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Abstract. Despite the fact that capsules play an important role in many dry powder
inhalation (DPI) systems, few studies have been conducted to investigate the capsules’
interactions with respirable powders. The effect of four commercially available hydroxypro-
pyl methylcellulose (HPMC)inhalation-grade capsule types on the aerosol performance of
two model DPI formulations (lactose carrier and a carrier-free formulation) at two different
pressure drops was investigated in this study. There were no statistically significant
differences in performance between capsules by using the carrier-based formulation.
However, there were some differences between the capsules used for the carrier-free
rifampicin formulation. At 2-kPa pressure drop conditions, Embocaps® VG capsules had a
higher mean emitted fraction (EF) (89.86%) and a lower mean mass median aerodynamic
diameter (MMAD) (4.19 µm) than Vcaps® (Capsugel) (85.54%, 5.10 µm) and Quali-V® I
(Qualicaps) (85.01%, 5.09 µm), but no significant performance differences between
Embocaps® and ACGcaps™ HI. Moreover, Embocaps® VG capsules exhibited a higher
mean respirable fraction (RF)/fine particle fraction (FPF) with a 3-µm–sized cutoff (RF/FPF<

3 µm) (33.05%/35.36%) against Quali-V® I (28.16%/31.75%) (P < 0.05), and a higher RF/
FPF with a 5-µm–sized cutoff (RF/FPF< 5 µm) (49.15%/52.57%) versus ACGcaps™ HI
(38.88%/41.99%) (P < 0.01) at 4-kPa pressure drop condition. Aerosol performance
variability, pierced-flap detachment, as well as capsule hardness and stiffness, may all
influence capsule type selection in a carrier-based formulation. The capsule type influenced
EF, RF, FPF, and MMAD in the carrier-free formulation.

KEY WORDS:: Pulmonary drug delivery; Inhalation capsule; Hydroxypropyl methylcellulose; Dry
powder inhalers; Aerosol performance.

INTRODUCTION

Increasingly, pharmaceutical scientists are focused on the
relationship between three important aspects of pulmonary
drug delivery - the device, the drug/formulation powder, and
the patient - and how these interactions affect the success of
inhaled therapies. Predictability of the supplied dose is critical
for product development in terms of quality and performance
(1). Regulators and industry are also focusing on this when
developing generic inhaler systems that must demonstrate
bioequivalence (2). Failures in the development of novel or
generic inhaled medicines might result from a lack of
understanding regarding features of the drug/formulation

powder (3, 4), device (5–7), and/or the mechanisms by which
they interact, in addition to pharmacologic causes.

Dry powder inhalers (DPIs) are commonly used to
administer micronized drugs in a variety of formulations for
the treatment of a variety of lung illnesses including lung
infections such as cystic fibrosis (CF), pneumonia, tuberculo-
sis (8), the severe acute respiratory syndrome–associated
coronavirus 2 (SARS-CoV-2) (9), chronic obstructive pulmo-
nary disorder (COPD)(10), and asthma (11). Metered-dose
capsule or blister-based DPI devices, as well as multi-dose
reservoir-based devices, are examples of DPI device technol-
ogy (12). Capsule-based DPIs (cDPIs) are still the gold
standard for inhaled drug/formulation powder therapeutic
delivery (13). Multiple patient feedback systems (e.g., visual,
auditory, and taste) have been found to ensure that the dose
was provided accurately and consistently with cDPIs (14, 15).
Hard-shell capsules are commonly used by cDPIs to deliver
drug/formulation to the lungs. The cap and the body are two
open-ended cylinders that make up the hard-shell capsule.
The cap snaps on top of the body to complete the hard-shell
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capsule (16). Based on the film former, these hard-shell
capsules utilized for dry powder inhalers can be further
classified as gelatin, gelatin-polyethylene glycol (PEG), or
hydroxypropyl methylcellulose (HPMC) capsules.

While several studies have been conducted to evaluate
the device’s interaction with the powder formulation (5, 6),
very few studies have been conducted to investigate the
capsule’s influence and role on DPI performance. Existing
studies have looked at drug retention in hard gelatin
inhalation capsules (17), consequences of incorrect storage
of inhalation capsules (18), drug deposition in the capsules
with different lubricant levels (19), puncture test and emitted
dose uniformity testing of a single capsule brand (20), and
control of internal lubricant (21). Recently, some reports
evaluating the aerodynamic performance of a formoterol-
based dry powder formulation using 2 types of capsules
(hypromellose and gelatin) from 2 manufacturers
(Qualicaps® and Capsugel®) under various storage condi-
tions have also been reported (22, 23). However, only carrier-
based formulation was studied.

Despite the few studies investigating inhalation capsules,
they are a critical component in cDPIs. The capsule serves
several important functions, and the properties of the capsule
may significantly affect the performance of the entire product
(24). The capsule is in direct contact with the powder
formulation and thus interactions between the powder and
the capsule surfaces are important to understand. During use,
the capsule interface with the patient is also important (25).
Also, the capsule must be pierced by the inhaler device, and
these formed orifices are important to the exit of the powder
from the capsule. During inhalation, the dynamics of the
capsule motion in the device and the emission of the powder
through the orifices may be primarily responsible for the re-
dispersion of the powder into a respirable aerosol (26).

Thus, it is of interest to conduct investigations of
inhalation capsules if one seeks to develop inhalation
products with optimized performance and reduced variability.
In this study, a comparison of performance between capsule
brands is outlined. Specifically, we evaluated HPMC inhala-
tion capsules from four different suppliers using aerosol
performance analysis through cascade impaction testing using
two different dry powder inhaler powder types as model
formulations. Different from the previous studies given by
Wauthoz et al.(22, 23), our findings in this study led to the
aerosol performance variability, the pierced-flap detachment,
and the hardness and stiffness capsule and formulation type
importance for the achievement of good aerosol
performance.

MATERIALS AND METHODS

Materials

Rifampicin and micronized budesonide (EP) were ob-
tained from Spectrum Chemicals (Gardena, CA, USA).
HPLC-grade ethanol and methanol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Samples of anhydrous
lactose (SuperTabR 22AN) were supplied by DFE Pharma
(formerly DMV-Fonterra, Princeton, NJ, USA). Four sepa-
rate vendors generously provided size 3 HPMC inhalation-
grade capsules: ACGcaps™ HI (ACG), Embocaps® VG

(Suheung), Vcaps® (Capsugel), and Quali-V® I (Qualicaps).
0.22 μm polyethersulfone (PES) syringe filters and Greiner 96
Flat Bottom Transparent Polystyrene (well working volume
25–340 μL; total well volume 382 μL) were all obtained from
Sigma-Aldrich (St. Louis, MO, USA).

Preparation of Budesonide/Lactose Binary Blends

Our carrier-based formulation consisted of budesonide
and large lactose carrier particles. Through a process of
spatulation and geometric dilution, micronized budesonide
was combined with inhalation-grade Inhalac 120 lactose in a
ratio of 1:50 (w/w), then mixed for 40 min at 46 rpm with a
Turbula® orbital mixer (Glen Mills, Clifton, NJ, USA). The
determination of blend uniformity was conducted by evalu-
ating the drug content in the 10 sample powders from each
mixture randomly. Formulations were considered to have
good uniformity and ready for use if the coefficient of
variation (% CV) between the samples for a given blend
was below 5%. The obtained formulations were stored in a
desiccator at room temperature.

Preparation of Micronized Rifampicin

Because of its therapeutic importance for pulmonary
lung infections, rifampicin was chosen as a model medication
for carrier-free delivery. Rifampicin was milled using a Fluid
Energy Model 00 Jet-O-Mizer air jet mill at 75 PSI grind
pressure, 65 PSI feed pressure, and 1 g/min feed rate to
produce particles within the respirable range (27). The
obtained formulations were kept in a desiccator at room
temperature.

Particle Size Measurement

A HELOS laser diffractor was used in conjunction with a
RODOS dry dispersion device to quantify particle size.
During the period when greater than 1% of the optical
concentration was reached, measurements were taken every
5 ms. The Fraunhofer theory was used to solve the article size
distribution (PSD). The overall PSD for the sample was
calculated by averaging the PSD for each measurement
between 5 and 25% optical concentration. The dispersion
pressure was set at 3.0 bar, and the feed table rotation was set
at 20%. Only one measurement was taken for each formu-
lation in this study.

Scanning Electron Microscopy (SEM)

The size and shape of the particles were observed using a
scanning electron microscope (Supra 40VP, Zeiss, Germany).
Prior to SEM, the powder samples were mounted on
aluminum SEM stubs with double-sided carbon tape and
sputter-coated with about 20 nm of platinum/palladium (Pt/
Pd) using a Cressington sputter coater 208 HR under argon
(Cresssington Scientific Instruments Ltd., Watford, UK).

In Vitro Drug Deposition

The aerosol performance of the blended formulations
released from each type of capsule was evaluated using a
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Next-Generation Impactor (NGI) and a low-resistance RS01
Monodose Dry Powder Inhaler (RS01 DPI; Plastiape) (5). In
the RS01 device, four replicates were done at flow rates
comparable to a 4-kPa and 2-kPa pressure drop. The
rationale behind selecting pressure drop of 4 kPa and 2 kPa
for testing to mimic pressure achievable when a typical adult
patient and child patient inhales through an oral DPI,
respectively (28). According to USP criteria, the analysis
was carried out for long enough to extract 4 L of air through
the NGI, and ran at controlled condition with 25 °C/40 RH.
For a carrier-based formulation, 20 mg ± 2 mg of the
formulation was filled each capsule, and 5 capsules were
tested in total per replicate to deposit enough of the drug on
the NGI stages for analytical analysis beyond the detection
limit of the current analytic approach. One capsule was
activated per replicate in the carrier-free formulation. By
washing with ethanol, eliminating lactose with 0.22 m PES
syringe filters, and quantifying using ultraviolet (UV) spec-
troscopy at 240 nm, budesonide powder was collected from
the inhaler device, mouthpiece adapter, preseparator, induc-
tion port, stages 1 to 7, and the micro-orifice collector
(MOC). And by washing the inhaler device, mouthpiece
adapter, preseparator, induction port, stages 1–7, and the
micro-orifice collector (MOC) with methanol, deposited
rifampicin powder was collected and measured using UV
spectroscopy at 340 nm. Ten milliliters of solvent was used to
rinse the DPI device and induct port; 5 mL solvent was used
to rinse the adapter and stages 1 to 5; 3 mL solvent was used
to rinse stages 6 to 7 and MOC; and 15 mL solvent was used
to rinse the pre-separator if applicable. UV spectroscopy was
performed using a Tecan Infinite 200 PRO multimode
microplate reader (Tecan Systems, Inc., San Jose, CA,
USA). The validation of the UV assay method was confirmed
by the value of limit of detection (LOD) (0.003 mg/mL for
budesonide; 0.002 mg/mL for rifampicin), and limit of
quantification (LOQ) (0.007 mg/mL for budesonide;
0.011 mg/mL for rifampicin). Note that no drug retention
has been detected in the syringe filters.

On the basis of the flow rate utilized for each NGI run
(67 L/min or 95 L/min), the cutoff diameters of the NGI from
stages 1 to 7 were determined usingEq. 1, and the MOC
cutoff diameters were determined using Eq. 2.

D50;Q ¼ D50;Qn
Qn

Q

� �x

ð1Þ

D80;Q ¼ 0:14
Qn

Q

� �1:36

ð2Þ

where D50;Q is the cutoff diameter at the flow rate Q, D50;Qn is
the cutoff diameter at the archival reference values of Qn =
60 L/min, and the values for the exponent, x, are taken from
Marple et al.(29) about the archival NGI stage cut size-flow
rate calculations. The aerosol performance parameters
assessed included recovery rate (%), emitted dose (ED)/
emitted fraction (EF), capsule retention dose (CRD)/ capsule
retention fraction (CRF), respirable fraction (RF) using 5 μm

or 3 μm cutoff size (RF< 5 μm, RF< 3 μm), fine particle fraction
(FPF) less than 5 μm or 3 μm (FPF< 5 μm, FPF< 3 μm), mass
median aerodynamic diameter (MMAD), and geometric
standard deviation (GSD). As explanation, recovery rate is
calculated by the percentage (%) of drug amount collected
from all depositions over the initial loaded drug amount; EF
is calculated by the drug mass emitted from the device as a
percentage of the total recovered drug mass; FPF< 5 μm (or
FPF< 3 μm) is calculated by the collected mass less than 5 μm
(or 3 μm) aerodynamic diameter as a percentage of the
emitted drug mass; RF< 5 μm (or RF< 3 μm) is calculated by the
collected mass less than 5 μm (or 3 μm) aerodynamic
diameter as a percentage of the total recovered drug mass;
MMAD and GSD is calculated by plotting the cumulative
percentage of mass as described somewhere else (29, 30). Of
note, for carrier-based formulation, the calculation is only
based on the mass of budesonide itself, instead of the
formulation mass.

Capsule Piercing Characteristics

The pierced capsule pieces (short piece defined as ‘cap’
while long piece defined as ‘body’) were collected after device
actuation. The pierced zone was examined under the
microscope to investigate the presence or absence of attached
‘flaps’. Flaps are defined as the remaining material cut but still
attached to the capsule wall after the piercing of the capsule.
Flap number defined as the number of attached flaps.
Another parameter ‘the open area’ is defined as the pierced
area minus the flap area for each capsule piece. Image
analysis (ImageJ) was used to quantify the pierced hole
openings. For details, the global scale was set first using ruler
image to calibrate 1 mm of the software. Then a polygon
selection tool was used to outline the perimeter of capsule
hole. By adjusting the threshold of each image, the area
inside of the polygon selection can be identified accordingly.

Texture Analysis of DPI Capsules

The force required for deformation and puncture
strength of four HPMC-based capsules were evaluated using
a TA-XT2 analyzer (Texture Technologies Corp, New York,
USA) along with a 0.5-inch diameter cylindrical, acrylic, 35-
mm tall probe (TA-10, Texture Technologies Corp, New
York, USA)(31). To determine the force required to deform
the capsules, sample capsule shells (n = 5) were fixed on a
capsule holder to the stand vertically (Fig. 1a). Further, to
determine the stiffness of the capsule walls, the capsules were
placed on a wider capsule holder to stand horizontally
(Fig. 1b). The acrylic probe was distanced 20 mm above the
sample capsule. The test mode was set to compression, with a
pretest and test speed of 1 mm/s, and a posttest speed of
5 mm/s. The target mode was set to distance, and the distance
was set to 8 mm for the vertical test and 4 mm for the
horizontal test (32). For determining the puncture strength
(vertical) (n = 5), the puncture needle from the DPI used
previously was isolated and fixed on to the acrylic probe
(Fig. 1c). The sample capsule was still fixed vertically as
shown in Fig. 1c, and the test mode and the protocol for the
puncture strength test were maintained the same except for
the distance which was reduced to 6 mm (this corresponded
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to the length of the DPI needle) for the vertical test. The data
and graphs were acquired on the Exponent software (Stable
Microsystems, Godalming, Surrey, UK).

Statistics

The data are presented as mean ± standard deviation
and analyzed using ANOVA analysis with post hoc Tukey’s
multiple comparisons test.

RESULTS

Characteristics of the Selected Formulation

In this study, we used budesonide and large lactose
carrier particles as our carrier-based formulation. The PSD of
the micronized budesonide is shown in Fig. 2a, which has the
median diameter (Dv50) of 1.83 μm, and the Dv50 of Inhalac
120 lactose is 110–115 μm(Table I). SEM images showed that
budesonide particles were absorbed on the surface of Inhalac
120 lactose after blend (Fig. 3). Because of its therapeutic
importance for pulmonary lung infections, rifampicin was
chosen as a model medication for carrier-free delivery. The
PSD of the milled rifampicin is shown in Fig. 2b, with the
Dv50 of 2.45 μm (Table I). From the SEM image, it can be
seen that the morphology of pure rifampicin changes
dramatically before and after micronization, from large
crystal to small drug agglomerates (Fig. 3).

In VitroAerosol Performance

The in vitro aerosol performance of these two formula-
tions delivered from the different four capsules types was
evaluated. Standard inhalation performance measures (EF,
RF, FPF, and MMAD) for each investigated flow rate
condition revealed no statistically significant differences
between the capsule types for carrier-based budesonide
formulation. However, disparities in the variability of these
means were discovered (Table II). Using this model formu-
lation, the Quali-V® I capsules had the highest MMAD
variability at 2-kPa pressure drop (F test P < 0.05), but the
lowest variability at 4-kPa pressure drop (F test P < 0.05). At
4-kPa pressure drop under the studied conditions, the
variability of ACGcapsTM HI, as well as Embocaps® VG,
in terms of RF and FPF, was lower than that of Vcaps® or
Quali-V® I (F test P < 0.05).

At the 2-kPa pressure drop, statistically significant
differences between different capsule types were revealed
for EF and MMAD when evaluating the excipient-free
rifampicin formulation (P < 0.05). ACGcaps™ HI and
Embocaps® VG capsules exhibited higher EF and smaller
MMADs compared with Vcaps® and Quali-V® I capsules
(Table III). For the 4-kPa drop condition, a statistically
significant difference was noted in RF/FPF< 5 µm in between
powder-actuated from Embocaps® VG versus ACGcaps™
HI (P < 0.01) and was noted in RF/FPF< 3 µm between
Embocaps® VG and Quali-V® I (P < 0.05) in this study. In
addition, the variability of EF at 4-kPa drop condition did
differ significantly between ACGcaps™ HI or Embocaps®
VG and Vcaps® or Quali-V® I (F test P < 0.01).

In Vitro Deposition Profiles in the NGIs

Percentage of the nominal dose is shown in Figs. 4 and 5
to reveal the in vitro deposition profiles in the NGIs for drug
released by capsules from four different suppliers. In terms of
carrier-based formulation, Vcaps® tended to retain the drug
significantly from the tested formulations in both 4-kPa and 2-
kPa pressure drop conditions, while the powder actuated
from Quali-V® I showed significantly greater deposition in
inhaler adapter at lower pressure drop condition (Fig. 4).
When considering carrier-free formulation, rifampicin was
found to have a significantly greater deposition in induction
port when delivered from Embocaps® VG at the 2-kPa
pressure drop or ACGcaps™ HI at 4-kPa pressure drop, but
less deposition in stage 1 compared with Quali-V® I and
Vcaps® if emitted by Embocaps® VG or ACGcaps™ HI at
the 2-kPa pressure drop (Fig. 5).

Capsule Piercing Characteristics

Furthermore, we investigated the capsule piercing differ-
ence under the microscope (Fig. 6). Similar to the cascade
impaction-based metrics for aerosol performance when using
the carrier-based model, there were no statistically significant
changes between the open areas after the device pierced the
capsule, yet there appeared to be differences in the variability
of the piercing across different capsule types (Table IV).

Interestingly, Quali-V® I capsules, which exhibited the
most variability in MMAD at the 2-kPa pressure drop among
the capsules studied, also had the most variability in an open
area following piercing (F test P < 0.05). The same trend was
also noted in ACGcaps™ HI at 4-kPa pressure drop,
indicating that there is a potential link between the variability
of MMAD and capsule open area after piercing. No such
relationship was noted with the carrier-free formulation.
Instead, the amount of free space accessible for powder
escape following device piercing varied greatly between
capsule makers. In particular, Quali-V® I capsules appeared
to exhibit a pressure drop dependency on the pierced hole
area, with the lower pressure drop condition resulting in the
smallest open area among the capsules tested and the higher
pressure drop condition resulting in the highest open area
among the capsules though it is unclear if the two variables
are mechanistically linked (Table IV). Since the piercing
needle is the same at each experiment, one explanation for
these pressure drop–related features can be the differences in
the composition of the different capsule suppliers that the
increasing pressure drop may contribute to the detachment of
the capsule flaps after piercing depending on the capsule
composition.

Lastly, the ‘capsule flaps’ may be of importance to the
aerosol performance of drug/formulation powders (33). After
piercing, a flap may attach to the capsule shell and can be
perpendicular to the pierced opening (Fig. 6). Alternatively,
the flap may return to its original position after the DPI
device pin leaves capsule. Lastly, the piercing may remove the
flap entirely. Furthermore, during airflow through the device
upon testing with the NGI, it is possible that the flap becomes
detached due to the turbulent flow, shear, or capsule
collisions. In Table V, we quantified the flap number
difference among the four capsule types. In general, flaps of

AAPS PharmSciTech (2022) 23: 5252 Page 4 of 13



Vcaps®, which were observed to be attached to the capsule
before NGIs, but were observed to detach more frequently
than other capsules after NGIs testing at two pressure drop
conditions in this study. Quali-V® I has the largest flap
number at lower pressure drop condition. Notably, the flap
number of ACGcaps™ HI capsules seems to remain similar
under the different pressure drop conditions. Similar trends
were noted for different formulations used in this study.

Texture Analysis DPI Capsules

All capsules observed two deformation points on the
application of force (Fig. 7a). The first deformation was due
to the inner shell (directly in contact with the probe), which
can be used for estimating the hardness of the entire capsule,
and the second was due to the outer shell. The average force
contributing to each of the mentioned deformations are
depicted in Table VI. ANOVA results among the capsule
groups for the first deformation and the second deformation
were observed to have a significant difference. On conducting
post hoc test, it was noted that the mean scores of
ACGcaps™ HI (M = 627.63, SD = 29.04), Vcaps® (M =
640.60, SD = 26.51), and Quali-V® I (M = 627.63, SD =
29.04) were not different from one another but were
significantly higher than that of Embocaps® VG (M =
415.68, SD = 29.04) for the first deformation force, indicating
that Embocaps® VG capsules have the smallest entire
capsule hardness among others. Although ACGcaps™ HI
(M = 1681.42, SD = 45.99), Vcaps® (M = 1617.88, SD =
41.98), and Embocaps® VG (M = 1811.20, SD = 45.99) were

found to be significantly different from Quali-V® I (M =
1405.83, SD = 45.99); moreover, Embocaps® VG (M =
1811.20, SD = 45.99) and Vcaps® (M = 1617.88, SD =
41.98) were also significantly different in terms of the second
deformation force; unlike the first deformation, this may not
provide us with useful information regarding the capsule
characteristics, since the second deformation occurs due to a
multitude of variables and cannot be considered as a reliable
source of texture.

Furthermore, we calculated the stiffness based on the
horizontal stiffness test. Stiffness is the resistance to defor-
mation (i.e., the area under the curve before the first
deformation hence the unit (g*mm)) (Fig. 7b). As the result
shown in Table VI, Embocaps® VG capsules exhibited the
highest stiffness (5677.5 ± 360.4), followed by Quali-V® I
capsule, whereas Quali-V® I had the lowest values (4805.1 ±
189.5).

Next, we evaluated the puncture strengths for each type
of capsules on the vertical direction, to reflect the hardness of
the domes and body of the capsule separately. Vertically, we
found that the force required by the needle is the least in the
Vcaps® capsule group (Fig. 7c). The post hoc analysis
revealed that the mean scores of ACGcaps™ HI (M =
319.11, SD = 14.03), Quali-V® I (M = 319.11, SD = 14.03),
and Embocaps® VG (M = 315.13, SD = 14.03) were not
significantly different from one another but were significantly
different from Vcaps® (M = 234.89, SD = 12.81) (Table VI),
indicating the domes of Vcaps® capsules had the lowest
hardness.

Fig. 1. Schematics of the a vertical deformation methodology, b horizontal press methodology, and c vertical puncture test

Fig. 2. Particle size distribution (> 0.5 µm) of miconized a) budesonide and b) rifampicin under 3 bar
dispersion pressure
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DISCUSSION

The original dry powder inhalers (DPIs) were single-
dose devices with the powder formulation in a gelatin
capsule, which were introduced in the 1970s. Despite 50 years
of DPIs, and the continuing use of capsule-based devices,
there have been relatively few studies focusing on inhalation
capsules in peer-reviewed literature. In this study, by the
comparison of four commercial size 3 HPMC inhalation-
grade capsules on aerosol performance with two model DPI

formulations, we found that for the model formulation that
contained drug only (i.e. rifampicin) in this study, the capsule
type influenced EF, RF, FPF, and MMAD. Embocaps® VG
was observed to have the best aerosol performance. It had
greater EF at the lower pressure drop and showed promising
RF/FPF data at 4-kPa pressure drop testing in this study. With
greater EF, more of the drug payload is delivered out of the
capsule and the device, potentially indicating better fluidiza-
tion, while improved RF/FPF correlates to improved
deaggregation and more drugs going into the patients’ deep

Table I. Size Distribution (> 0.5 µm) of Micronized Drug Formulations and Carriers

Materials Dv10 (µm) Dv50 (µm) Dv90 (µm)

Micronized rifampicin 0.75 2.45 7.93
Micronized budesonide 0.72 1.83 4.17
Inhalac 120 lactose (specifications from manufacturer) 70–105 110–115 160–215

Fig. 3. Top image shows carrier-based formulation (Budesonide + Lactose) under 100 × , 1000 × , 5000 × , and
10,000 × magnification; bottom image shows carrier-free formulatiom(Rifampicin puredrug) under 100 × , 1000 × ,
5000 × , 10,000 × magnification
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lungs after inhalation. As mentioned above, the advantage of
Embocaps® VG capsule on EF may be attributed to the
outstanding hardness of the entire capsule among all capsules.
In fact, good RF/FPF may also result from superior hardness.
It has been found that the capsule hardness is one component
that regulates the powder dispersion by controlling the
collision velocity between the capsule and inhaler walls (34).
A significant impaction force is generated when the capsule
collides with the capsule chamber wall at a high collision
speed and frequency, which aids powder dispersion (35).
Softness in capsules, on the other hand, can buffer a portion
of the impact force, lowering the capsule motion’s velocity. As
a result, the capsule chamber’s collision frequency is reduced,
and the capsule velocity is altered (34). In addition, the
stiffness of the capsule shell can be translated to the ease of
shock transfer, as stiffer materials transfer shock faster
whereas flexible materials tend to absorb the shock, thereby
delaying the shock transfer and reducing the intensity of the

shock (36, 37). From this relationship, stiffer capsules such as
Embocaps® VG should aid powder desegregation, thereby
depicting a better performance. Further examination of
capsule piercing revealed that, despite major differences
among capsule makers, there appeared to be no effect on
aerosol performance with this formulation.

Budesonide formulation dispersed from different cap-
sules had no significant difference between measurements of
aerosol performance but did show trends in variability. These
variability in aerosol performance can originate from various
sources including the variation of the formulations, environ-
ment, and the capsule used in the study. In terms of capsule
aspect, quality variability caused by manufacturing processing
(38), capsule storage (18), and muptile capsules used for per
NGI testing due to the detection limitation of the analytic
method used in this study for budesonide. Differences in
aerosol performance variability may have significant implica-
tions for in vivo performance and pharmacological efficacy,

Table II. Aerosol Performance Parameters for Budesonide Formulations with Inhalac 120 Lactose Carrier Particles Characterized In Vitro
from Embocaps® VG, Vcaps®, Quali-V® I, and ACG™ HI Capsules at 2-kPa and 4-kPa Drop Condition. Values are Given as the Mean ±

Standard Deviation of N = 4 Replicates (*P < 0.05, **P < 0.01, All Compared with the Vcaps® Group)

Capsules types Embocaps® VG Vcaps® Quali-V® I ACGCAPS™ HI

2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa

Recovery rate (%) 85.5±5.2 85.2±3.9 80.8±2.6 80.8±4.6 92.5±5.4 85.6±3.4 94.8±13.8 85.2±7.2
Emitted dose (mg) 1.3±0.1 1.4±0.1 1.2±0.1 1.2±0.1 1.4±0.2 1.4±0.1 1.4±0.2 1.4±0.1
Emitted fraction (%) 79.7±2.9 84.0±2.6 78.9±1.3 80.5±4.1 82.6±4.1 87.4±3.8 77.6±3.4 86.0±5.1
Capsule retention dose (mg) 0.3±0.1* 0.1±0.2* 0.6±0.5 0.6±0.3 0.4±0.3 0.4±0.2* 0.3±0.2* 0.3±0.4
Capsule retention fraction (%) 1.4±0.7* 0.6±0.9* 2.9±2.2 3.0±1.4 2.2±1.4 1.8±0.9* 1.7±0.9* 1.6±1.8
RF<5 µm (%) 7.8±1.0 12.4±0.6 9.6±2.2 11.0±2.4 8.9±2.7 12.9±2.6 8.4±1.2 11.4±0.4
RF<3 µm (%) 5.8±0.9 9.7±0.5 7.3±1.6 8.6±1.8 7.0±2.0 10.3±2.0 6.2±1.1 9.4±0.6
FPF<5 µm (%) 9.8±1.5 14.8±0.6 12.2±2.8 13.7±2.7 10.9±3.7 14.9±3.4 10.8±1.4 13.3±1.1
FPF<3 µm (%) 7.3±1.3 11.5±0.6 9.3±2.0 10.6±2.0 8.6±2.8 11.8±2.6 8.0±1.3 11±0.3
MMAD (µm) 3.7±0.2 3.3±0.2 3.5±0.2 3.4±0.1 3.4±0.7 3.2±0.1 3.7±0.2 3.0±0.3
GSD 1.3±0.1 1.3±0.1 1.2±0.0 1.3±0.1 1.3±0.2 1.3±0.1 1.2±0.1 1.3±0.1

RF, respirable fraction; FPF, fine particle fraction; MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation

Table III. Aerosol Performance Parameters for Rifampicin Formulations Characterized In Vitro from ACGcaps™ HI, Embocaps® VG,
Vcaps®, and Quali-V® I capsules at 2-kPa and 4-kPa Drop Conditions. Values are Given as the Mean ± Standard Deviation of N = 4

Replicates (▲P < 0.05, ▲▲P < 0.01; All compared with the Embocaps® VG Group)

Capsules types Embocaps® VG Vcaps® Quali-V® I ACGCAPS™ HI

2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa

Recovery rate (%) 89.5±6.2 88.8±2.2 86.2±4.4 87.3±4.5 85.3±4.5 85.8±5.6 85.3±1.0 86.9±2.3
Emitted dose (mg) 15.6±0.9 16.3±0.3 15.1±1.2▲ 15.5±0.4 15.1±1.3▲ 15.0±0.7 14.2±0.6 16.5±0.5
Emitted fraction (%) 89.9±1.7 93.5±0.5 85.5±2.6▲ 90.3±2.7 85.0±1.9▲ 88.6±3.8 86.5±1.9 92.6±0.7
Capsule retention dose (mg) 0.3±0.2 0.3±0.2 0.7±0.3 0.9±0.5 0.8±0.4 1.0±0.6 0.5±0.2 0.4±0.1
Capsule retention fraction (%) 1.8±1.1 1.5±0.8 3.3±1.2 4.7±2.7 3.7±2.1 5.1±2.5 2.8±1.3 2.0±0.5
RF<5 µm (%) 45.0±4.6 49.2±2.7 43.7±1.8 42.2±5.6▲ 40.9±4.8 43.6±3.2▲ 45.0±4.4 38.9±4.6▲▲

RF<3 µm (%) 30.0±5.5 33.1±2.8 26.0±1.4 25.9±5.1▲ 25.9±3.5 28.2±2.5▲ 28.1±4.2 25.1±3.3▲

FPF<5 µm (%) 50.1±5.3 52.6±3.0 51.1±3.1 46.7±5.3▲ 48.1±5.4 49.2±3.1▲ 51.96±4.55 41.99±3.2▲▲

FPF<3 µm (%) 33.5±6.4 35.4±3.1 30.4±2.1 28.6±5.1▲ 30.5±4.2 31.8±2.0▲ 32.5±4.5 27.1±3.3▲

MMAD (µm) 4.2±0.5 4.3±0.3 5.1±0.2▲ 5.3±1.0 5.1±0.3▲ 4.9±0.6 4.5±0.5 4.6±0.7
GSD 1.4±0.0 1.4±0.0 1.4±0.0 1.5±0.0 1.4±0.0 1.4±0.1 1.4±0.0 1.4±0.0

RF, respirable fraction; FPF, fine particle fraction; MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation
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especially for very powerful medications where consistency of
administration is critical (39). Quali-V® I had larger variabil-
ity in MMAD at lower pressure drop and conversely had
smaller variability at high-pressure drop in this budesonide
formulation study. This indicates greater consistency in
aerodynamic diameters at a higher pressure drop in Quali-
V® I capsule for budesonide formulations. ACGcaps™ HI as
well as Embocaps® VG also showed less variability in RF
and FPF at the higher 4-kPa pressure drop for budesonide
formulations. The trend showed that for budesonide formu-
lations, there is a correlation between pressure drop condition
and precision of aerosol performance, with higher pressure

producing higher aerosol performance precision. Depending
on the application and the product being developed, differ-
ences in the in vitro deposition profiles similar to those
observed in these studies may become important in the
selection of a capsule for a particular formulation. For
example, based on the in vitro deposition profile, Vcaps®
showed the most retention of the drug in the capsule after
NGI, while Embocaps® VG showed the least for the
budesonide–lactose formulation tested here. This can be
correlated by the hardness of the capsule since Embocaps®
VG capsule also showed the most hardness of the entire
capsule in our study, and Vcaps® capsule was softer. The

Fig. 4. Deposition of budesonide actuated from Embocaps® VG (Suheung), Vcaps® (Capsugel), Quali-
V® I (Qualicaps), and ACGcaps™ HI (ACG) in different NGI stages at 2-kPa (a) and 4-kPa (b) pressure
drop conditions. Data are shown as the mean ± standard deviation and analyzed by ANOVA analysis with
post hoc Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, N = 4 replicates
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hardness of the entire capsule can contribute to the drug/
formulation powder release in two different aspects. Firstly,
the high velocity of capsule–inhaler wall collisions help
powder de-agglomerate(40, 41). On the other hand, the
collisions may cause a capsule with less stiffness or hardness
to be more easily deformed during powder release from the
system. Less momentum transfer during the capsule–device
collisions will be transferred to the powder within the capsule
when softer, less rigid materials are used. Previously, we
showed that momentum transfer events between particles
within DPIs is important for aerosol performance (5).
Therefore, the capsule physical and chemical factors can play

a significant role in determining aerosol performance. Addi-
tionally, differences in the physicochemical properties of the
dry powder formulations utilized in this study may have
resulted in differences when comparing the aerosol perfor-
mance of the capsules. As evidenced by the differences in
dispersion efficiency between the carrier-based budesonide
formulations (between 10 and 15% FPF) and the carrier-free
rifampicin formulations (between 30 and 40% FPF), the
formulations tested had different levels of dispersibility. Small
changes in capsule performance were unlikely to significantly
modify the performance of the carrier-based budesonide
formulations which were characterized by high degrees of

Fig. 5. Deposition of rifampicin actuated from Embocaps® VG (Suheung), Vcaps® (Capsugel), Quali-V®
I (Qualicaps), and ACGcaps™ HI (ACG) in different NGI stages at 2-kPa (a) and 4-kPa (b) drop
conditions. Data are shown as the mean ± standard deviation and analyzed by ANOVA analysis with post
hoc Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, N = 4 replicates
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adhesiveness. In contrast, the carrier-free rifampicin formu-
lations, which was more easily dispersed, may reveal the
influence of small changes in capsule properties in the aerosol
performance data.

Of note, in the case of our carrier-free rifampicin
formulation, EF is not significantly different at 4 kPa between
Embocaps® VG and ACGcaps™ HI, but there is a signifi-
cant difference in the FPF, which was unexpected considering
that the same formulation at the same pressure drop was
tested. The differences in FPF may be due to the underlying
mechanisms of powder emission (fluidization and entrain-
ment) differing from the mechanisms of dispersion
(deaggregation of the entrained powder) (19, 42, 43). Thus,
even though EF is not different between selected capsule
types, FPF can be different. EF is determined by the collision
with the inhaler walls and internal structures, as well as the
powder charging that affects the powder detachment from
capsule wall surfaces; in addition, entrainment in the airflow
is required; but for FPF, only deaggregation caused by
powder–device interactions of sufficient energy can contrib-
ute to it for exactly the same formulation at the same pressure
drop.

Based on our data, by comparing the aerosol perfor-
mance between formulation, it is obvious that different
conclusion about the effect of capsule types on powder
aerosol performance can be obtained from different formulation
cases. For example, ED takes into account the amount of drug
emitted from both the capsule and the device, and the device
retention is much lower for carrier free as compared with carrier-
based formulation, but within the same formulation, there is no
difference based on the changes in the pressure drop. This suggests
that the energy of collisions and subsequent deaggregation may
overcome to a greater extent the cohesive particle–particle
interactions in the carrier-free formulation which may be weaker
than the adhesive drug–carrier forces in the carrier-based formu-
lations. Based on our data, it may be worth to draw the conclusion
that formulation type and capsule property are interdependent on
aerosol performance. Moreover, formulation type has a larger
impact than capsule property for powder aerosol performance.
However, studies with other carrier-based/ carrier-free formula-
tions may be necessary to assess the relationship of formulation
differences with capsule properties on aerosol performance.

In the examination of capsule piercing, in the case of
carrier-based formulation, though no significant differences in
the size of the pierced hole in a different capsule as well, the

Fig. 6. Representative microscope images of the pierced openings of capsule shells from different capsule suppliers (Embocaps® VG
(Suheung), Vcaps® (Capsugel), Quali-V® I (Qualicaps), and ACGcaps™ HI (ACG)) with or without flap

Table IV. Open Area Difference After Piercing Capsules for Carrier-Based Budesonide Formulations and Carrier-Free Rifampicin
Formulations Characterized from ACGcaps™ HI, Embocaps® VG, Vcaps®, and Quali-V® I Capsules at 2-kPa and 4-kPa Drop Conditions.
Values are Given as the Mean ± Standard Deviation of N = 20 Replicates for Carrier-Based Budesonide Formulations and N = 4 for Carrier-

Free Rifampicin Formulations (♣P < 0.05, ♣♣P < 0.01; All Compared with the Quali-V® I Group)

Capsules types Embocaps® VG Vcaps® Quali-V® I ACGCAPS™ HI

2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa

Cap open area after piercing (mm2) Carrier-based 1.6±0.1 1.4±0.1 1.6±0.1 1.5±0.2 1.9±0.6 1.7±0.2 1.7±0.3 1.9±0.4
Carrier-free 1.7±0.1 1.6±0.1 1.8±0.2 1.6±0.1 1.6±0.0 1.7±0.2 1.6±0.0 1.7±0.2

Body open area after piercing (mm2) Carrier-based 1.7±0.2 1.5±0.2 1.2±0.3 1.6±0.1 1.6±0.3 1.6±0.1 1.6±0.1 1.9±0.3
Carrier-free 1.6±0.1 1.5±0.1 1.7±0.2 1.6±0.1 1.5±0.2 1.6±0.1 1.4±0.3 1.9±0.3

Total open area after piercing (mm2) Carrier-based 3.3±0.2 2.9±0.3 2.8±0.4 3.1±0.4 3.3±0.9 3.3±0.3 3.3±0.4 3.5±0.7
Carrier-free 3.3±0.18 3.1±0.2 3.5±0.3♣ 3.2±0.0♣ 3.0±0.2 3.7±0.5 3.3±0.5 3.6±0.3
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variability of this set of data appeared to have a potential
relationship to the variability of MMAD. However, further
studies need to be conducted to verify the existence of this
relationship. However, when applying carrier-free formula-
tion, Quali-V® I capsules appeared to exhibit a pressure drop
dependency on the area, with the lower pressure drop
condition resulting in the smallest open area and the higher
pressure drop condition resulting in the highest open area
among the capsules. Since the piercing needle is the same at
each experiment, one explanation for this pressure drop–
related trend can be the differences in the hardness of the
capsule domes (where piercing is applied) from different
capsule suppliers. The existed study has shown that a harder
capsule dome increases puncture force, which is bad for

aerosol performance (44). The same conclusion can be
obtained from our study as well, in which Embocaps® VG
owned the smaller hardness of the capsule’s domes.

Additionally, the ‘flap’ number differences among differ-
ent capsules may result from the stiffness and hardness of the
capsule domes. Many previous studies reported less force on
both the puncturing of the shell and, in crushing the ends,
produced more regular aperture in shape but less shedding of
pieces (34, 45, 46). From our study, Vcaps® capsule, with high
capsule dome hardness, had fewer flaps attached after device
actuation and powder emission. Therefore, it may be
reasonable to conclude that the capsule domes with high
hardness could result in less flaps after piercing.

Lastly, result differences between these HPMC

Table V. Flap Number and Flap to Capsule Fraction Difference for Carrier-Based Budesonide Formulations and Carrier-Free Rifampicin
Formulations Characterized from ACGcaps™ HI, Embocaps® VG, Vcaps®, and Quali-V® I Capsules at 2-kPa and 4-kPa Drop Conditions.
Flap Number is Defined as the Number of Attached Flaps on the Capsule Pieces After NGI. Flap to Capsule Fraction is Defined as the Portion

of Capsule Pieces with Attached Flaps Among All Actuated Capsule Pieces

Capsules types Embocaps® VG Vcaps® Quali-V® I ACGCAPS™ HI

2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa 2 kPa 4 kPa

Total flap number after NGI Carrier-based 21 24 15 11 33 25 28 28
Carrier-free 6 3 2 2 7 3 5 3

Flap to piercing fraction after NGI (%) Carrier-based 52.5 60 37.5 27.5 82.5 62.5 70 70
Carrier-free 75 37.5 25 25 87.5 37.5 62.5 37.5

Fig. 7. a Graphical representation of the first and second deformations observed in Embocaps® VG, Vcaps®, Quali-V® I, and ACGcaps™
HI DPI-grade capsules tested by vertical deformation methodology. b Graphical representation of the force changes observed in
Embocaps® VG, Vcaps®, Quali-V® I, and ACGcaps™ HI DPI-grade capsules measured by horizontal press methodology. c Graphical
representation of the average puncture strength observed in Embocaps® VG, Vcaps®, Quali-V® I, and ACGcaps™ HI DPI-grade
capsules in vertical puncture test

Table VI. Descriptive Statistics for the Texture Properties of Quali-V®, ACGcaps™ HI, Embocaps® VG, and Vcaps® DPI-Grade Capsules
(▲P < 0.05, ▲▲P < 0.01; All Compared with the Embocaps® VG Group; ♣P < 0.05, ♣♣P < 0.01; All Compared with the Quali-V® I Group;

*P < 0.05, **P < 0.01, All Compared with the Vcaps® Group)

Capsule type Deformation (vertical) Capsule Stiffness (horizontal) (g*mm) Puncture strength (g)

First deformation (g) Second deformation (g)

Embocaps® VG 415.7±63.9 1811.2±101.3♣♣ 5677.5±360.4♣♣ 315.1±50.2**
Vcaps® 640.6±47.4▲ 1617.9±140.7▲♣ 5102.8±134.1▲♣ 232.5±18.3
Quali-V® I 670.5±96.4▲ 1405.8±69.2 4805.1±189.5 319.1±25.3**
ACGcaps™ HI 627.6±41.6▲ 1681.4±81.7♣ 5325.6±241.2♣ 272.5±25.9*
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inhalation-grade capsules may due to the capsule composition
(e.g., different types of HPMC), processing, and manufactur-
ing detail differences (not publicly available). Consideration
of the relationship between capsule properties and processing
history in future studies could provide additional insights.

CONCLUSION

In conclusion, we discovered in this study that selection
of inhalation-grade capsules can be a crucial component in
the creation of future innovative inhalation therapies. De-
pending on the DPI formulation and the intended perfor-
mance goals, the best capsule type will be determined. The
capsule type influenced EF, RF, FPF, and MMAD in the
carrier-free formulation (e.g., rifampicin in this study). Even
though no statistically significant changes in performance
were discovered for the carrier-based formulation, aerosol
performance variability as well as pierced-flap detachment
may influence capsule type selection. Overall, for the specific
budesonide carrier-based formulation tested in this study,
Embocaps® VG capsule displayed lowest variability, and for
the rifampicin carrier-free formulation, this capsule type also
showed improved aerosol performance. In developing new
inhaled capsule-based formulations, product development
should evaluate different capsule system to find optimal
performance.
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