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In a previous study, pollen-shape drug carriers are compared with traditional carriers at different drug
mixing ratios and flow rates. It is found that pollen-shape drug carriers can deliver large amount of drug
particles and reduce drug losses especially at low flow rates and high drug mixing ratios. In this study, the
effect of size and surface morphology of pollen-shape carriers on drug delivery performance is assessed.
Pollen-shape carrier particles having various sizes and surface asperities are synthesized. Budesonide
(Bd) is used as the model drug. The drug delivery performances of the pollen-shape carrier particles are
investigated using an Andersen Cascade Impactor (ACI) equipped with a Rotahaler® at gas flow rates of 30
and 60 L/min. Three drug mixing ratios are considered. While an increase in the carrier particle size has
a mild improvement on the ED, it significantly improves the FPF. A sparse surface asperity has negligible
effect on the ED at low flow rates but it improves the FPF compared to a dense surface asperity under all
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1. Introduction

Dry powder inhalation requires the drug particles to have an
aerodynamic size range of 1-5wm (Gonda, 2004; Louey et al.,
2004a). Particles in this size range experience significant interpar-
ticle forces and are difficult to disperse by air flow (Visser, 1989).
A common practice to improve the drug delivery efficiency is to
blend the fine drug particles physically with large carrier particles.
In the blend, drug particles are attached onto the surface of the
large carrier particles. The formulation blend is introduced to the
patient through inhalation using different types of inhaler devices.
The drug particles will be separated from the carrier surface during
inhalation and delivered to the lower airways (Islam et al., 2004).
Carrier particles, being relatively large, mostly deposit in the initial
airways and swallowed eventually.

Carrier particles that are too small give limited improvement
to the dispersion of the formulation while carrier particles that are
too large pose high possibility of premature deposition in the upper
airways by inertial impaction. Dry powder inhalation studies in the
literature cover a wide carrier particle size range 8-220 p.m. Diverse
results on the efficient carrier particle size range are found under
various inhalation systems, carrier materials and flow parameters
(Begat et al., 2004; French et al., 1996; Guchardi et al., 2008; Heng
etal., 2000; Islam et al., 2004; Kassem and Ganderton, 1990; Louey
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et al., 2004b, 2003; Podczeck, 1999; Srichana et al., 1998; Zeng
et al,, 2000, 1999). Nonetheless, the most efficient carrier particle
size is commonly reported as 30-90 wm (Flament et al., 2004; lida
et al., 2001; Kawashima et al., 1998; Larhrib et al., 2006, 2003a,b,
1999; Young et al., 2005; Zeng et al., 2001). A number of stud-
ies found an increase in respirable fractions of the drug particles
with a decrease in carrier particle size (Islam et al., 2004; Steckel
and Miiller, 1997). In contrast, a study reports that large carriers of
90-125 pm can provide higher respirable fractions than 38-75 pum
carriers because of the lower interparticle forces among the large
carrier particles (French et al., 1996). It is possible that the varia-
tions in these literature studies are caused by the presence of fine
particles in the carrier particle samples which are difficult to sep-
arate by normal separation methods. Drug loading, dispersibility
and detachment behavior of the drug-carrier mixture are affected
substantially by the fine particles. When decantation method is
used to minimize the presence of fines in the carrier particles,
no significant difference is found in the drug respirable fractions
using carrier particles in a size range of 45-190 pm (Islam et al.,
2004).

Surface morphologies of the carrier particles have important
effect on the attachment and detachment of the drug particles.
For efficient drug delivery, the drug particles need to be loaded
and liberated efficiently from the carriers. Most of the pharma-
ceutical grade carrier particles for dry powder inhalation have a
certain extent of surface roughness. Rough surfaces tend to have
more binding sites to facilitate the attachment of drug particles
(Kawashima et al.,, 1998; Larhrib et al.,, 2006) and to improve
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Fig. 1. The SEM image of HA particles produced by using (a) PSS-50 g/L and urea-0.5 M, at 180°C (HA-1), (b) PSS-40¢g/L and urea-0.5 M, at 120°C (HA-2) and (c) PSS-30g/L

and urea-0.5M, at 200°C (HA-3).

the blend homogeneity and stability (Flament et al., 2004; Zeng
et al,, 2000). Rough surfaces also have low interparticle interac-
tions because the contact surface area is small and the interparticle
distance is relatively large (Broadhead et al., 1994; Dolovich, 2001;
Gonda, 1996; Li et al., 2006; Niven et al., 1994; Philip et al., 1997;
Singh and Waluch, 2000). It is also reported that a small degree
of crevices on the carrier particles can increase the drug res-
pirable fractions (lida et al., 2001, 2004; Kawashima et al., 1998;
Mumenthaler et al., 1994).

It is found in previous studies that pollen-shape large carrier
particles can be a good candidate as drug carriers for dry pow-
der inhalation. The pollen-shape surface morphology reduces the
particle-particle interactions and improves the flowability (Hassan
and Lau, 2010a,b,c). Better flow and aerosolization behaviors and
drug attachment are observed in pollen-shape carriers compared
to traditional lactose carriers. In this study, effect of carrier parti-
cle size and surface morphology on the drug attachment behavior
and in vitro aerosolization and deposition properties of Budesonide
(Bd) blended with pollen-shape hydroxyapatite (HA) carrier parti-

cles are investigated. Comparisons are made using three different
drug mixing ratios and at inhalation flow rate of 30 and 60 L/min.

2. Experimental
2.1. Preparation of HA

Pollen-shape hydroxyapatite (HA, Cas(PO4)3(OH)) particles are
synthesized by hydrothermal reaction under different reaction
conditions. The synthesis procedure is following Wang et al. (2009).
30 mL of 0.02 M potassium dihydrogen phosphate (KH,PO4, Merck,
Singapore) is mixed with 50 mL of 0.02 M calcium nitrate tetrahy-
drate (Ca(NO3),-4H,0, Sigma-Aldrich, Singapore). A fixed amount
of poly(sodium-4-styrene-sulfonate) (PSS, Aldrich, Singapore) and
urea(1st Base, Singapore) are then added to the KH,PO, and
Ca(NO3),-4H,0 mixture in sequence. Sufficient time of gentle stir-
ring is provided to dissolve all the urea. The urea concentration
in the final solution mixture is maintained at 0.5 M. The mixture
is then kept in an oven at a constant temperature. The PSS con-
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centration and oven temperature will govern the size and surface
morphology of the HA particles synthesized. HA-1 is synthesized
using a PSS concentration of 50g/L and an oven temperature of
180°C, HA-2 using a PSS concentration of 40g/L and an oven
temperature of 120°C and HA-3 using a PSS concentration of
30g/L and an oven temperature of 200°C. A reaction time of
6h is used for all the synthesis. After the hydrothermal reaction,
the precipitated product is collected by centrifugation, washed
several times and then dried at 70°C. To remove particles with
unusual size, particle products are sieved with appropriate sieve
plates.

2.2. Particle size and shape

Particle size distribution of the three HA samples are measured
by laser diffraction using a Mastersizer 2000 (Malvern Instruments
Ltd., Malvern, Worcestershire, UK). Dispersed particle samples in
1% IPA solution in distilled water are fed into the sampling chamber
of the particle sizer. A sonicator installed in the sampling chamber
is used to help dispersing the particles properly in the solution. A
minimum of three measurements are performed for each sample.
The laser diffraction data obtained are expressed in terms of par-
ticle diameter at 10%, 50% and 90% of the volume distribution. The
homogeneity of the particle sample can be represented by the span
of the volume distribution (Li et al., 2004)

Span = (1)

Scanning electron microscope (SEM) (JSM-5600, JEOL, Tokyo,
Japan) is also used to characterize the size distribution, shape and
surface morphology of the samples. Dry powder of each sample is
dispersed onto a carbon tape that is attached onto a metal stub.
Before examining the sample under SEM, platinum will need to
be coated on the particle surface under an argon atmosphere (JFC-
1600, JEOL, Auto Fine Coater, Tokyo, Japan) with a current of 20 mA
for 60s. SEM images taken at various locations of the carbon tape
will be used to obtain the geometrical size distribution of the par-
ticles. A minimum sample size of two hundred is considered for
each size distribution. Surface morphology of the particles is also
assessed qualitatively based on the SEM images.

2.3. Powder density

The powder density of each HA sample can be characterized by
their respective bulk (opy) and tap (peqp) densities. Based on the
experimental method described in Shi et al. (2007), 100 mg of a
powder sample is placed into a 1 mL micro-syringe tube. The bulk
density is determined based on the powder volume before any tap-
ping. The tube is then tapped against a tabletop by hand at a rate
of about 4Hz until no noticeable change in the powder volume.
The tap density is then determined based on the tapped powder
volume.

2.4. Crystalline structure

X-ray diffraction (XRD) is performed to determine the crys-
talline structure of the HA samples. A thin layer of the powder
sample is placed onto a sample holder. The sample holder is
then inserted into LabX-Shimadzu XRD6000 diffractometer (Shi-
madzu Corporation, Kyoto, Japan) using Cu Ka as the X-ray source
(A=1.5406 A). The XRD setting is fixed at a scan rate of 0.5/min,
voltage of 40kV, current of 40 mA, and step size of 0.02 for all
measurements.

2.5. Moisture content

Moisture adsorbed on the surface of the particles is measured by
thermogravimetric analysis (TGA, Diamond TG/DTA, Perkin Elmer,
MA, USA). 1-2 mg of each sample is used for TGA measurement.
Measurement is performed from 25 °Cto 125 °C at a heating rate of
10°Cmin~! under a nitrogen atmosphere.

2.6. Specific surface area

The BET surface area of each HA sample is measured. Each
sample is first dried at 80 °C for 24 h in Autosorb® Degasser (Quan-
tachrome Instruments, FL, USA) under nitrogen. The surface area of
the sample is then measured in an Autosorb® 6B (Quantachrome
Instruments, FL, USA) surface analyzer with nitrogen adsorption
method.

2.7. Blending of HA particles with Bd

Budesonide (Bd) (Sigma, Singapore) is chosen as the model drug.
A REAX top mixer (Heidolph, Kelheim, Germany) is used to mix the
drug and the HA carriers. Carrier to drug mixing ratios of 2:1, 10:1,
and 45:1 are used. Each blend weights 100 mg and is mixed under
1000 rpm for 15 min.

2.8. Drug content and content uniformity

Average drug content and content uniformity of all the blends
are measured by analyzing the quantity of Bd. 5 mg of each blend
is taken and dissolved in a fixed amount of solvent. The solvent is
a mixture of 2% nitric acid (Fluka, Singapore) with ethanol (Merck,
Singapore) in a volume ratio of 3:1. The solution with dissolved
sample is examined using a UV spectrophotometer (Shimadzu Cor-
poration, Kyoto, Japan) with a wavelength of 250 nm. Measurement
is done in triplicate. The content uniformity for the mixture is esti-
mated from the coefficient of variance (CV). The CV is defined as the
ratio of the standard deviation of the drug content to the average
drug content in the samples.

2.9. Invitro aerosolization and deposition properties

An eight-staged Anderson cascade impactor (ACI) (Copley Scien-
tific Limited, Nottingham, UK) is used for the in vitro aerosolization
and deposition study. 1% (w/v) solution of silicon oil in hex-
ane is coated on all the impaction plates in the ACI to prevent
particle bounce and re-entrainment. A Rotahaler® (Glaxo, UK)
device is used to introduce the Bd blends into the ACL. A hard
gelatin capsule (Gelatin Embedding Capsules, size 4, 0.25cm?3,
Polysciences, Inc., PA, USA) is loaded with 104+ 0.3 mg of a blend
before introducing into the Rotahaler®. Two air flow rates of
30L/min and 60L/min are used. In order to maintain the same
inhalation volume, an actuation time of 4s and 8s are used
for 60L/min and 30L/min, respectively. The amount of particles
collected in each section of the ACI is determined by extract-
ing the particles using the same solvent used for the blend
homogeneity test. Experiments on each blend are repeated three
times.

The primary parameters to quantify the aerosolization and
deposition properties of the blend are emitted dose (ED) and
fine particle fraction (FPF). ED is defined as the mass percent-
age of particles delivered from the inhaler and FPF is defined as
the amount of the particles deposited in stage 2 or lower in the
cascade impactor for 30L/min and stage 0 or lower for 60 L/min
(particles <5.8 wm).
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Table 1

Physical characteristics of the HA samples.
Characteristics HA-1 HA-2 HA-3
Average diameter (SEM) (um) 259 48.6 27.1
SD (m) 2.49 10.21 4.02
d(50%) (pm) 26.6 459 24.8
d(10%) (pm) 19.1 259 15.1
d(90%) (pm) 36.9 85.9 41.0
Span 0.67 1.31 1.04
Pvuik (g/cm3) (n=0) 0.267 0.215 0.105
Prap (g/cm?) (n=2500) 0.386 0.289 0.218
Specific surface area (m?/g) 17.45 171 20.83

3. Results and discussions
3.1. Particle characteristics

Particle tip to tip distance is taken as the particle size for SEM size
measurement. Since the size distributions measured from the SEM
images are number-weighted while the size distributions mea-
sured from laser diffraction measurement are volume-weighted,
the SEM size distributions are converted to volume-weighted dis-
tribution for comparison. For the conversion of number-weighted
size distribution to volume-weighted size distribution, the pollen-
shape particle volume is estimated to be the same as a sphere
having the same diameter. Therefore, the SEM measured sizes are
slightly higher than d(50%) of the laser diffraction measured size.
Nonetheless, the size distribution can be considered uniform since
the span of all the HA particles are close to 1 (Li et al., 2004).

Physical properties of the HA particles synthesized in this study
are presented in Table 1. The SEM images of the HA particles and
the respective SEM measured size distributions are presented in
Figs. 1 and 2, respectively. The SEM image in Fig. 1 shows that HA-
1 and HA-2 particles have a petal-like surface morphology with
significantly distinct size range. On the other hand, HA-3 particles
have a needle-like surface morphology and a geometric size range
similar to HA-1 particles. Similar specific surface area can be found
for both HA-1 and HA-2 particles that have petal-like surfaces. On
the other hand, the needle-like surfaces allow HA-3 particles to
have higher specific surface area than both HA-1 and HA-2 particles.

It can be seen from Table 1 that due to the presence of the rel-
atively sparse needle-like surface, HA-3 particles show lower pp i
and p¢qp than HA-1 and HA-2 particles. Surface morphology of HA-3
particles allows the particles to have a loose packing. Upon tapping,
the needle-like surface packs tightly into each other. Therefore, the
difference between pp, and p¢qp is higher for HA-3 particles. The
large difference between oy, and p¢qp of the HA-3 particles indi-
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Fig. 2. Size distribution of the pollen-shape carrier particles.
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Fig. 3. X-ray diffraction pattern of the pollen-shape carrier particles.

cates higher compressibility and poorer flowability than HA-1 and
HA-2 particles.

All the three HA samples show similar diffraction patterns in the
XRDresults illustrated in Fig. 3. A hexagonal phase crystalline struc-
ture can be found according to the powder diffraction file (PDF)
no. 00-009-0432. The HA particles synthesized in this study can be
considered to have high purity. The TGA thermograms of the three
HA samples shown in Fig. 4 indicate that there is negligible weight
loss (<2%) below 100 °C. The effect of moisture on particle-particle
interactions can be neglected for both HA particles (Larhrib et al.,
1999).

3.2. Drug blending

Effect of particle size can be obtained by the comparison of HA-1
and HA-2 particles that have similar petal-like surface morphology
but have different particle size (d(50%) — 26.6 and 45.9 pm). On
the other hand, effect of surface morphology can be obtained by
the comparison of HA-1 and HA-3 particles that have similar par-
ticle size of 24.8-26.6 wm but different surface morphology. The
petal-like surface morphology of HA-1 particles is considered to
have dense surface asperities while the needle-like surface mor-
phology of HA-3 particles is considered to have sparse surface
asperities.

The model drug, Bd has an average size of 2.5+ 1.1 wm. Three
drug mixing ratios of 2:1,10:1 and 45:1 (carrier:drug) are used. The
physical appearances of the blends are observed in small transpar-
ent vials in Fig. 5. Comparison is also made with transparent glass

120
100 -
80 -
g
£ oo}
(]
=
40t
—HA-1
20+ HA-2
—HA-3
025 45 65 85 105 125 145 165 185 205

Temperature (°C)

Fig. 4. TGA isotherms of the pollen-shape carrier particles.
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Fig. 5. Comparison of the blends in the mixture vials with (a) HA-1 particles, (b) HA-2 particles, and (c) HA-3 particles, (i) carrier only; (ii) 45:1 (carrier:drug, w/w), (iii) 10:1
(carrier:drug, w/w), and (iv) 2:1 (carrier:drug, w/w).
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Fig. 6. SEM image of the blends with comparison of the blends, (a) HA-1 particles, (b) HA-2 particles, and (c) HA-3 particles with drug mixing ratios (carrier:drug, w/w), (i)

45:1, (ii) 10:1, and (iii) 2:1.

vials containing the carriers only. As shown in Fig. 5a(i), b(i) and
c(i), the vials containing only the carriers show no sign of particle
attachment on the vial surface. Thus, the presence of cloudiness
on the vial surface is an indication of the attachment of Bd. As the
drug mixing ratio increases, the degree of cloudiness on the vial
surface increases. It indicates that there is an increasing amount
of Bd not being able to attach onto the carriers as the drug mix-
ing ratio increases. A comparison of the vial surfaces between the
HA-1 blends and the HA-2 blends shows that HA-2 particles allow
better attachment of Bd than HA-1 particles. Even at a high carrier
to drug ratio of 2:1, the HA-2 blends show only a minor amount of
Bd on the vial surface while the vial containing the HA-1 blends
is almost completely covered with Bd. It shows in Table 1 that
the specific surface area of HA-1 particles is equivalent to that
of HA-2 particles, yet a lower attachment is observed on HA-1
particles. Since the determination of the accessible surface area
is not possible, the vial appearance can be used as a qualitative
measure of the drug attachment capacity of the carrier particles.
When the drug particles are not attached onto the carrier particles
properly, the unattached drug particles will be attached to the vial
surface and result in a cloudy surface. It can be anticipated that,
due to the smaller particle size and denser surface morphology, the
accessible surface of HA-1 particles is lower than that of HA-2 par-
ticles. Therefore, HA-1 particles may have limited drug attachment
capacity.

The vial appearance of the HA-1 blends and the HA-3 blends
can be seen in Fig. 5(a) and (c), respectively. As shown in Fig. 5(c),
no obvious drug attachment on the vial surface is observed for
the HA-3 blends at all drug mixing ratios. The drug particles can
be considered to be attached on the surface of the HA-3 parti-
cles. As expected from the SEM images, the fairly open surface
morphology of HA-3 particles tends to have higher accessible sur-
face area than dense surface morphology of HA-1 particles. As

a result, large amount of drug particles can be attached onto
the surface of HA-3 particles instead of attaching onto the vial
surface.

The vial appearance is a qualitative measure of the drug attach-
ment to the carrier particles but it does not show the inherent
characteristics of the drug—carrier attachment. Therefore, the mix-
tures are also characterized with SEM images. The SEM images for
the blends at different drug mixing ratios are shown in Fig. 6. The
fine powders at the background of the SEM images can be identi-
fied as the unattached Bd. As expected, the amount of unattached
Bd increases with an increase in drug mixing ratios. All the three
blends show a minor amount of unattached Bd at a carrier to drug
ratio of 45:1. Though the difference in drug attachment between
the three types of carrier particles are not significant at a carrier to
drug ratio of 10:1, it is quite obvious that HA-1 and HA-2 particles
has lower drug attachment capacity than HA-3 particles at a car-
rier to drug ratio of 2:1. It can be anticipated that the needle-like
surface morphology is the main contributor to the increase in the
drug attachment capacity.

Table 2
Average Bd content and homogeneity of the blends.
Wt ratio (carrier:drug) Carrier Wt fraction of drug CV (%)
with carrier (wt%)
HA-1 20.4 12.73
2:1 HA-2 22.5 0.26
HA-3 23.7 5.74
HA-1 8.7 6.91
10:1 HA-2 8.9 2.14
HA-3 9.0 0.72
HA-1 1.98 5.70
45:1 HA-2 2.09 6.26
HA-3 2.16 5.44
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Fig. 7. ED of blends with carrier to drug ratio of 2:1, 10:1 and 45:1 at (a) 30 L/min and (b) 60 L/min (“ns” denotes p >0.05, “*” denotes p <0.05, “**” denotes p<0.01 and “***”

denotes p<0.001).

3.3. Blending homogeneity

Blend homogeneity is represented by the coefficient of variance
(CV) of the Bd content in the blends. The average drug content and
CV for the blends after mixing are listed in Table 2. A compari-
son in the drug weight fractions between HA-1 and HA-2 particles
indicates that an increase in particle size can increase the drug
attachment capacity. Even though both HA-1 and HA-2 particles
have similar specific surface area, the percentage of the surface that
is accessible to Bd will be higher for the larger sized HA-2 particles
than HA-1 particles. Similar comparison between HA-1 and HA-3
particles shows that a larger improvement in the drug attachment
capacity can be achieved by having a more open surface morphol-
ogy. Nonetheless, all the blends can be considered as uniform since
the CV of the blends are all less than around 10%.

3.4. Invitro aerosolization and deposition behavior
Size and morphology of the carrier particles have significant

impact on in vitro aerosolization and deposition behavior of the
blends. It has been shown that the size and morphology of pollen-

shape particles affect the drug attachment capacity. The nature of
drug attachment affects the flowability of the blends and the extent
of drug liberation, which in turn influences the in vitro aerosoliza-
tion and deposition behavior. The ED and FPF results of the blends
are shown in Figs. 7 and 8, respectively. Fisher’s least significant
difference (LSD) test is applied. Test results are presented in the fig-
ures where “ns” denotes p >0.05, “*” denotes p <0.05, “**” denotes
p<0.01 and “***” denotes p <0.001.

3.4.1. Effect of particle size and surface morphology on ED

Effect of carrier particle size on ED can be obtained from a com-
parison of the ED of the HA-1 and HA-2 blends shown in Fig. 7. No
significant difference in ED is observed between the HA-1 and HA-2
blends at all conditions except at a high carrier to drug ratio of 2:1
and a low flow rate of 30 L/min. At a carrier to drug ratio of 2:1 and
30L/min, the HA-2 blend shows a higher ED than the HA-1 blend. As
discussed in the earlier section, an increase in carrier particle size
increases the accessible surface area for drug attachment per unit
weight of carrier particles. At high drug mixing ratios, the excess
drug particles that are not attached to the carrier particles tend
to form aggregates. While a flow rate of 30 L/min is not sufficient
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to disperse the aggregates, the aggregates tend to remain in the
inhaler and cause areduction in ED. Therefore, it can be anticipated
that an increase in carrier particle size improves the ED only when
the drug mixing ratio exceeds the capacity of the carrier particles
and the flow rate is not sufficient to disperse the drug aggregates.

A comparison of the ED of the HA-1 and HA-3 blends shown in
Fig. 7 reveals the effect of carrier particle surface morphology on
ED. The HA-1 blends are found to have slightly higher EDs com-
pared to the HA-3 blends at low drug mixing ratios and low flow
rate though the differences are considered insignificant. However,
the EDs of the HA-3 blends become equivalent or better than that
of the HA-1 blends when the drug mixing ratio and/or flow rate
is increased. A comparison of the bulk and tap densities of HA-
1 and HA-3 particles in Table 1 shows that HA-3 particles have
poorer flowability than HA-1 particles (Hassan and Lau, 2010a). It
is more difficult to disperse the HA-3 blends at low drug mixing
ratios at a flow rate of 30L/min. On the other hand, HA-3 parti-
cles have higher specific surface area than HA-1 particles. Based
on the discussion of the vial appearance in the earlier section, HA-
3 particles are found to have a higher drug attachment capacity

than HA-1 particles for the same particle size. Therefore, the high
drug attachment capacity of HA-3 particles becomes increasingly
important at higher drug mixing ratios. In addition, the dispersion
of HA-3 particles becomes equivalent to HA-1 particles at a flow
rate of 60 L/min. The drug attachment capacity becomes the domi-
nating factor particular when the drug mixing ratio is approaching
the capacity limits of the carrier particles. Thus, the HA-3 blends
eventually have higher ED than the HA-1 blends at a carrier to drug
ratio of 2:1 and flow rate of 60 L/min. Carrier particles having sparse
surface asperities improve the drug attachment capacity but lower
the flowability compared to those having dense surface asperities.
The two counteracting factors favor the use of dense surface carrier
particles at low drug mixing ratio and low flow rates while the use
of sparse surface carrier particles are more favorable at high drug
mixing ratio and high flow rates to improve the ED.

3.4.2. Effect of particle size and surface morphology on FPF

The FPF results of the HA-1 and HA-2 blends are shown in Fig. 8.
All the HA-2 blends show equivalent or better FPF than the HA-1
blends under the same conditions. The difference is the most obvi-
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ous ata high carrier to drug ratio of 2:1 and a flow rate of 60 L/min. It
is discussed in the previous sections that HA-1 particles have lower
accessible surface area for drug attachment per unit weight of car-
rier particles compared to HA-2 particles. When the drug mixing
ratio is below the capacity of the carrier particles, both HA-1 and
HA-2 particles behave in a similar manner. The slightly better FPF of
the HA-2 blends maybe a direct reflection of the better flowability
compared with the HA-1 blends. The difference in drug attachment
capacity becomes the dominating factor when the drug mixing ratio
is high. Thus, the HA-2 blends outperforms the HA-1 blends at a car-
rier to drug ratio of 2:1. In addition, the use of a high flow rate has
a twofold effect on the FPF of the blends. On one hand, a high flow
rate allows an improvement in the dispersion of the drug particles
even if they are in aggregate form. The high flow rate also improves
the detachment of drug particles from the carrier surfaces after the
dispersion. The combined effect of an improved drug detachment
and a high ED thus causes the HA-2 blends to have significantly
higher FPF than the HA-1 blends at high drug mixing ratio and high
flow rate conditions. For pollen-shape carrier particles, an increase
in the particle size is advantageous to the improvement of the FPF.

A comparison of the FPFs of the HA-1 and HA-3 blends in Fig. 8
shows that no definite conclusion can be drawn about the effects
of carrier surface morphology on FPF at a flow rate of 30 L/min.
However, a flow rate of 60L/min allows the HA-3 blends to have
significantly higher FPF than the HA-1 blends at all drug mixing
ratios. Since the differences in ED between the HA-1 and HA-3
blends at a flow rate of 60 L/min vary to a certain degree, detailed
analysis of the relations between the EDs and the FPFs is neces-
sary. Despite the fact that ED of the HA-3 blends at 60 L/min and
low drug loading is smaller than that of the HA-1 blends, the HA-3
blends have higher FPF than the HA-1 blends. It is reasonable to
assume that the difference in drug attachment capacity between
HA-1 and HA-3 particles can be disregarded when the drug mix-
ing ratio is low. The poorer flowability of HA-3 particles than HA-1
particles, in this case, should suggest the opposite of the observed
results. Therefore, it is anticipated that there is additional factor in
the sparse asperities of HA-3 particles serving to improve the FPF.
Further comparison of the physical properties of HA-1 and HA-3
particles in Table 1 reveals that HA-3 particles have significantly
lower tap and bulk densities than HA-1 particles. It is known that
particle aerodynamic diameter is proportional to the square root
of the particle density. Therefore, HA-3 particles are anticipated to
have a smaller aerodynamic diameter than HA-1 particles. With a
smaller aerodynamic diameter, HA-3 particles are able to deliver
even the un-detached drug particles to the lower stages to achieve
a high FPF.

4. Conclusion

The drug delivery performance of three types of pollen-shape
carrier particles having various size and surface morphology are
investigated at various drug mixing ratios and flow rates. It is found
that an increase in carrier particle size increases the accessible sur-
face area per unit weight of the carrier particles. Animprovement in
the drug attachment capacity can improve the ED at high drug mix-
ing ratios and low flow rates while no substantial effect at low drug
mixing ratios or high flow rate conditions. However, a large car-
rier particle size significantly improves the FPF particularly at high
drug mixing ratio and high flow rate conditions. A sparse carrier
surface asperity is found to have better drug attachment capacity
than a dense carrier surface asperity. However, no significant effect
of surface asperity on ED is observed at low flow rates. At high flow
rates, the high attachment capacity and the reduced aerodynamic
diameter of carrier particles having a sparse surface asperity allow
a better FPF than carrier particles having a dense surface asperity.
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