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Purpose. Efficient dispersion of bulk solids is critical for dry powder
aerosol production which can be viewed as a sequence of events from
stationary through dilated, flowing and finally dispersed particulates.
The purpose of this study was to test the hypothesis that numerical
descriptors of powder flow properties predict aerosol dispersion and
pharmacodynamic effect.

Methods. Drug and excipient particles were prepared in size ranges
suitable for inhalation drug delivery, and their physico-chemical proper-
ties were evaluated. Novel techniques (chaos analysis of dynamic angle
of repose and impact force separation) were developed and utilized to
measure and characterize powder flow and particle detachment from
solid surfaces, respectively. Dry powder aerosol dispersion was evalu-
ated using inertial impaction. Pharmacodynamic evaluations of bron-
chodilation were performed in guinea pigs, for selected formulations.
Results. We observed a direct correlation of powder flow with ease
of particle separation (r> = 0.9912) and aerosol dispersion (r’ =
0.9741). In vivo evaluations indicated that formulations exhibiting a
higher in vitro dose delivery resulted in a greater reduction in pulmonary
inflation pressure.

Conclusions. These results integrate powder behavior at various levels
and indicate that numerical descriptors of powder tlow accurately
predict dry powder aerosol dispersion. A proportionality between aero-
sol dispersion and pharmacodynamic etfect was observed in prelimi-
nary in vivo evaluations, which demonstrates the potential of these
techniques for correlation studies between in viiro powder properties
and in vivo effect.
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INTRODUCTION

The requirement for viable alternatives to ozone-depleting
metered dose inhalers (MDIs), coupled with the opportunity
for local airway and systemic delivery of new therapeutic
agents, make dry powder aerosols an attractive choice for inha-
lation drug delivery. Thus, the traditional use of aerosols for
local airway diseases can be extended to treat a variety of
pulmonary and systemic disorders, including genetic diseases.
However, it is critical that the mechanisms of particle dispersion
be better defined, and correlated with in vive delivery and
effects, if optimization of dry powder aerosol delivery is to
be achieved.

Traditional acrosol devices include commercially available
pressure-packaged metered dose inhalers (MDIs), nebulizers
and dry powder inhalers (DPIs) (1). [Pls are an alternative to
propellant-driven systems which overcome the breath coordina-
tion problems associated with MDIs, but there are significant
limitations in the current technology for dry powder dispersion.
Particle size is the principal factor influencing lung deposition
(2,3). The majority of commercially available DPIs consist of
micronized drug powder (<5 wm) blended with larger (~30-90
wm) inert carrier particles (usually a-lactose monohydrate)
(4,5). Micron sized particles exhibit forces of attraction, primar-
ily dictated by Van der Waals, electrostatic and capillary forces
(6,7), which are affected by the size, shape and chemical compo-
sition of the particle. These forces contribute to particle-particle
and particle-surface interactions. Attempts to predict and manip-
ulate powder flow and dispersion by controlling and evaluating
each individual force have met with limited success. Further
understanding and improvements in dry powder dispersion are
critical if DPIs are to consistently compete with, or surpass,
the performance of propellant driven systems.

The complex interplay of the forces of dispersion may be
best addressed by testing the behavior of the whole system,
namely powder flow and dispersion. The development and
evaluation of novel techniques for measuring and analyzing
particle detachment and dynamic powder flow are described.
Studies were performed to test the hypothesis that numerical
descriptors of powder flow properties predict acrosol dispersion,
in vitro, which would then correlate with pharmacodynamic
eftect, in vivo (8).

MATERIAL AND METHODS

Materials

Albuterol suifate, a B,-adrenergic agonist was selected as
the model drug. Lactose and maltodextrin were employed as
carrier particles, and sodium chloride was a reference powder.
Albuterol sulfate was donated by GlaxoWellcome Inc., RTP,
NC; maltodextrin by Grain Processing Corp., Muscatine, 1A;
lactose was obtained from Pharmatose, Fraser, NY; and sodium
chloride from Mallinckrodt Chemical Works, St. Louis, MO.

Particle Preparation and Characterization

Micronized drug particles <5 pm were prepared by jet
milling (9) {Trost Impact Pulverizer, Garlock Inc., Plastomer
Products, Newton, PA], and larger excipient particles (=45 pm)
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were prepared in narrow size ranges by sieving (9) using a
vibrating 3-inch sieve shaker (Gilson Co. Inc., Worthington,
OH). Micronized albuterol sulfate (<5 pm) was blended with
excipients (lactose, maltodextrin or sodium chloride) in the
45-75 and 75-125 pm size range in a Turbula mixer (10)
[GlenMills Inc., Clifton, NJ] at 20 rpm.

The particle size and distribution, static angle of repose,
moisture content, density and surface area of the above powders
were evaluated. Particle size was evaluated using two tech-
niques; scanning electron microscopy with image analysis and
laser diftraction. Image analysis (Sigma Scan®, Jandel Scien-
tific, Corte Madera, CA) of photomicrographs obtained by scan-
ning electron microscopy (JEOL 6300, JEOL Corp., Peabody,
MA) was used to estimate the particle size distribution based
on the estimated projected area of the particle of interest (n =
500), which is the diameter of a circle having the same area
as the estimated projected area of the particle of interest. Photo-
micrographs of each powder were obtained from a minimum
of 10 different ficlds. Unobstructed particles in full view were
counted with an average of 50 measurements per field. The
median particle size (count median diameter, CMD) and geo-
metric standard deviation (GSD) were obtained from plots of
the fogarithm of particle size versus the frequency on a probabil-
ity scale. The CMD is the diameter equivalent to a cumulative
frequency of 50%, whereas the GSD, representing the distribu-
tion around the median diameter, is calculated by dividing
the particle size corresponding with the cumulative frequency
associated with one standard deviation from the mean by the
median diameter [GSD = dy44./dsp,]. Replicate measurement
(n = 5) of particle size distributions were also performed by
laser diffraction using a RODOS powder disperser and a BA
Helos laser diffraction system (Sympatec, GmbH, Germany).
The static angle of repose, defined as the maximum angle
possible between the side of the powder heap and the horizontal
plane, was measured by the poured angle method (11). Bulk
density was determined by pouring 50 g of powder into a
100 mil glass graduated cylinder and measuring the volume
occupied. Tapping the cylinder tll the powder settled to a
constant volume was used to calculate the tapped density. The
moisture content was determined by a moisture balance analyzer
(model LJ16, Mettler Toledo, Fisher Scientific, Atlanta, GA)
used to heat the sample to a constant weight. The surface area
of powders was determined by measuring the gas adsorbed as
a monolayer onto the powder surtace (Quantachrome Autosorb
1, Quantachrome Corp., Syosset, NY).

Powder Flow

Most powders are complex systems exhibiting irregular
tlow and dispersion properties (9,12,13), reflecting the influence
of a combination of interactive forces on the system. Powder
tlow properties were evaluated by dynamic angle of repose (8)
evaluations coupled with novel chaos data analysis (12,14), to
characterize underlying order in pharmaceutical powders and
to describe flow by a single numerical descriptor. The angle
between the powder bed and the horizontal, defined as the
dynamic angle of repose (8), was determined as the powder
bed (10 g) was allowed to rise and cascade down the sides of
a stainless steel drum (8.5 inches in diameter and 2.25 inches
deep) rotating at 0.5 rpm. The nature of the powder, whether
cohesive or free flowing, caused the powder bed to rise and

829

fall to varying heights in the rotating drum. A video camera
(VHS mode! AG-160, Panasonic, Japan) was used to capture
images of the powder behavior which were played back on a
video recorder (model AG-1270P, Panasonic, Japan) and
viewed on a television monitor (GE monitor, IN), at 50 frames/
sec. Measurements of § (n > 1000)were performed every 100
ms (15) [n = 3]. The average (8) was calculated and the differ-
ence, dd = 0 — 0, was plotted versus time.

The resulting oscillating data were interpreted utilizing
several techniques (13,15); ultimately a single numerical
descriptor, the capacity dimension was used to quantify flow.
Phase-space plots (16,17) employed in the present studies were
two-dimensional plots in which the derivative d0’ [d0’ = d(d6)/
dt] was plotted versus d6 {d8 = 8 — 0], at each data point. Phase-
space plots are commonly quantified by calculating various
dimensions which measure the complexity of the phase-space
trajectory (18,19). In the present studies the capacity dimension,
defining the spread of trajectories in phase-space, was deter-
mined by the box counting method (19). The phase-space was
divided successively into equal boxes or cubes of known dimen-
sions. The fraction of the cubes that were occupied with data
points was determined. The log of the fraction of cubes occupied
by data points was plotted versus the log of the linear dimension
of the cubes, and the capacity dimension was determined from
the slope of the line.

The capacity dimension is defined by the following
equation,

. logN(e)
cb = LI—T) log(1/€)

where N(€) is the number of cubes, whose sides have length
€, that are necessary to cover the attractor.

Particle Detachment from Solid Surfaces

The adhesive and cohesive forces affecting powder flow
also cause drug and excipient particles to adhere to solid sur-
faces resulting in poor dose delivery from DPIs. This force of
adhesion can be determined by measuring the force required
to separate particles from a surface.

A pendulum type impact force separation device, based
on the design of Otsuka et al. (20), was constructed of stainless
steel and consisted of a pendulum arranged with a hammer
head capable of impinging on a vertically mounted sapphire
disc (Edmund Scientific, NJ). The impact acceleration of the
penduium at the hammer head was measured by using a piezo-
electric accelerometer (model PEL, Sensotec, Columbus, OH).
The force of impact (kg.m/s? or N) was caiculated from the
product of the impact acceleration (m/s?) and the mass of the
hammer head (kg). The powder evaluated was uniformly coated
on a sapphire disc which was subjected to various impact forces.
Microscopy (Nikon SMZ U, Tokyo, Japan) with image analysis
(Sigma Scan®, Jandel Scientific, Corte Madera, CA) was used
to determine the median size (CMD) and distribution (GSD)
of excipient particles adhered to the disc following impact
(n = 5).

Aerosol Dispersion and In Vitro Aerodynamic
Characterization

Dispersion properties of drug:excipient blends were evalu-
ated from the Rotahaler® (GlaxoWelicome, Inc., NC), a passive
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device commercially available for the delivery of albuterol
sulfate (21). Dose delivery and fine particle mass (FPM, the
mass of drug in the respirable size range [<5 pm] capable of
penetrating and depositing in the lower lung) of 2% w/w albu-
terol sulfate blends with lactose, maltodextrin or sodium chlo-
nide (45-75 and 75-125 pm) were evaluated by inertial
impaction. The Andersen cascade impactor (Graseby Inc.,
Smyrna, GA), is a multistage, multi-orifice impactor, consisting
of a preseparator, eight collection stages and a backup filter
(22,23). The method prescribed for DPI clinical use involves
inhaling at a high flow rate through the device and subsequent
breath holding (24). The cut-off for the eight stages in the
Andersen impactor have been recalculated and calibrated for
higher flow rates (25), and for a physiologically relevant flow
rate of 60 L/min they are 6.18, 3.98, 3.23, 2.27, 1.44, 0.76,
0.48, and 0.27 p.m. Unit doses (50 mg) of drug:excipient blends
(2% wiw) were filled in size 3 gelatin capsules (Eli Lilly and
Co., IN), and generated and sampled at 60L/min for a period
of 3s. The impaction surfaces were coated with silicone oil to
minimize inter-stage losses due to particle bounce. Following
aerosolization, the stages were washed and albuterol sulfate
was analyzed by a high pressure liquid chromatography assay
with U.V. detection at 276 nm. FPM values were obtained from
a fitting procedure based on a 5 pm cut-off.

Statistical Experimental Design

The final objective of this study was to correlate in vitro
dose delivery of selected formulations to pharmacodynamic
effect. The vaniables affecting in vitro dose delivery are numer-
ous. Therefore, a half fraction of a complete 2 factorial design
was utilized to evaluate the effect of five factors, each at 2
levels, on dose delivery and to identify extremes of dose delivery
for subsequent in vivo evaluations. The five factors evaluated
were the excipient (lactose, maltodextrin), size range of excipi-
ent (45-75, 75— 125 pwm), drug concentration in blend (1%, 2%
w/w), delivery device (Rotahaler®, Pfeifter [26]) and sampling
flow rate through the impactor (60, 90 L/min). The Andersen
8-stage cascade impactor was used to size characterize the
powder formulations generated as an aerosol, as described pre-
viously. Formulations exhibiting the highest and lowest dosing
efficiency were also identified for in vivo pharmacodynamic
evaluation.

Pharmacodynamic Evaluation

The guinea pig may be utilized as a model to evaluate
pulmonary conditions such as allergen-induced bronchocon-
striction (27), and for the action of anti-asthmatic drugs (28).
The use of a bronchodilator drug, albuterol sulfate, allowed
pharmacodynamic evaluation of bronchodilation in guinea pigs.
A 4 X 4 Latin square experimental design was adopted for
evaluating selected formulations at equivalent unit doses (100
pg), and excipient controls on induction of bronchodilation in
guinea pigs (n = 16) [UNC-CH, IACUC Protocol No. 97-
119.0-A, entitled, ‘Evaluation of Novel Dry Powder Aerosol
Preparations of Albuterol Sulfate’]. The experiments performed
adhered to the ‘Principles of Laboratory Animal Care’ (NIH
Publication #85-23, revised 1985).

The experimental apparatus followed the Konzett Roessler
arrangement (29). Dunkin Hartley guinea pigs (female, 350
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400 g) were anesthetized with 0.875 ml/Kg of a 0.75:0.05:0.075
Ketamine (100 mg/mL): Xylazine (100 mg/mL): Acepromazine
(10 mg/mL) mixture administered IM, tracheostomized, and
intubated to allow positive pressure ventilation of 5.0 ml air/
breath at 60 breaths/min (Model 683, Harvard A pparatus, South
Natick, MA). Depth of anesthesia was assessed by loss of
corneal reflex and lack of response to interdigital pinch. The
body temperature of the animal was maintained at 37°C. A
bronchospasm transducer (model 7020, Ugo Basile, Italy) (30)
was connected to a side arm, and employed to measure pulmo-
nary inflation pressure as an indication of airway resistance. A
stable baseline pulmonary pressure was established prior to
intratracheal administration of drug/excipient particles, using a
dry powder insufflator (Penn Century, Philadelphia, PA). The
insufflator consists of an L-shaped 18 gauge needle attached
to the sample chamber which serves as the delivery tube for
the aerosolized powder formulation into the guinea pig trachea.
The powder was inserted into the sampling chamber of the
device, and quantified by weighing the device before and after
sample loading, and following sample discharge. A mechanical
air supply from a 3 ml syringe delivered the force required to
disperse the drug formulation. Changes in pulmonary inflation
pressure (PIP), measured by the bronchospasm transducer, were
monitored by a data acquisition software package (Windaq,
Dataq Instruments, Columbus, OH).

Unit dose delivery and uniformity (n = 5) of selected
formulations were evaluated using an MDI unit dosage sam-
pling apparatus (Nephele Enterprises, White Bear Lake, MN)
at a flow rate of 60 L/min. The device consisted of a Teflon
tube and filter assembly holding a 0.22 pm filter. Individual
doses were actuated into the device which was washed and
analyzed for drug content to determine the dose recovery from
the device.

RESULTS AND DISCUSSION

Particle Preparation and Characterization

Table I shows the particle size and distribution as evaluated
by image analysis and laser diffraction. Values for particle size
distribution obtained by the two methods were different which
is anticipated since the two methods measure different estimates
of particle size. Equivalent circular diameters were measured
by microscopy and volume diameters by laser diffraction. Con-
sequently, these data should not be exactly equivalent. Their
similarity confirms that the median size and distribution is
within the designated size ranges.

The static angle of repose, moisture content, density and
surface area were evaluated and data for the various powders
are listed in Table II. Free flowing powders yield low static
angles of repose, whereas high values are charactenstic of
powders exhibiting poor flow. Based on static angle of repose
values obtained for sieved excipient particles (45-75 and 75—
125 pwm), the order of flow was sodium chloride > lactose >
maltodextrin. The moisture content of the various powders
ranged from 4.9 to 6.7%. Micronized albuterol sulfate particles
consisted of loose aggregates and exhibited the lowest bulk and
tapped densities (0.14 and 0.24 g/cm?, respectively), whereas
sodium chloride with ngid cubic crystals possessed the highest
bulk and tapped density (1.39 and 1.52 g/cm’, respectively, for
45-75 pm particles). Micronized albuterol sulfate exhibited
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Table I. Particle Size and Distribution of the Various Powders as Determined by Scanning Electron Microscopy/Image Analysis and Laser
Diffraction

Particle size and distribution

Image analysis®

Laser diffraction”

Size range
Powder (pm) CMD (jum) GSD MD (pum) GSD
Lactose 45-175 52.45 1.54 50.38 (0.57) 1.47 (0.05)
75-125 98.47 1.59 78.38 (0.48) 1.67 (0.02)
Maltodextrin 45--75 58.56 1.58 38.26 (0.49) 1.69 (0.03)
75-125 95.2 1.52 81.62 (0.34) 1.68 (0.02)
Sodium chloride 45-175 53.78 1.58 43.22 (0.47) 1.65 (0.04)
75-125 11542 1.46 110.32 (0.52) 1.59 (0.02)
Albuterol sulfate <5 2.47 1.73 2.14 (0.32) 1.84 (0.03)

“ The diameters of a minimum of 500 particles were measured.
b n = 5, values in parenthesis represent SDs.

the highest surface area per unit volume (11.735 m%g), and
sodium chloride the lowest (0.072 m?/g for45-75 wm particles).
Maltodextrin and lactose powders possessed intermediate den-
sity and surface area values.

The powders selected exhibited varying physico-chemical
properties and studies were performed to evaluate their com-
bined effects on bulk powder flow, particle detachment and
aerosol dispersion.

Powder Flow

Beds of lactose and maltodextrin powder exhibited irregu-
lar or aperiodic oscitlations of df versus time, whereas sodium
chloride powder beds exhibited near periodic behavior. Phase-
space plots of lactose and maltodextrin powders were character-
ized by repetitive, non-overlapping trajectories or attractors
which is evidence of chaotic behavior. An attractor is defined
as a series of trajectories in phase-space that never exactly
repeat themselves and are attracted to each other around the
origin. The diameter of the attractor or its distance from the
origin reflects the deviation of 8 from 8, whereas the relative
proximity between adjacent trajectories of an attractor reflects
the irregularity or non-repetitive nature of these deviations.
Phase-space plots, characterized by repetitive patterns orbiting
the origin, for 45-75 pwm sodium chloride and lactose particles

are shown in Fig. 1. The attractor for 45-75 pm lactose (poor
flow) exhibited a larger diameter and divergence between adja-
cent trajectories in comparison to the sieved sodium chlonde
samples (superior flow) which were characterized by overlap-
ping trajectonies resembling a single loop in phase-space. The
capacity dimensions of the various powders, defining the geo-
metric dimension of these attractors in phase-space, are listed
in Table H1. A low capacity dimension is indicative of superior
flow. The capacity dimensions for the three excipients ranged
from 1.24 * 0.01 for 45-75 pwm sodium chloride (superior
flow) to 1.82 * 0.02 for 75—125 p.m maltodextrin (poor flow)
[n = 3}. Based on capacity dimensions, the order of flow was
sodium chloride > lactose > maltodextrin.

Particle Detachment from Solid Surfaces

Impact forces in the range of 0.2-50 Newton (N) were
achieved by varying the hammer weight and angle of release
of the pendulum. The size of particles remaining on the disc
following impact decreased with increasing impact force. A
direct linear correlation (RZ = 0.9912) existed between the size
of particles adhered and the capacity dimensions (flow) of the
excipient powders. This correlation is shown in Fig. 2, for an
impact force of 1.21 N, and values of the particle size and
distribution are listed in Table IIl. The size of adhered particles

Table II. Static Angle of Repose, Moisture Content, Density (Bulk and Tapped), and Surface Area of the Various Powders Evaluated

Size Static angle Moisture Dcn‘sn]y
(gfem’) »
range of repose” content” Surface area
Powder (pm) (degrees) (%) Bulk Tapped (m?/g)
Lactose 45-75 33.6 (0.5) 5.2 (0.1) 0.72 (0.02) 0.86 (0.03) 0.203 (0.009)
75-125 30.5 (0.2) 5.3 0.1 0.73 (0.02) 0.88 (0.01) 0.184 (0.008)
Maltodextrin 45-175 34.6 (0.6) 6.4 (0.2) 0.57 (0.01) 0.69 (0.02) 0.152 (0.002)
‘ 75-125 35.5 (0.3) 6.5 (0.1) 0.54 (0.01) 0.65 (0.01) 0.173 (0.008)
Sodium chloride 45-75 24.8 (0.3) 6.7 (0.1) 1.39 (0.03) 1.52 (0.03) 0.072 (0.006)
‘ 75-125 24.6 (0.2) 6.4 (0.2) 1.34 (0.02) 1.48 (0.01) 0.068 (0.004)
Albuterol sulfate <5 46.2 (0.3) 4.9 (0.1) 0.14 (0.01) 0.24 (0.02)

11.735 (0.750)

a4

5, values in parenthesis represent SDs.
b

n = 2, values in parenthesis represent the statistical range.
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(8) 45-75um sodium chioride

3 a0 3

5 (b) 45-75um lactose

-5

-10 do 10

Fig. 1. Phase-space plots for (a) 45-75 pm sodium chloride, and (b) 45-75 um lactose powders.

Table III. Data Indicating a Correlation Between Powder Flow, Particle Detachment, and /n Vitro Aerosol Dispersion

Impact force (1.2IN)*

Fine particle mass, FPM (g)
of albuterol sulfate blends”

Size
range Capacity Dry powder Reduction in
Excipient (m) dimension“ CMD(jpum) GSD Rotahaler® insufflator PIP¢ (%)
Lactose 45-175 1.52 (0.01) 21.04 (0.12) 1.67 (0.01) 102.9 (3.2) 123.4 (4.6) [HDE] 19.44 (4.46)
75-125 1.59 (0.02) 25.14 (0.25) 1.71 (0.02) 942 (2.7) — —
Maltodextrin 45-75 1.74 (0.02) 29.73 (0.16) 1.71 (0.02) 24.7 2.1) — —
75-125 1.82 (0.01) 33.46 (0.38) 1.69 (0.02) 20.5 (2.0) 32.5 (3.1) (LDE] 5.82 (1.43)
Sodium chloride 45-75 1.24 (0.01) 13.14 (0.11) 1.69 (0.01) 1359 (5.2) — —
75-125 1.27 (0.02) 14.34 (0.24) 1.65 (0.02) 128.7 (3.5) — —
Note: Reduction in pulmonary inflation pressure (PIP) for selected formulations are also listed.
“n=3.
bn=5.
¢ n = 16, values in parenthesis represent SDs.

decreased with decreasing capacity dimensions (smaller irregu-
larities in dynamic flow) of the powders, indicating enhanced
detachment properties (small particle size cut-off for detach-
ment) of particles exhibiting superior dynamic flow properties.
The ease of particle detachment based on impact force separa-
tion measurements was sodium chloride > lactose > maltodex-
trin, which correlated with powder flow behavior.

10
1.20

1.40 1.60 1.80
Capacity Dimension
Fig. 2. Plots of the size of excipient particles (CMD, pm) adhered
to the sapphire disc following impact (1.21 N) versus the capacity
dimension, indicating a direct linear correlation (r? = 0.9912) between
particle detachment and powder flow.

Aerosol Dispersion and In Vitro Aerodynamic
Characterization

Based on in vitro acrosol delivery, the ease of dose delivery
and FPM was as follows: sodium chloride > lactose > malto-
dextrin (Table I1I). This trend correlates with powder flow and
particle detachment data.

Figure 3 shows a direct correlation (R? = 0.9741) between
flow (capacity dimension) and dose delivery (FPM) for blends

140

120
100
80
60
40
20 4

0
1.20

FPM (p

1.40 1.60 1.80
Capacity Dimension
Fig. 3. Plots of capacity dimensions versus fine particle mass (FPM,
ng) indicating a correlation (12 = 0.9741) between powder flow and
aerosol dispersion.
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delivered from the Rotahaler® at 60 L/min. Powders that exhib-
ited poor flow (large capacity dimensions) experienced greater
inter-particulate and particle-surface interactions, and hence,
dispersed less readily as aerosols (lower FPM). A linear plot
of the relationship between capacity dimensions and dispersion,
with a maximum FPM of 1000 pg for an ideal free flowing
powder, might be anticipated if flow was the only factor affect-
ing FPM. However, the non-linearity in the data may be due
to additional limitations in the delivery efficiency of the device
resulting in much lower FPM values (~140 pg) for free flow-
ing powders.

Statistical Experimental Design

The excipient, size range, and blend concentration had a
statistically significant effect (p < 0.05) on FPM. The 2%
albuterol sulfate blend in 45-75 pwm lactose was identified as
the highest dosing efficiency (HDE) formulation and the 1%
blend in 75-125 pwm maltodextrin as the lowest dosing effi-
ciency (LDE) formulation. These two blends, at equivalent
doses, were employed for pharmacodynamic evaluations.

Pharmacodynamic Evaluation

The dose recoveries and reproducibility as evaluated by
the MDI unit dosage sampling device were acceptable as indi-
cated by the high recoveries and low standard deviations for
the two formulations: 98.94 *+ 1.26% for the HDE and 97.76
* 2.08% for the LDE formulation. Inertial impaction studies
were performed on aerosols of the HDE and LDE formulations
generated from a dry powder insufflator (used to administer
aerosols to the guinea pig). Values of FPM are listed in Table
i, and confirm a similar trend in dispersion propertics as
observed with the Rotahaler®.

Formulations, at equivalent doses and relative amounts,
delivered to the guinea pig were as follows: A: 2% albuterol
sulfate in 45-75 wm lactose (HDE, 5.0 mg = 100 g of drug);
B: 1% albuterol sulfate in 75-125 pwm maltodextrin (LDE, 10
mg = 100 pg of drug); C: 45-75 pm lactose control (5.0 mg)
and D: 75-125 pm maltodextrin control (10.0 mg). Sixteen
guinea pigs were utilized in the study, each receiving all the
above four treatments (A-D) in random order as defined by a
4 X 4 Latin square design. The time between successive treat-
ments (approximately 45 min) was sufficient to allow for mea-
surement of changes in PIP, and return of the PIP to normal
baseline values. Studies were also performed in guinea pigs (n
= 3) to evaluate the effect of anesthesia and experimental
conditions on PIP over the entire duration of the study (approxi-
mately 4 hours). PIP was fairly constant and did not exhibit
wide vanations in baseline values.

A reduction in pulmonary inflation pressure (PIP) from
baseline values was observed following administration of equiv-
alent doses of albuterol sulfate dry powder aerosols. The results
for selected formulations can be seen in Fig. 4. The largest
(19.44 = 4.46%) and smallest (5.82 * 1.43%) reduction in
PIP were obtained by the HDE (45-75 um lactose, FPM =
123.4 * 4.6 ng) and LDE (75-125 pm maitodextrin, FPM =
32.5 = 3.1 ug) formulations, respectively. These differences
could be attributed to greater peripheral rather than central
airway deposition resulting from the ease of dispersion of lac-
tose versus maltodextrin blends. Excipient controls resulted in
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Fig. 4. Plots of percent reduction in pulmonary inflation pressure (PIP)

from baseline values for the treatments and excipient controls evaluated.

A: highest dosing efficiency (HDE) formulation, FPM = 1234 * 4.6

g B: lowest dosing efficiency (LDE) formulation, FPM = 325 +
3.0 ug; C: 45-75 pm lactose; D: 75-125 wm maltodextrin.

A

small but insignificant effects on PIP (45-75 pm lactose =
044 = 0.76%; 75-125 pm maltodextrin = 0.25 * 0.48%).
The differences between the two treatment groups and between
each treatment and their respective controls were statistically
significant (p < 0.05). Pharmacodynamic effect (PIP) plotted
versus FPM can be seen in Fig. 5. Formulations that exhibited
a higher in vitro dose delivery (higher FPM) resulted in a greater
reduction in PIP. Excipient controls exhibited insignificant
effects. These studies demonstrated a proportionality between
% reduction in PIP and FPM, but additional formulations need
to be evaluated before a correlation can be drawn.

CONCLUSIONS

Novel techniques for analyzing dynamic powder flow
properties have been developed. Drug and excipient particles
in size ranges suitable for dry powder aerosol delivery to the
lungs were evaluated using these techniques. Striking direct
relationships between powder flow properties, particle detach-
ment, and aerosol dispersion were observed with implications
for pharmacodynamic effect (Table II).

The key numerical descriptor of powder flow, the capacity
dimension, was generated from novel chaos analysis of dynamic
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Fig. 5. Percent reduction in pulmonary inflation pressure plotted versus
fine particle mass indicating a proportionality between in vitro acrosol
dispersion and in vivo pharmacodynamic effect. Formulations that
exhibited a higher in vitro dose delivery resulted in a greater reduction
in pulmonary inflation pressure. Excipient controls resulted in small
but insignificant effects on PIP.
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angle of repose data. A low capacity dimension was indicative
of supenior flow. A pendulum impact force separation device
was designed to evaluate particle detachment from solid sur-
faces. Ease of particle separation (small particle size cut-off
for detachment) correlated directly (2 = 0.9912) with flow.
Dry powder aerosol delivery from the Rotahaler® indicated a
direct proportionality (r* = 0.9741) between flow and dispersion
(FPM). Powders exhibiting poor flow (large capacity dimen-
sions) dispersed less readily (low FPM). For the three excipients
evaluated, the order of powder flow, particle detachment and
in vitro dose delivery was sodium chloride > lactose > malto-
dextrin. An experimental design identified the highest and low-
est in vitro dosing efficiency formulations for pharmacodynamic
evaluation of bronchodilation in guinea pigs. In vivo studies
demonstrated a proportionality between PIP and FPM.

These methodologies integrated various levels of in vitro
powder behavior, and addressed the hypothesis that numerical
descriptors of powder tflow predict dry powder aerosol disper-
sion. Preliminary pharmacodynamic evaluations demonstrated
the potential of these techniques to evaluate a correlation
between in vitro powder properties and in vivo effect.

Understanding the key features and the relationships
among physico-chemical particie attributes, flow behavior,
aerosol dispersion and ultimately pharmacodynamic eftect, may
allow preferential selection of a specific powder from several
available powders, in preformulation design, and holds promise
for broad-based use in the development of pharmaceutical
formulations.
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