16.8±0.42
93.2±2.36
4.67±0.14
7.54±0.45
28.3±4.50

17.5±0.6
97.5±3.54
4.52±0.27
8.27±0.74
26.7±1.25

Each value represents the mean ± standard error of measurements. n=3. G‑Cap, gelatin capsule; PEG/G‑Cap, gelatin capsule containing 5%
PEG4000 as plasticizer; HPMC‑Cap, hydroxypropyl methylcellulose capsule.

to be affected by the capsule properties. In a previous study,
inhalation performance was evaluated by filling five capsules
with binary or ternary particles of different compositions and
manufacturing methods, and the findings demonstrated that
inhalation performance was affected by capsule compositions
and manufacturing methods (22). However, few studies have
investigated the effects of the physical properties of the capsule
inner surface on inhalation performance. The present study
aimed therefore to determine the capsule inner surface struc‑
tures and surface potential distributions using the 3D mapping
technologies, AFM topography and KFM imaging. Because
the previous studies of capsule‑based DPIs mainly focused
on low resistance devices, not high resistance devices (22,23),
the present study investigated the effects of capsule physical
properties on inhalation performance using a high resistance
device of capsule‑based DPIs.
To characterize the properties of the capsules, each capsule
was evaluated by image analysis using ImageJ software. No
significant difference was observed in the length diameter,
width diameter, surface area and volume of each capsule,
while the LOD of HPLC‑Cap (5.0%) was much lower than
of G‑Cap (14.3%) and PEG/G‑Cap (13.2%; Table II). As the
result of pierced capsule hole characteristics, there were no
cracked holes in G‑Cap, PEG/G‑Cap and HPMC‑Cap (Fig. 2).
The capsule hole diameter and hole area of G‑Cap tended to
be larger than that of PEG/G‑Cap and HPMC‑Cap (Table II).
The results of a previous study reported that different capsule
compositions exhibit different levels of water content. The
gelatin capsule and HPMC capsule demonstrated 13‑16%
and 3‑7% water content, respectively (27). Under low RH
conditions, a decreased water content increases brittleness, with
gelatin capsules being more sensitive to this effect (27). The
capsule shell may therefore crack or fracture when the capsule
is pierced, thereby affecting inhalation performance (28). In
the present study, the capsule compositions were different, and
it was expected that the capsules would crack during capsule
piercing due to the difference in LOD. Although the hole
diameter and hole area in each capsule was slightly different,
no cracks occurred during capsule piercing. We considered
that the capsule storage condition (15‑25˚C, 40‑50% RH) and
the piercing condition using two needles in the Handihaler ®
had a role in the lack of cracking.
To confirm the capsule inner surface structure, each
capsule was observed using SPM. The inner surface structure

on the center, top, bottom, left and right parts were observed
in a previous experiment, and the results confirmed that
there was no significant difference among these regions.
The images from Fig. 3 were obtained by SPM of the central
part of the capsule body. Numerous valleys and mountains
were observed on each capsule inner surface before TIO
loading, irrespective of the capsule composition (Fig. 3A‑C).
Following the suction TIO‑loaded capsules, the inner surface
of the capsule became smooth and TIO was placed in the
valleys (Fig. 3D‑F). To confirm whether the smoothness of the
capsule inner surface was due to the TIO in the valleys, the
valley diameter, valley area and valley ratio were compared
before TIO loading and after the suction of TIO‑loaded
capsules (Table III). The valley diameter, valley area and
valley ratio were slightly decreased after suction, regardless
of the type of capsule. In particular, the valley diameter,
area and ratio of the HPMC‑Cap following the suction of
TIO‑loading were significantly different compared with these
characteristics prior to TIO loading. The results suggested
that, although the capsule had valley and mountain structure
on the inner surface regardless of the capsule composition,
the characteristics of valleys were affected by the capsule
composition. Furthermore, drug particles may be trapped in
the valleys on the capsule inner surface, which would affect
the inhalation performance.
Subsequently, to confirm the electric properties of capsule
inner surface, we evaluated the surface potential distribution
using the KFM mode of SPM. KFM images demonstrated that
regions with high and low potential fractions were mixed in
each capsule (Fig. 4D‑F). The 3D topography and KFM images
mapping of capsules showed that the distribution valleys and
mountains on the capsule inner surface corresponded to high
and low potential fractions, respectively (Fig. 4G‑I). Therefore,
a local potential difference may have occurred due to the
distribution of valleys and mountains on the capsule inner
surface. These results suggested that the effect of the inner
surface structure and the surface potential difference between
the drug particles and the valleys may both contribute to the
increase in TIO amount in the valleys.
To clarify the effects of the physical properties of
the capsule inner surface on inhalation performance, the
inhalation performance of each capsule type were evaluated
using TSLI. The results of drug retention for capsule and
lung drug delivery were not significantly different between
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G‑Cap, PEG/G‑Cap and HPMC‑Cap (Fig. 5B and Table IV).
These findings may be due to the fact that no significant
difference in hole diameter and hole area between capsules
was observed. In addition, drug particles were present in the
inner surface valleys of each capsule, although their impact
on drug retention for capsule and lung drug delivery was
expected to be minimal. In the present study, we evaluated
the inhalation performance using the high resistance device
at an appropriate flow rate of 30 l/min. The influence of
inhalation device and flow rate on the drug release from
capsule was therefore considered to be greater than that
of the capsule compositions and physical properties of the
capsule inner surface. In other words, at an appropriate flow
rate using high resistance device, the physical properties of
the capsule inner surface due to the capsule composition did
not significantly affect the drug release from capsule and
lung drug delivery. In this study, we particularly focused on
the drug release from capsule, and inhalation performance
was evaluated using TSLI. The TSLI is a simple inhalation
characteristic apparatus that contains Throat, Stage 1 and
Stage 2. The TSLI was set up so that drug particles reaching
Stage 2 at a flow rate of 60 l/min showed a cut‑off of less
than 6.4 µm. Unfortunately, in the present study, the TSLI
was examined at a flow rate of 30 l/min, and the exact
cut‑off diameter could not be measured. Therefore, the stage
grouping in the inhalation performance evaluation could not
be performed, and the mass median aerodynamic diameter
(MMAD) ± geometric standard deviation (GSD) could not be
calculated. To understand the exact aerodynamic differences
in inhalation characterization, representative stage grouping
data and MMAD ± GSD are therefore needed (29,30). Future
investigation will evaluate the inhalation performance by
calculating MMAD ± GSD using Andersen cascade impactor,
Next generation impactor and Multistage liquid impinger.
In summary, the present study investigated the effects of
the physical properties of the capsule inner surface on drug
release form capsules and lung drug delivery using AFM
and a high resistance device. The results demonstrated that
the capsule inner surface had many valleys and mountains
regardless of the type of capsule. In addition, the valley
and mountain areas on the capsule inner surface presented
with potential fluctuations where there were significant
differences in the surface structure. Following inhalation
of capsule‑based DPIs, the drug remained in valleys on the
capsule inner surface; however, no significant difference was
observed in drug retention for capsule and lung drug delivery.
Therefore, drug release from capsule and lung drug delivery
in capsule‑based DPIs when a high resistance device, such as
Handihaler ®, is used at an appropriately flow rate may have
not significantly been affected by the physical properties
of the capsule inner surface of the capsule due to capsule
composition. However, since the present study only evaluated
one DPI formulation and inhalation device, the effect of the
physical properties of capsule inner surface on drug release
and lung drug delivery remain currently unclear. Further
studies using various DPI formulations, including indacaterol,
glycopyrronium and andrographolide, and inhalation devices,
such as Breezhaler®, are needed to elucidate the relationship
between the physical properties of capsule inner surface and
inhalation performance.
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