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Introduction: Dry powder inhalations are an attractive pharmaceutical dosage form. They are environmentally friendly, portable, and
physicochemical stable compared to other inhalation forms like pressurized metered-dose inhalers and nebulizers. Sufficient drug
deposition of DPIs into the deep lung is required to enhance the therapeutic activity. Nanoscale surface roughness in microparticles
could improve aerosolization and aerodynamic performance. This study aimed to prepare microspheres with nanoscale dimples and
confirm the effect of roughness on inhalation efficiency.

Methods: The dimpled-surface on microspheres (MSs) was achieved by oil in water (O/W) emulsion-solvent evaporation by
controlling the stirring rate. The physicochemical properties of MSs were characterized. Also, in vitro aerodynamic performance of
MSs was evaluated by particle image velocimetry and computational fluid dynamics.

Results: The particle image velocimetry results showed that dimpled-surface MSs had better aerosolization, about 20% decreased
X-axial velocity, and a variable angle, which could improve the aerodynamic performance. Furthermore, it was confirmed that the
dimpled surface of MSs could cause movement away from the bronchial surface, which helps the MSs travel into the deep lung using
computational fluid dynamics.

Conclusion: The dimpled-surface MSs showed a higher fine particle fraction value compared to smooth-surface MSs in the Andersen
Cascade Impactor, and surface roughness like dimples on microspheres could improve aerosolization and lung deposition.
Keywords: nanoscale dimple, aecrodynamic performance, particle image velocimetry, computational fluid dynamics

Introduction

Dry powder inhalers (DPIs) are attracting attention as treatments for lung diseases. DPIs have propellant-free, portable, and
stable physicochemical properties and offer environmental and economic advantages. Successful therapy using DPIs depends
upon the formulation, the aerosol device, and the patient.'> This study investigated the effect of aerodynamic behavior on the
dimpled nanostructure of microspheres. Microparticle roughness has been reported to have either a positive or a negative
effect on pulmonary delivery. The negative effects of increased roughness were increased drug adhesion and particle-particle
interaction in micro-level roughness.’ In contrast, a positive effect was the reduction of particle-particle interactions due to
nano-level roughness.* ® Furthermore, differences in surface roughness can also affect powder behavior in terms of particle
velocity and the diversity of directions as it exits the device and moves within the lungs.”* The dimpled structure and increased
roughness of a golf ball allow for a four-times greater travel distance than does a smooth ball because of its reduced drag and
lift. This causes the air to move faster at the top of the ball, creating a lower pressure there.”'® A dimpled nanostructure in

microspheres can provide better aerodynamic behavior, similar to that of a golf ball. Increased roughness that does not have
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interlocking structures can show an improved aerodynamic performance owing to reduced particle-particle interactions and
the behavior of the particles coming from the device and into the lungs.'" ™'

Dimpled microspheres have been prepared by a spray dryer, droplet imprinting, and the emulsion method.'>™” The
oil in water (O/W) solvent evaporation method is the simplest approach and obtains a high yield with a narrow particle
size distribution.'®° Dimpled- surface and smooth-surface microspheres, consisting of budesonide (BUD) and poly
(D, L lactic-co-glycolic acid) (PLGA) were made using the O/W solvent evaporation method.”’ We controlled for the
shear rate in the solvent evaporation steps. They had similar sizes, distribution, and physicochemical properties, but
different surface morphology.*?

Particle image velocimetry (PIV) is a technique for capturing flow fields in fractions of a second. Particle characteristics
such as velocity and direction can be quantified and analyzed in the obtained images. We confirmed the effect of the dimpled
structure of the microparticles using a PIV system. Computational fluid dynamics (CFD) simulation is the study and
calculation of fluid flow using computer simulations. CFD is a branch of fluid mechanics that uses numerical methods and
algorithms for analyzing and resolving problems related to fluid flow.**** The CFD method has recently been used to predict
the behavior, distribution area, and deposited amount of inhalation formulation delivered via the pulmonary route.”> >’ The air
velocity and pressure around the prepared MSs and their behavior within the bronchiolar walls were predicted.

This study prepared dimpled-surface microspheres and smooth-surface microspheres with BUD and PLGA using O/
W solvent evaporation. The microspheres were evaluated to have similar size distribution, morphology, and physico-
chemical properties but different surface morphologies. We used atomic force microscopy to measure the depth of the
dimples. We evaluated their aerodynamic performance using the Andersen Cascade Impactor and particle image
velocimetry. Particle behavior on the bronchiolar surface was also predicted by CFD.

Materials and Method

Materials

Budesonide (BUD) was provided by INIST (Hwaseong-si, Korea). Poly (D, L lactic-co-glycolic acid) (PLGA) 503H was
supplied by Evonik, Ltd. (Essen, Germany). Polyvinyl alcohol 500 (PVA 500) was purchased from the OCI Company,
Ltd (Seoul, Korea). InhalLac 230 was provided by the Masung & CO Ltd. (Seoul, Korea). Methanol, dichloromethane
(DCM), and acetonitrile (ACN) were high-performance liquid chromatography (HPLC) grades and purchased from
Honeywell Burdick & Jackson Ltd. (Muskegon, MI, USA). Other chemicals were analytical grade and used as received.
All experiments were carried out using Milli-Q distilled water.

Preparation of the Dimpled-Surface and Smooth-Surface Microspheres

Dimpled-surface MSs were prepared by O/W emulsion solvent evaporation as depicted in Figure 1. 500 mg PLGA 503H
and 250 mg budesonide were dissolved in 25 mL dichloromethane methanol solution (9:1 v/v). They were placed into
500 mL of 0.2% polyvinyl alcohol at 1 mL/sec in a high-speed dispersion homogenizer (S18N-19G, IKA, Staufen,
Germany) at 6000 rpm for 2 minutes to form an O/W emulsion. Next, we subjected the mixture to a different stirring rate
with a mechanical stirrer (RW20 Digital, IKA, Staufen, Germany) in the range of 100 to 2000 rpm to dilute as shown in
Table 1 and evaporate the solvent over 3 hours at 37 °C. The particles prepared at 100 rpm were named smooth-surface
microspheres. The emulsion was first centrifuged at 500 rpm for 1 minute to eliminate the non-encapsulated budesonide
particles and the resulting supernatant was collected. Next, the collected supernatant was centrifuged at 1500 rpm for 5
minutes. The smooth- and dimpled-surface microspheres were washed three times with distilled water before being
collected using a 0.45 um filter (Whatman, Clifton, NJ, USA) and distributed with 5 mL of distilled water. Finally, the
smooth- and dimpled-surface microspheres were pretreated and lyophilized for two days at —50 °C. The prepared
formulations were kept in a glass vial containing silica gel at —20 °C until used.

Morphology of Dimpled-Surface and Smooth-Surface Microspheres
We obtained scanning electron microscope (SEM) images of the dimpled-surface and smooth-surface MSs with the
GEMINI LEO 1530 (Zeiss Ltd., Jena, Germany). The samples were mounted on an aluminum plate using carbon tape
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Figure | Schematic of preparing dimpled surface microspheres and chemical structure of budesonide and PLGA.

and the unattached particles were blown off. They were then placed inside a Hummer VI sputtering device (Minneapolis,
MN, USA) and coated with a thickness of 200 A platinum to discharge the particles. Magnifications were %5000,
x10,000, and %20,000. A voltage of 2 kV was applied.

Particle Size Distribution, Tapped Density, and Atomic Force Microscopy of

Dimpled-Surface and Smooth-Surface Microspheres

The dimpled-surface and smooth-surface MSs were dispersed in distilled water for particle size distribution and measured
using laser diffraction particle sizing (Mastersizer 3000, Malvern, Worcestershire, UK). The tapped density of the prepared
formulations was measured using a 1-cc Luer-Lock syringe with a cap (BD Luer-Lok™, BD Bioscience, New Jersey, USA)
and a linear scale with 0.01 mL increments. The syringe was filled with 100 mg of powdered sample and then tapped
manually on a flat workbench until the volume remained constant. The volume was noted as the tapped volume and
measured three times. Atomic force microscopy (AFM, Dimension Icon, Billerica, MA, USA) was used to analyze the
surface topography of the prepared MSs. AFM images were acquired in the air by employing the conventional tapping mode.
The samples were placed onto carbon tape and scanned using TESP-V2 cantilevers (Bruker). The images were captured with
a scan size of 5 um x 5 um at a scan rate of 0.4 Hz. The images were analyzed using NanoScope Analysis 1.5 version
software (Bruker). The root means square roughness (RMS) values were calculated from the AFM height deviation and the

mean height value of each scan with the following equation (Equation 3).***
WP4+m+hnA+.. .+ "
RMS\/'+2+3+ R A3)
n

Physicochemical Properties of Dimpled-Surface and Smooth-Surface Microspheres
Differential Scanning Calorimeter

The thermal properties of the prepared MSs were analyzed using a Q2000 (TA Instruments Ltd., New Castle, DE, USA).
The samples were heated from —10°C to 300°C at a rate of 10°C/min under a nitrogen flow of 50 mL/min.

Table | Preparation of Dimpled- and Smooth-Surface Microspheres. Effect of Mechanical
Stirring Rate

Formulation B5R100 B5R600 B5R1000 B5R2000
PLGA 503H (mg) 500 500 500 500
Budesonide (mg) 250 250 250 250
Mechanical stirring rate (rpm) 100 600 1000 2000
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Powder X-Ray Diffraction

PXRD was performed under ambient conditions using X’Pert PRO MRD (PANalytical Ltd., Almelo, The Netherlands)
with Cu Ko radiation generated at 40 mA and 40 kV. The samples were placed on a silicon plate at room temperature,
and 20 scans were collected from 5° to 60°.

Fourier-Transform Infrared Spectroscopy
Fourier-transform infrared (FT-IR) spectroscopy was performed on the prepared MSs in the range of 500 to 4000 cm
using a Cary 670 (Agilent, Santa Clara, CA, USA).

Encapsulation Efficiency and Drug-Loading Amount of Dimpled-Surface and

Smooth-Surface Microspheres

The prepared BSR1000 and B5SR100 formulations were selected as dimpled-surface and smooth-surface MSs. We measured
their encapsulation efficiency with the validated HPLC method. The mobile phase was used acetonitrile and buffer (10mM
sodium dihydrogen phosphate dihydrate and 10mM decane sulphonic acid) in a 6:4 (v/v) ratio. We dissolved 10 mg of the MSs
in 50 mL of mobile phase solution using a Branson Model 8510 Ultrasonic Cleaner (BRANSON Ltd., St Louis, MO, USA) for
30 minutes. The analysis was performed with an Ultimate 3000 HPLC system (Thermo Scientific Ltd., Waltham, MA, USA)
and a 5 um, C18 column (100A, 250 mm x4.6 mm) from Phenomenex Ltd. (Torrance, CA, USA). The mobile phase was
delivered at a flow rate of 0.5 mL/min. The detection wavelength was set at 222 nm, and the injection volume was 20 pL. The
calibration curve was linear at a range from 1 to 100 pg/mL (r* = 0.99997). We calculated the entrapment efficiency (%) and
drug loading (%) using equations Equations 1 and 2 as below, conducting all measurements in triplicate:

. . o/\ __ Amount of drug in microspheres
Encapsulation efficiency (%) = =528t of drug > 100 €))

. Amount of drug encapsulated in microspheres
o — )
Drug loadmg( /0) - Total amount of microspheres x 100 (2)

Preparation of the Carrier-Based Formulations

The dimpled-carrier formulation and the smooth-carrier formulation were prepared by mixing the dimpled-surface and
smooth-surface MSs with InhaLac 230 (1: 9 w/w). After the mixture was created, we analyzed the uniformity of the drug
content in 50 mg samples at three positions (Top, middle, and bottom) using the Ultimate 3000 HPLC system with the same
conditions as in Encapsulation Efficiency and Drug-Loading Amount of Dimpled-Surface and Smooth-Surface Microspheres.

Aerodynamic Performance of Carrier-Based Formulations

The aerosol performance of carrier-based formulations with the HandiHaler (Boehringer Ingelheim Pharmaceuticals, Inc,
Ingelheim am Rhein, Germany) device was evaluated by using carrier-based formulations and an eight-stage nonviable
Anderson cascade impactor (ACI) (TE-20-800, TISCH Environmental, Inc., Cleves, OH, USA) following the USP Chapter
<601> specification for aerosols. A flow rate of 60 L/min was set and confirmed before each experiment using a flow meter
(DFM 2000, COPLEY Scientific, Nottingham, UK). The ACI stage collection plates were coated with silicone oil to prevent
particle bounce and re-entrainment during the test. Number 3 gelatin capsules were manually filled with 20 mg of each of the
carrier-based formulations. A mouthpiece was mounted in the induction port, and the devices were inserted into that. The
experiments were performed using a flow rate of 60 L/min for four seconds, and 20 capsules were used for each set of
experiments. We quantified the amount of drug remaining in the capsules and distributed it onto the collection plate of each state
using modified HPLC methods. We determined the aerodynamic cutoff diameters of each stage as 8.6 pm, 6.5 pum, 4.4 um, 3.3
um, 2.0 um, 1.1 um, 0.54 um, and 0.25 pm for stages —1 to 6 at a flow rate of 60 L/min. The emitted dose (ED) was intended to
be the percentage of the difference between the initial weight and the remaining weight of the drug in the capsule after
aerosolization. The fine particle fraction (FPF) indicated the ability of the particles to reach the respirable region with an
aerodynamic size of about 5.0 um or less. The FPF is expressed as the proportion of drug amount collected at stages 1 through 6
in the ED based on the following equations (Equations 4 and 5):
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The total dose in the capsule — Drug amount remaining in the capsule .

Emitted dose(ED)% = 100 “)

The total dose in capsules

Total drug amount on stages1 through 6
*

Fi rticle fraction(FPF)% =
ine particle fraction(FPF)% Emitted drug amount

100 (5)

The mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) were calculated from the
drug mass deposited in the ACI stages.

Particle Image Velocimetry of Dimpled-Surface and Smooth-Surface Microspheres

The PIV system is depicted in Figure 2. Number 3 gelatin capsules were filled with 15 mg of dimpled-surface and
smooth-surface MSs. The HandiHaler (Boehringer Ingelheim Pharmaceuticals, Inc, Ingelheim am Rhein, Germany)
device was mounted within a clear acrylic cube (200 x 200x200 mm). A flow rate of 60 L/min was formed using
a vacuum pump. (Edwards, Lomma, Sweden) An 8-mV laser sheet beam (specification, 532 nm) was produced parallel
to the device with a diode laser (LaserLab, Yongin, Korea). Particle behavior images were obtained at 8000 frames/
second, and 640x480 pixels with a high-speed camera (HAS-D71M, DITECT Corporation, Tokyo, Japan) positioned
perpendicular to the laser sheet plane. The chamber was divided into 50x50 grids, and the images were processed by PIV
analysis software (Flownizer 2D, DITECT Corporation). Particle velocities were obtained in images between two frames

using the combined algorithm of recursive cross-correlation.

Computational Fluid Dynamics of Dimpled-Surface and Smooth-Surface Microspheres
The behavior of the dimpled-surface and smooth-surface MSs on bronchial surfaces was investigated using three-dimensional
computational models with commercial FLUENT CFD software (ANSY'S V6.3.26). The geometry of the airflow channel was
extracted, and the mesh in the domain was generated with Gambit 2.4.6. We analyzed the generation in 14 bronchioles, which
are asthma sites, as well as the deep lung. The flow rate (7.875 cm’/sec), diameter (0.71 mm), and length (1.57 mm) were
designed based on the literature.'***** Dimpled-surface MSs, with a 4-um diameter and 900-nm dimples, were designed as an
icosahedron. Five inflation layers were applied to the dimpled wall for more accurate results. The density and viscosity of air
were measured as 1.225 kg/m® and 1.784 e > kg/msec, respectively. The dimpled-surface MSs and spaces had computation
meshes of 4.0x10° tetrahedral cells. The turbulent flow was described with the Reynolds-averaged Navier—Stokes (RANS)
equation and was solved using the SIMPLE algorithm. The second-order upwind scheme was also used for the discretization
of the momentum equation. For the three-dimensional transient flow, the continuity and momentum equations were defined as
(Equations 6-8):

dp 0
o on (pui) =0 (6)
0 0 o°P Ot
Py (pui) + o (puiuy)= p + o +pgi+Fi (7
where s tensor (t3) is given by
Ou; Ou;
b )

Where P is the static pressure; p is the density; ¢ is the time; x; and u; are the position and velocity components,
respectively; pg; is the gravitational force, and F; is the external force. A turbulence model was also needed to describe
the swirl flow motion and vortex. The k-® turbulence model, which uses the turbulent kinetic energy and the specific
dissipation rate in the vicinity of a wall, was selected for the modeling since it can express ® in a simple mathematical
expression instead of a complex attenuation function. The equations related to the k-o turbulence model were as follows
in Equations 9-11:
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Figure 2 Particle image velocimetry. (A) Schematic of the PIV system and (B) grids of the PIV image for analysis.
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In the equations, k represents the turbulence kinetic energy; « the specific dissipation rate; G, the turbulence kinetic
energy generation owing to the average velocity gradient; G, the generation of the specific dissipation rate; and Yy and
Y., the extinction of k and , respectively, caused by turbulence. Dy is a cross-diffusion term; Sy and S, are source terms,
and I' is the turbulence diffusion coefficient. The flow rate and pressure changes around the prepared MSs were
calculated according to the distance (3 um, 6 pm, and 9 pm) from the bronchial wall. All of the output data were
obtained from iterates that solved the process until the residual error reached 107,

Statistical Analysis
All statistical analyses were conducted using the nested #-test using GraphPad Prism 8 (release 8.4.2, San Diego, CA,
USA). P-values smaller than 0.05 were considered statistically significant.

Results and Discussion

Preparation of Dimpled-Surface and Smooth-Surface Microspheres

Budesonide-PLGA microspheres with dimpled-surface were prepared by O/W emulsion, which resulted in uniform
particles. All prepared formulations were white powders. The SEM images of micronized BUD, PLGA 503H, and MSs
prepared by different mechanical stirrer rates are shown in Figure 3. Micronized BUD was in an irregular, angular, and

Figure 3 SEM micrographs of micronized budesonide, PLGA 503H, and microspheres according to mechanical stirring rate (A) Micronized budesonide (%20,000) (B) PLGA
503H (x10,000), (C) B5SR100 (x5000), (D) B5R600 (x5000), (E) B5SR1000 (x5000), and (F) BSR2000 (x5000).
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crystalline form. PLGA 503H showed a fibrous morphology. The BSR100 showed sphere-shaped microsphere with
smooth-surface. However, the BSR600, BSR1000, and BSR2000 were spherically shaped with dimpled-surfaces which
could create by an increased solvent evaporation rate. BSR1000 had the most uniform dimpled-surface. But, in BSR600
and B5R2000, small and large dimples are mixed, and even within one particle, dimple-surface and smooth-surface are
mixed. Rippled surfaces and air movement created by the high speed of a mechanical stirrer could provide an increased
evaporation rate and fast shell formation.>'*? The formation of the dimpled structure on microspheres is supposed to
originate from crashes with smaller spheres. That evoked bulking effect during the solidification of PLGA particles.'® It
has a fast evaporation rate effect on the shell formation rate and increased collision in a small emulsion that creates
dimpled-surfaces. However, an excessive or low rotational speed can cause uneven surface formation. The effect of the
drug-polymer ratio and the evaporation rate by shear rate was confirmed. In this study, BSR100 and BSR1000 were
chosen as models for smooth-surface MSs and dimpled-surface MSs, respectively.

Size Distribution, Tapped Density, and Surface Roughness of Dimpled-Surface and

Smooth-Surface Microspheres

The particle size distribution of the prepared formulations is shown in Table 2. Prepared formulations had similar particle
size distributions. The Dvs, value of the dimpled-surface MSs was 4.3 um and that of the smooth-surface MSs was 4.7
um. The measurements were in good agreement with the observations from the SEM images. The prepared formulations
were observed to have similar tapped densities. The tapped density of the dimpled-surface MSs was 0.59 + 0.05 g/cc and
that of the smooth-surface MSs was 0.58 + 0.01 g/cc. Since there is no significant difference in particle size and density,
the difference in aerodynamic performance of dimple-surface MSs and smooth-surface MSs is derived from the surface
structure. AFM images of the prepared MSs were taken and analyzed as in Figure 4. The depth of the dimples was about
186.4 + 51.4 nm, and the RMS calculated by AFM was 192.0 nm. The smooth-surface MSs were not observed to have
dimples. The nano-scaled dimples will be helpful to decrease particle-particle interactions and improve aerosolization.*?

Physicochemical Properties of Dimpled-Surface and Smooth-Surface Microspheres
The DSC thermograms of the micronized BUD, PLGA 503H, the physical mixture of BUD and PLGA, the smooth-
surface MSs, and the dimpled-surface MSs were obtained, and the results are shown in Figure SA. The DSC results were
obtained by raising the temperature 10 °C/min. The melting temperature (T,,) of micronized BUD was around 257°C.**
In the case of PLGA 503H, the glass temperature (T,) was observed at about 50°C, and the Ty, was not observed. The
physical mixture of BUD-PLGAS03H, dimpled-surface MSs showed similar results. A little endothermic peak which
was thought from BUD was observed around 225°C. Dimpled-surface MSs were thought to be in partial crystalline form.
The smooth-surface MSs were similar to PLGA 503H which means an amorphous state.

Table 2 Particle Properties of Dimpled and Smooth-Surface Microspheres (n=3,
Average * Standard Deviation)

Sample Dimpled MSs (B5R1000) | Smooth MSs (B5R100)
DvI0 (um) 0.9 0.7

Dv50 (um) 43 4.7

Dv90 (um) 15.1 13.3

Span 3272 2.634

Tapped density (g/cc) 0.59 £ 0.05 0.58 + 0.01
Entrapment efficiency (%) 408 + |.6 13.5+0.3

Drug loading amount (%) 13.6 £ 0.5 45 + 0.1
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Figure 4 Atomic force microscopy images of the prepared formulations with root mean square values. (A) Dimpled-surface microsphere and (B) smooth-surface
microsphere.
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Figure 5 Physicochemical properties of dimpled and smooth-surface microspheres. (A) DSC results, (B) XRD results, and (C) FT-IR results.

The PXRD results are shown in Figure 5B. Sharp peaks were observed at around 6°, 12°, 15°, and 16° for BUD.*”
PLGA 503H was not observed to have a distinguished peak. The physical mixture showed a low-intensity BUD peak
caused by the dilution effect of PLGA. Most dimpled-surface MSs were confirmed as having an amorphous form.
However, small crystal peaks at 15°and 16° were observed that were thought to be small amounts of BUD on the surface
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that had changed into a crystal form. The smooth-surface MSs were found to be amorphous. Comparing dimple- and
smooth-surface MSs, the peak is a little higher because the BUD content is higher in the dimple-surface MSs with high
loading efficiency (Table 2).

The FT-IR spectra of BUD, PLGA 503H, the physical mixture of BUD-PLGA, smooth-surface MSs, and dimpled-
surface MSs are shown in Figure 5C. BUD had peaks at 1710 cm™' (C = O bond), 1660 cm ' (C = C bond), and
1100 cm ™' (C - O bond).*® PLGA showed peaks at 1740 cm™' (C = O bond), 1450-1350 cm™ ' (C - C bond), and 1150
1050 cm™! (C - O bond).*” A BUD peak at 1660 cm ' appeared in the physical mixture, smooth-surface MSs, and
dimpled-surface MSs, but seemed to follow the PLGA 503H peak. The peak tendency of the prepared microspheres was
like the physical mixture, which showed a tendency to depend upon the ratio between the drug and the polymer. The
prepared MSs did not show a newly formed functional group.

Entrapment Efficiency and Drug Loading Amount of Dimpled-Surface and

Smooth-Surface Microspheres

The results of entrapment efficiency, drug loading amount, and tapped density are presented in Table 2. The entrapment
efficiency and drug loading amounts were measured by the validated HPLC method. In Table 2, the entrapment efficiency
of the dimpled-surface MSs was estimated to be 40.8 + 1.6%, and that of the smooth-surface MSs as 13.5 = 0.3%. The drug
loading amounts were 13.6 + 0.5% and 4.5 + 0.1%, respectively. The entrapment efficiency and drug loading amount
differences between the dimpled-surface and smooth-surface MSs would be related to the rate of shell formation in the
emulsion. A faster rate of stirring with the mechanical stirrer could accelerate emulsion solidification, and the rapid

formation of PLGA microspheres would increase the drug entrapment efficiency of the dimpled-surface MSs.>*~*°

Aerodynamic Performance of Carrier-Based Formulations

The aerodynamic performance of the prepared formulations was evaluated using the Andersen Cascade Impactor with
a HandiHaler DPI device. The ACI results are shown in Table 3. The prepared dimpled-surface and smooth-surface MSs
exhibited 6.8 + 0.2% and 7.6 + 0.1% as mass median aecrodynamic diameters (MMAD), 1.31 £ 0.0% and 1.2 £ 0.0% as
geometric standard deviations (GSD), 82.3 + 2.1% and 88.3 = 1.5% as the ED, 11.0 + 1.6% and 5.6 + 0.4% as FPFs, and
44.1 + 4.8% and 18.9 + 2.1% as release fractions (RF), respectively. Since there is no significant difference in size and
density (Table 2), the difference in MMAD is derived from the surface structure. According to FPF and RF values,
dimpled-surface MSs had higher drug delivery efficiency than the smooth-surface MSs. The aerodynamic changes
around the MSs with a dimpled-surface would positively affect the particles’ travel as they enter the deep lungs.

Particle Image Velocimetry of Dimpled-Surface and Smooth-Surface MSs

Aerosolization of the dimpled-surface and smooth-surface MSs was measured by the PIV system. The capture images of
them during 1000 frames are shown in Figure 6. Dimpled-surface MSs were observed with a wider area and spread angle
than smooth-surface MSs. It is thought that aerosolization occurred better in dimpled-surface MSs due to reduced

Table 3 Aerodynamic Parameters of Dimpled and Smooth-Surface Microspheres (n=3,
Average * Standard Deviation)

Parameter Dimpled MSs (B5R1000) Smooth MSs (B5R100)
MMAD (um) 6.8 £0.2 7.6 £ 0.1
GSD 1.31 £ 0.0 1.2 £0.0
ED (%) 823 2.1 883 % 1.5
FPF (%) 11.0£ 1.6 56 +04
RF (%) 44.1 + 438 18.9+ 2.1
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Figure 6 Captured images by PIV system at 31, 63, 94, 125 msec. (Left column) Dimpled-surface microspheres and (Right column) Smooth-surface microspheres.

particle-particle interaction due to the nanoscale dimpled structure.''***! These results are highly correlated with results
of aerodynamic performance.

The grid,'>** representing the properties of the particles exiting the device, was analyzed in 0-1000 frames. The
results are shown in Figure 7. The dimpled-surface MSs and smooth-surface MSs showed statistical differences in
X-axial speed (dimple: 10.0 £ 3.9 mm/msec, smooth: 12.3 + 4.5 mm/msec). The p-values were 0.02 by the nested -test
(» <0.05). The Y-axial speed of the dimpled-surface MSs was 0.71 + 0.43 mm/msec, and that of the smooth-surface MSs
was 0.71 £ 0.43 mm/msec. The Y-axial speed was a very small value compared to the X-axial speed and would
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Figure 7 Results of particle image velocimetry at the grid'>?> (n=3). (A) x-axial speed of dimpled- and smooth-surface microspheres, (B) y-axial speed of dimpled- and
smooth-surface microspheres, and (C) angle of the dimpled- and smooth-surface microspheres (***Nested t-test, p < 0.05).
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contribute less to the particle movement pattern. Although the p-value of the angle, indicating the diversity of the particle
directions, was not enough to have a statistical difference of 0.06 (p < 0.05), the dimpled-surface MSs were observed to
have a wider-angle distribution than the smooth-surface MSs. The roughness of the particle surface could affect the
movement of the particle.' The dimpled structures on the prepared microparticles caused turbulence around the
microparticles and various movements.** Decreased X-axial speed could reduce collisions in the throat. This is thought
to improve the number of particles delivered to the lungs and increase diverse particle movement. It also helps to
decrease loss at the throat during the administration of a DPI formulation.** Because of these characteristics, the dimple-
surface MSs showed high efficiency in FPF and RF.

Computational Fluid Dynamics of Dimpled-Surface and Smooth-Surface MSs

The dimpled particles were designed through measured physical properties such as diameter and dimple depth and the particle
movement in bronchioles was predicted using CFD. These results are highly correlated with in vitro aerodynamic performance
tests and particle image velocimetry results. The designed particles and bronchioles are shown in Figure 8. When the designated
particles were located 3 um, 6 pm, and 9 um from the wall, the fluid flow and pressure around the particles were calculated using
CFD simulation. The results of the CFD simulation are shown in Figure 9. The side closer to the bronchial wall is described as the

A

T from wall

e tieom Wall of bronchiole

1000 pm

Figure 8 Simulation model. (A) Dimpled-surface microspheres design. (B) Bronchial design and microsphere positions in computational fluid dynamics.
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Figure 9 Simulation results: Pressure drop between the top and bottom of dimpled and smooth-surface microspheres (Black bar: dimpled-surface MSs, Grey bar: smooth-
surface MSs).

bottom, and the side farther is called the top. The dimpled structures created eddies and affected the velocity flow around the MSs.
Differences in the velocity flow between the top and bottom of the MSs were calculated and showed that the dimpled-surface
MSs values were larger than those of the smooth-surface MSs at all distances from the wall. The pressure differences in the
dimpled-surface MSs were 10.88 Pa, 28.49 Pa, and 33.33 Pa, depending upon the distance. Even in the case of smooth-surface
MSs, the values increased with distance and appeared in the order of 0.23 Pa, 0.74 Pa, and 0.95 Pa. These pressure differences
could cause the dimpled-surface MSs move away from the bronchial wall, which could avoid becoming attached to the wetted
surfaces of the bronchioles and allowed them to travel deeper into the lungs.

Conclusion

Dimpled-surface MSs were prepared using O/W solvent evaporation, and BSR1000 was observed as having a uniform
sphere shape with a dimpled-surface. The dimpled-surface and smooth-surface MSs had amorphous states and similar
size distributions. The fact that dimpled- surfaces could enhance aerodynamic behavior has been demonstrated by ACI
results such as the decreased MMAD and increased FPF and RF values. The CFD results also suggested that the dimpled
structure on the microspheres could facilitate deep lung delivery of the drug by the flow changes around the microspheres
caused by the dimples. Thus, in this study, we confirmed that a dimpled-surface on microspheres could improve the
delivery of a drug deep into the lungs. However, the absolute inhalation efficiency has been observed as low, probably
due to the electrostatic force of the polymers, capsules, and the device. These factors will need to be considered in further
studies to prepare a more effective dry powder inhalation formulation.
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