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Purpose. Relatively large (>5 pwm) and porous (mass density < 0.4
g/cm?) particles present advantages for the delivery of drugs to the
lungs, e.g., excellent aerosolization properties. The aim of this study
was, first, to formulate such particles with excipients that are either
FDA-approved for inhalation or endogenous to the lungs; and second,
to compare the aerodynamic size and performance of the particles with
theoretical estimates based on bulk powder measurements.

Methods. Dry powders were made of water-soluble excipients (e.g.,
lactose, albumin) combined with water-insoluble material (e.g., lung
surfactant), using a standard single-step spray-drying process. Aerosol-
ization properties were assessed with a Spinhaler™ device in vitro in
both an Andersen cascade impactor and an Aerosizer™.

Results. By properly choosing excipient concentration and varying the
spray drying parameters, a high degree of control was achieved over
the physical properties of the dry powders. Mean geometric diameters
ranged between 3 and 15 pm, and tap densities between 0.04 and
0.6 g/cm®. Theoretical estimates of mass mean aerodynamic diameter
(MMAD) were rationalized and calculated in terms of geometric parti-
cle diameters and bulk tap densities. Experimental values of MMAD
obtained from the Aerosizer™ most closely approximated the theoreti-
cal estimates, as compared to those obtained from the Andersen cascade
impactor. Particles possessing high porosity and large size, with theoret-
ical estimates of MMAD between -3 pm, exhibited emitted doses
as high as 96% and respirable fractions ranging up to 49% or 92%,
depending on measurement technique.
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ABBREVIATIONS: a, radius of the particle; d, mass mean geometric
diameter of the particles; DPPC, dipalmitoy!phosphatidylcholine; ED,
emitted dose exiting the dry powder inhaler; €, particle porosity; F,
force vector; g, gravity vector; M, mass of powder; MMADe, experi-
mental mass median aerodynamic diameter of the particles; MMADL,
theoretical mass mean aerodynamic diameter of the particles; N, num-
ber of particles in the powder; p, mean particle mass density; p;, 1
glem?; p,, skeletal mass density of the particle; RF, respirable fraction
of the aerosolized powder; R,, pore radius of the particle; u, velocity
vector; V, volume of powder; V ,,,, particle volume; V s, total volume
of space between the sphere-envelope boundaries of individual particles
in the powder; ., viscosity of air; k,, hydraulic permeability of the
porated particle.
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Conclusions. Dry powders engineered as large and light particles, and
prepared with combinations of GRAS (generally recognized as safe)
excipients, may be broadly applicable to inhalation therapy.

KEY WORDS: pulmonary drug delivery; dry powder; large porous
particles; excipients; aerosolization properties.

INTRODUCTION

Inhalation aerosols traditionally comprise airborn suspen-
sions of 1-5 pwm liquid or solid particles in variable states
of aggregation (1-4). Since aggregation lowers the respirable
fraction of an inhalation aerosol mass, an active goal of the
pharmaceutical industry has been to design inhalers capable of
reproducibly deaggregating aerosols, often at the expense of
inhaler size and cost (1). It has been shown that by designing
therapeutic acrosol particles with very low mass density (<0.4
g/cm?), relatively large particles (>5 pm) can be successfully
inspired into the lungs (5). Large porous particles aggregate
less and deaggregate more easily under shear forces than
smaller, non-porous particles—all other considerations equal
(3—4)—hence they appear to more efficiently aerosolize from
a given inhaler device than conventional therapeutic particles.
In addition, since large particles (e.g., ~10 pwm) are less likely
to be phagocytosed than small particles (e.g., ~2 wm) (5),
inhalation aerosols consisting of large porous particles appear
to have a special capability to release therapeutics into the lungs
over relatively long periods of time, an attribute that might be
exploited by designing large porous particles of relatively low
water solubility (6-8).

In this article, we report the design of a class of large
porous particles for inhalation that are: 1) formed of excipients
that are either FDA-approved for inhalation or endogenous to
the lungs (or both); 2) relatively lipophilic with the potential
for sustained release of a therapeutic; and 3) prepared by a
standard, one-step pharmaceutical spray drying process. We
show that theoretical estimates of mass mean aerodynamic
diameter (MMAD) can be made in terms of the geometric size,
as measured by Coulter multisizing, and the “sphere-envelope”
mass density, as measured by tap density. We show that esti-
mates of experimental MMAD vary depending on measurement
technique, and that they most closely approximate the theoreti-
cal estimates when time-of-flight (Aerosizer™) measurements
are made.

MATERIALS AND METHODS

Chemicals

B-lactose (crystalline), human serum albumin (fraction V,
96-99% albumin), DL-a-phosphatidylcholine dipalmitoyl
(DPPC, synthetic, crystalline, ~99%), albuterol (hemisulfate
salt), 17 B-estradiol, human insulin (recombinant expressed in
Esherichia Coli, 28 USP units per mg) and sodium hydroxide
were obtained from Sigma Chemical Co. (St. Louis, MO).

Solutions (0.5 or 1 L) were prepared for spray drying
according to the following procedure. Water-soluble excipients
and/or drug (i.e., lactose, albumin, albuterol and/or insulin)
were dissolved in distilled water. To study the effect of pH on
particle morphologies or to dissolve insulin, HC1 (J.T. Baker)
or NaOH were added to solutions. The water-insoluble excipient
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and/or drug (i.e., DPPC and/or estradiol) were dissolved in 95
percent ethanol. The two solutions were then combined to form
an 87 percent ethanolic solution of 0.1% w/v total powder
concentration which was processed by spray-drying within
an hour.

Spray Drying

A Niro Atomizer Portable Spray Dryer (Niro, Inc.,
Colombus, MD) was used to produce the dry powders. Com-
pressed air with variable pressure (I to 5 bar) ran a rotary
atomizer (2,000 to 30,000 rpm) located above the dryer. Liquid
feed with varying rate (20 to 66 mi/min) was pumped continu-
ously by an electronic metering pump (LMI, model #A151-
192s) to the atomizer. Both the inlet and outlet temperatures
were measured. The inlet temperature was controlled manually;
it could be varied between 100°C and 400°C and was established
at 100, 110, 150, 175 or 200°C, with a limit of control of 5°C.
The outlet temperature was determined by the inlet temperature
and such factors as the gas and liquid feed flow rates; it varied
between 50°C and 130°C. A container was tightly attached to
the cyclone for collecting the powder product. Yields varied
between 3 and 80% with a trend toward higher yields at
lower temperatures.

Particle Size, Density and Shape

Particles of the dry powders were viewed using a conven-
tional scanning electron microscope (SEM Model 5400, Japan
Electrical Optical Laboratory, Peabody, MA) at an accelerating
voltage of 20 kV. Electron micrographs were taken on a 55
Polaroid film. The mass mean particle size and size distribution
of the dry powders were measured with a Coulter Multisizer
11 (Coulter Electronics, Luton, England) by suspending powder
in an aqueous solution; these values were confirmed by inspec-
tion of electron micrographs of the particles. Bulk tap density
measurements were made using a Vankel USP tap density meter
(Cary, NC).

In Vitro Aerosol Deposition

Hard gelatin capsules (size 2, Eli Lilly, IN) were filled
to approximately 50% with the dry powder, since half-filled
capsules were shown to emit the largest amount of powder in
preliminary experiments. Capsules were placed in a Spinhaler™
dry powder inhaler (Fisons, Bedford, MA) and the liberated
powder drawn through an Andersen cascade impactor (1 ACFM
Eight Stage Non-Viable Cascade Impactor, Graseby Andersen,
Atlanta, GA) operated at a flow rate of 28.3 L/min for 10 s
(9). The amount of powder deposited on each stage of the
impactor was determined by measuring the difference in weight
of the filters (Graseby Andersen) placed on the different trays.
The “emitted dose” was determined as the percent of total
particle mass exiting the capsule and the “respirable fraction”
of the aerosolized powder calculated by dividing the powder
mass recovered from the terminal stages (=< cut-off aerodynamic
diameter 4.7 wm) of the impactor by the total particle mass
recovered in the impactor. A plot of the amount of powder
deposited on each stage of the impactor against the effective
cut-off diameter for that stage allowed calculation of the (experi-
mental) mass median acrodynamic diameters (MMADe) of the
particles. The use of filters for collecting powder particles on
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the impactor plates was validated by comparing the filter
method with a method wherein each plate was coated with a
viscous fluid, as recommended by the Pharmacopeia (9). No
statistical difference in respirable fractions was observed
between the results of the different methods.

MMADe and respirable fraction values were also assessed
by aerosolization of powders in an Aerosizer™ (Amherst Pro-
cess Instrument, Inc; Amherst, MA) based on direct time-of-
flight measurements. The measurements were carried out in
the Aero-Breather™ mode using the Spinhaler™ device, with
an air flow rate of 28.3 L/min. Aerodynamic diameter was
determined via the Aerosizer computational software upon eval-
uating time-of-particle-flight and setting the reference mass
density to unity, corresponding to an assumption that the highly
porous nature of the powders results in low particle Reynolds
number. Specifically, time-of-flight is determined computation-
ally by solving the force balance,

wd? (V, - V)2 1 av
c, & e Y L nasy L
474 Pa 2 6 P dr

where C,, is the particle drag coefficient, d the particle geometric
diameter, p, the density of air, p, the density of the particle,
V, the velocity of air, and V), the velocity of the particle. When
the particle Reynolds number is small (owing to very low mass
density, V, ~ V),

(Vo — Vo)
Re. = Pal »)

5 <<1
then C, is proportional to the inverse of the particle Reynolds
number (1/Re,) and

av,\ .,
—L) 43 = const* u(V, = V,)

where d, = \/p_,,d is the aerodynamic diameter. Hence, in the
limit of very light particles, the time of flight (underlying the
magnitude of V,) can be determined from the original force-
balance equation upon setting the particle mass density to unity
and interpreting the geometric diameter (d) as the aerodynamic
diameter (MMADe).

Statistical Analysis

Geometric particle diameters (mean * the standard devia-
tion, sd, from 1 measurement) and tap densities (mean * sd
of 3 successive measurements) were measured on bulk powders.
In order to study the effect of particle composition and spray
drying parameters on particle diameter, density and shape, each
spray drying run was reproduced 2 to 9 times. Geometric particle
diameters and tap densities are expressed as average values of
the different runs (* standard error of the mean, sem; Figs. 2,
4 and 5). Electron micrographs of represensative particles are
shown in Fig. 3. Selected particles were analyzed for acrosoliza-
tion properties, and emitted doses, respirable fractions and
experimental acrodynamic diameters expressed as average val-
ues of 3 successive measurements (Fig. 6, Table I). To avoid
overcrowding of Fig. 6, sd of measurements are only given in
Table 1. Data were analyzed by the Anova and Scheffé tests
(p < 0.05).
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Table I: Aerosolization Properties of Large Porous Particles

Andersen cascade impactor Aerosizer™

Drug d p MMADt MMADe ED RF MMADe RF
load* (wm) (g/cm’) (pm) (wm) (%) (%) (m) (%)
4%A 88 +33 0.310 = 0.007 49 + 13 67 *15 69 = 22 20+ 1 51 £ 15 25
4%A 9.7 £ 49 0.300 = 0.004 5321 75 14 45 = 8 16 £ 1 5315 24
4%A 104 £ 40 0.080 = 0.006 29 =09 6914 79 * 18 17 £2 3316 72
10%E 83 *45 0.087 = 0.002 2511 52%15 9 = 6 394 2614 92
10%E 9.1 + 7.1 0.042 = 0.000 19 12 56 £25 94 £ 4 308 26 1.5 88
90%E 78 £ 36 0.182 *= 0.008 33x 1.2 67 *16 678 252 42 * 15 44
90%E 92 *+52 0.094 * 0.003 28+ 14 68+ 15 84 * 13 22*2 3216 73
90%E 151173 0.082 = 0.004 4320 73 %15 76 = 11 17 £ 1 4116 47
3%1 17 £35 0.062 = 0.004 1909 562 > 0.02 71 =3 33+x4 3412 66
5%1 6.2 *+34 0.158 * 0.006 2514 478 * 0.06 80 * 20 49 £ | 3215 71

“ A, Albuterol loaded particles; E, Estradiol loaded particles; I, Insulin loaded particles. Data are presented as average values of 3 successive
measurements (£ standard deviation). Meaning of the acronyms is given in the Abbreviations section of the text.

RESULTS

Mass Mean Aerodynamic Diameter

Prior to discussing the preparation and characterization of
porous powders for inhalation, it is useful to consider a property
of the spray dried powders that is critical to evaluating their
aerodynamic performance, namely the (theoretical) mass mean
aecrodynamic diameter (MMADt). MMADt is classically
defined for nonporous spherical particles by (10):

MMAD: = \/E d
Pi

where d is the mass-mean geometric diameter of the powder,
p the mean particle mass density, and p, = 1 g/cm®. The MMADt
of the particle corresponds, therefore, to the diameter of a sphere
of p = 1 g/cm® were it to fall under gravity with the same
velocity. It is possible to generalize Eq. (1) for the types of
highly porous, spherically-isotropic particles examined in this
study, and thereby to identify the physical properties needed
to estimate MMADt, by considering a spherical particle perfora-
ted by randomly oriented cylindrical pores falling under gravity
(Fig. 1). As shown in Appendix A (see Eq. (A20), with F =

(1

u

A

Fig. 1. lllustration of a porous particle falling under gravity. The
particle of diameter, d, is permeated isotropically by cylindrical pores
of radius, R, and falls under gravity, g, with a velocity u.

4/3 wpa’g, 2a = d), the porous sphere will fall through air
with a velocity

Y L NN | B R
u=pd (lSp. 1_ ] g )

d2

1+
18K()

where p, is the skeletal mass density of the particle (e.g., as
measured by pycnometry), p is the viscosity of air, € is the
particle porosity and g is the gravity vector. Given that the
hydraulic permeability of the (cylindrically) porated particle is
Ko = €R2/8, with R, the pore radius (see Appendix A for clarifi-
cation of these terms), Eq. (2) becomes

-1

Y L N P _
u—pﬂ(lgu)(l g)| 1

9

s g )
2R,,)

&
l6< d
The aerodynamic diameter of the porous sphere can now be

calculated by comparing Eq. (3) with the related formula for
a nonporous sphere of unit mass density (p;), i.e.,

u = p, MMAD? 1 g @)
18
which shows that
p,(1 — &) 2
MMADt = d L 5)
&

16(dY
e+ —

9 \2R,
This relationship simplifies upon noting that for pore sizes
relatively small compared to the particle diameter itself

(2R, = 3),
MMADt = d /M
Y

Finally, comparison of Egs. (1) and (6) reveals that, for porous

(©6)
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particles of approximately spherical shape, with pore sizes as
large as approximately 1/3 the diameter of the particles them-
selves, the appropriate measure of particle mass density p (as
appears in Eq. (1)) is

p=pll—¢ Q)

This relationship is explicitly independent of pore radius, as
well as the limiting assumption of the simple geometrical pore
model. That is, the particle falls under gravity with a velocity
that is proportional to the net mass enclosed in the sphere
envelope diameter d, as is physically intuitive.

An approximate bulk measure of p as defined by Eq. (7),
is provided by the tap density. In tap density experiments a
mass (M) of powder is tightly filled into a volume (V), and
the ratio M/V used to approximate p. The mass M can be
expressed as

3
M=33 ( )pmu &) ®)

where N is the number of particles in the powder. The volume
V is given by

3
V= 2" 13 (_") + vvnids (9)

where the first term on the right side o{/ Eq. (9) denotes the
particle volume (Vpu), i€, Vo = Do-y 4/3 W(d,/2)%, and
V.uigs denotes the total volume of space between the sphere-
envelope boundaries of individual particles in the powder.
Dividing Eq. (8) by (9) gives

M
| p‘( 8) Vvuids ( : 0)
1 +—
vpurl
where
RZAN
N
En 13 ( ) p\n(] )
ps(1 — &) =

(an
N 4 [d, 3
2712]511-(?)

is the mean mass density of the powder. The ratio Vg Viun
can be roughly estimated by assuming an efficient packing of
a monodisperse assay of spheres; this gives Vygyd/ Vi = 0.2595
(11), resulting in

M B 1 _ B
-V-—ps(l 8)(——-—-l " 0.2595) 0794p,(1 — &) (12)

Comparing Eqs. (12) and (7) shows that the relationship

between the tap density (M/V) and the “particle density” of

interest in the evaluation of MMAD for porous particles, is
M_ 0.794p (13)
v

meaning that the tap density is approximately a 21% underesti-

mate of the ‘true’ density py(1 — €). In real scenarios, polydis-

persity of powders reduces the amount of void space in a packed
powder, as does interlocking of particles, whereas conventional
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tapping density measurements may result in less than perfect
packing. These counterbalancing effects suggest that tap density
estimates of p, for use in Eq. (1), may remain approximately
a 20% systematic underestimate of actual values.

In the remainder of this article, theoretical estimates of
aerodynamic diameter (MMADt) are made using Coulter
Counter diameters to estimate d, and tap density values to
estimate p. We compare theoretical values (MMADt) with
experimental values (MMADe) in a later subsection.

Formation of Large Porous Particles

The effects of powder composition, solution properties
and spray drying parameters on the geometrical properties of
the spray dried powders were examined in our experimental
study. Powder composition most greatly affected particle size,
density and morphology. As shown in Fig. 2, a maximum
particle size and minimum particle density occurred at 60%
DPPC concentration (Anova and Scheffé tests, p < 0.05). DPPC
concentration had an important impact on particle shape as
well, with increasing DPPC content transforming particle mor-
phology from torroidal (0% and 30% DPPC), to sponge-like
(60% DPPC), to spherical (30% DPPC) (Fig. 3). These three
particle configurations were also the main types encountered
in our experiments. In general, adding lactose led to smaller
and heavier particles, while adding albumin contributed to larger
and lighter particles. Albumin appeared also responsible for
the sponge-like shape of the particles, whereas lactose tended
to produce spherical shapes.

The pH of the feed solution significantly influenced parti-
cle density (Anova, p < 0.05) and morphology, although an
effect on particle size was also observed (Anova, p < 0.05).
Prior to mixing with ethanol, decreasing the pH of the aqueous
solution from 7 to 4 increased the density 3-fold for albumin/
lactose/DPPC (20/20/60 w/w/w) particles while decreasing their
size by a factor of 1.5 (Scheffé test, p < 0.05; Fig. 4). A
similar trend was observed when increasing the pH from 7 to
10 (Scheffé test, p < 0.05; Fig. 4). A sponge-like shape was
observed at pH 7, but partially lost at the lower and higher pH
values examined (data not shown).

Spray drying parameters affected particle characteristics
as well. Inlet temperature had an especially important impact
on particle morphology. Increasing the temperature from 110°C

- 0.4
- 03 _
[
L 02 &
Q
F 0.1
3 L ¥ 1
0 25 50 75 100
DPPC Content (%)

Fig. 2. Influence of DPPC content on particle diameter, d (ll), and
density, p (O). The powders were made of variable DPPC content
with lactose and albumin present in equivalent amounts. Spray drying
was carried out with an inlet temperature of 110°C, a feed rate of 40
mL/min and a spin rate of 17,000 rpm.
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Fig. 3. Impact of DPPC content on particle shape. Increasing DPPC
content transformed particle morphology from torroidat and sponge-
like (30% DPPC, a), to sponge-like (60% DPPC, b), to spherical (90%
DPPC, ¢). These particle types were the mains encountered in our
experiments. Scanning electron microscope images of particles pre-
sented in Figure 2 for size and density are shown. Scale bars are 10 pm.

to 175°C changed particle morphology from an extremely high
surface area sponge-like shape to a low surface area torroidal
shape (data not shown). Increasing the temperature also
decreased particle size (Anova, p < 0.05) while tending to
increase particle density (Anova, p > 0.05; Fig. 5).

As described elsewhere (12—13), increasing the solution
feed rate and/or decreasing the atomizer spin rate increased the
size of the particles and broadened their size distribution. These
two parameters had no evident effect on mass density and
particle morphology (data not shown).

Among the formulations and conditions tested, the albu-
min/lactose/DPPC (20/20/60 w/w/w) formulation described in
Figs. 2, 3 and 4 appeared to exhibit especially large size, low
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Fig. 4. Influence of the pH of the feed solution on particle diameter,
d (@), and density, p (O). The particles were made of albumin/lactose/
DPPC 20/20/60 w/w/w at an inlet temperature of 110°C, a feed rate
of 40 mL/min and a spin rate of 17,000 rpm.

bulk density and MMADt in the range 1-3 um. We incorporated
albuterol sulfate (at 4% particle load) and estradiol (at 10%
particle load) into these particles (Table 1). In the case of albut-
erol sulfate, this involved formation of particles with composi-
tion albumin/lactose/DPPC/albuterol sulfate (18/18/60/4 w/w/
w/w). For delivery of a standard human dose of 200 g, this
loading requires delivery to the lungs of 5 mg of powder, an
amount easily achievable using a capsule-based inhaler such as
the Spinhaler™. In the case of estradiol, drug loading involved
formation of particle compositions albumin/lactose/DPPC/
estradiol (15/15/60/10 w/w/wiw). For delivery of a standard
(long-acting) human dose of 300-500 g, this loading requires
delivery to the lungs of 6 mg of powder, a powder mass again
easily achievable using a Spinhaler™ (or similar capsule)
inhaler device (17). In both cases, drug loading did not signifi-
cantly alter the physical characteristics of the powders. Also,
in both cases, the large fraction of insoluble lipid material
led to sustained-release of the drug in vivo (6-7). Particles
incorporating insulin were also prepared. Due to the acid used
for dissolving insulin and excipients, largest and lightest parti-
cles were obtained with albumin/DPPC 40/60 w/w, and no
lactose (Fig. 4; see 8). A load of insulin up to 5% did not induce
alteration of physical properties of those powders. Finally, to
evaluate the ability to prepare highly porous powders with high
drug loading by spray drying, we also prepared 90% estradiol
(10% DPPC) powders. These had mean size near 10um and

8 1 r 0.4
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110 130 150 170

Temperature (° C)
Fig. 5. Influence of the inlet temperature on particle diameter, d (H),
and density, p (O). The particles were made of albumin/lactose/DPPC
33/33/33 w/w/w at varying inlet temperature, a feed rate of 40 mL/
min and a spin rate of 17,000 rpm.
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bulk tap densities near or below 0.1 g/cm?®, as shown in Table
1, and subsequently discussed in Fig. 6 (see 7).

Aerosolization Properties of Large Porous Particles

The acrosolization properties of porous particles were eval-
uated with lactose/albumin/DPPC formulations, incorporating
albuterol sulfate, estradiol or insulin. To vary MMADt in the
range 1-5 pm, while keeping mean particle size large (greater
than approximately 6 pm), we varied the spray drying parame-
ters using the variables described above. We then measured the
mean particle size (d) and mass density (p) of the powders,
and calculated theoretical aerodynamic diameters (MMADL)
based on Eq. (1). These values are listed in Table I. Using the
Spinhaler™ device with both the Andersen cascade impactor
and Aerosizer™, we measured the aerodynamic properties of
the powders. Figure 6a shows the trend of emitted dose (ED)
from the Spinhaler™ device versus MMADL. The large porous
particles generally aerosolize effectively from the Spinhaler™
device over the entire range of MMADt, with the powders
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Fig. 6. Aerosolization properties of porous particles. a. Emitted dose,
ED, versus theoretical mass mean aerodynamic diameter, MMADL. b.
Respirable fraction, RF, versus MMADt, as measured with the Ander-
sen cascade impactor () and Aerosizer™ (O). c. Experimental mass
median aerodynamic diameter, MMADe, versus MMADt, as measured
with the Andersen cascade impactor (ll) and Aerosizer™ (O).

Vanbever et al.

possessing MMADt = 2 pm showing especially good aerosol-
ization (ED up to 96%). Increased ED with decreased MMADt
owes to decreased p at low MMADt (Table 1). Figure 6b shows
a stronger correlation between aerosolization properties and
MMADt, where respirable fraction (RF) values generally
increase with decreasing MMADt. The variability in ED and
RF observed for similar MMADt may be caused by different
powder compositions (e.g., some powders are made principally
of estradiol), densities and sizes, as well as by variabilities
inherent to the methods for measuring aerosolization properties
(see Table I, 14). Interestingly, the RF values measured by the
Aecrosizer™ are consistently greater than those measured by the
Andersen impactor. This corresponds to significantly different
experimental estimates of MMAD (Table 1), with MMADe
values assessed by means of the Aerosizer™ being much nearer
the theoretical estimates, as shown in Fig. 6c.

DISCUSSION

Dry powders engineered as large and light particles, and
prepared with combinations of GRAS (Generally Recognized
As Safe) excipients may be broadly applicable to inhalation
therapy. The powders are shown to aerosolize efficiently from
a standard dry powder inhaler, exhibit elevated respirable frac-
tions, and can provide sustained drug release in the lungs
through the use of lipophilic components (Table I, Fig. 6; 5-8).

The aerosolization properties of the porous powders are
particularly optimal for MMADt values less than 3um (Table
I, Fig. 6). When aerosolized from the Spinhaler™ device at
28.3 L/min (a flow rate at which the Spinhaler™ performs
suboptimally; 15) porous powders with MMADt < 3 pm
exhibit ED values up to 96%, a strikingly high ED value (Fig.
6a). As shown in Table 1, high ED values are related to low
particle mass densities, which underlines the importance of
lowering gravitational and inertial forces for efficient aerosol-
ization (3). Of the aerosolized powder, the mass fraction of
powder capable of penetrating the peripheral airways (MMADt
< 4.7 pm) is also high for MMADt < 3 um, with values
ranging up to 49-92% depending on method of assessement
(Fig. 6b). These high values suggest that large porous particles
may be very attractive for inhalation therapy.

The poor agreement between Andersen-impactor and Aer-
osizer™ collected respirable fractions (RF) and measured
MMADe may underly the fact that mechanisms of transport
and deposition of large porous particles involved in the methods
are not the same, hence these methods may have differing
relevance to the situation in vivo (Figs. 6b and c). The major
deposition processes of particles in human airways are: 1) iner-
tial impaction, which is dominant in the upper airways where
velocities are maximum, 2) sedimentation, which is predomi-
nant throughout the central and distal tract and 3) diffusion,
which is most important for submicrometer-size particles (1,15).
Since porous particles experience less lubrication-layer repul-
sion than small nonporous particles of similar aerodynamic
size, deposition by inertial impaction in the Andersen impactor
(and possibly in the upper airways) may increase. That is, the
Andersen impactor depends on an indirect relationship between
particle aerodynamic size and stage of the impactor and it is
possible that this relationship is altered for particles that are
much lighter and correspondingly larger than those used for
the impactor calibration; in other words, the impactor may



Large Porous Particles for Inhalation

separate particles not exclusively based on acrodynamic size,
but by some combination of acrodynamic and geometric sizes.
Higher deposition in the early stages of the Andersen impactor
would lead to underestimates of RF and overestimates of
MMAD. On the other hand, the Aecrosizer™, by measuring
directly the time of particle flight, can give, in principle, a
direct measurement of acrodynamic size (see Fig. 6¢). While
more work need to be done to clarify the relevance of these
results to in vivo performance, recent scintigraphy results in
humans with large porous particles have shown that particles
of geometric size 10 wm and aerodynamic size (as measured
by the Aerosizer™) near 3 wm can deposit with greater than
60% efticiency in the lungs (26).

The preparation of large light particles by spray drying
appears to be governed by similar rules as have been previously
established for particulate spray drying in general (12). In partic-
ular, the effects of spray drying parameters on particle size and
shape indicated in Figs. 2-5 are well documented in the litera-
ture (e.g., 12,16—17). The effect of pH on particle characteristics
(Fig. 4) 1s however noteworthy, as a change in pH is often used
to dissolve compounds. By changing the pH from 4 to 7 to
10, albumin (pl = 4.9) changed from positively to negatively
charged. The change in the electrical charge of albumin and
consequently the alteration of the intermolecular interactions
may explain the changes in particle characteristics observed at
different pH values. Similarly, the size of albumin microspheres
prepared using high-speed homogenization and subsequent heat
denaturation was shown to be strongly affected by the pH of
the albumin solution (18-19).

Of special interest to the preparation of porous powders
by spray drying is the approximate constancy of overall particle
mass with varying composition, pH and inlet temperature. When
the particle size increases, the mass density in general decreases
in such a way that the overall particle mass remains in the
same order of magnitude (Figs. 2, 4 and 5). This phenomenon
apparently reflects the fact that primary droplet mass produced
by the spray drying process is not strongly affected by changes
in these process parameters. Thus, temperature, pH and compo-
sition may impact on the evaporation/condensation process, but
do not strongly impact on overall particle mass (12—-13).

The use of albumin and DPPC in the powders facilitates
porous particle formation and/or long particle life (Figs. 2-3).
Both excipients appear to be logical candidates for inhalation,
especially as they are present in abundant concentrations in the
lungs (20-21). The use of DPPC or albumin in the aerosols
should not lead to significant accumulation of these endogenous
materials in the lungs following chronic daily administration.
Specifically, assuming a daily dose of 5 mg of powder, a fine
particle fraction of 40% (Fig. 6b) and an average percentage
of DPPC and/or albumin in the powder of 50% by weight, the
amount of DPPC or albumin added in the alveoli every day
would only be approximately 1 mg. Given the clearance rate
of the epithelial lining fluid and the endogenous levels of DPPC
and albumin within this fluid, chronic administration would not
add more than 3% to the quantities of DPPC and albumin
eliminated every day from the lungs (22; Appendix B).

APPENDIX A: STOKES DRAG ON A TRANSLATING
POROUS SPHERE

Consider a sphere of radius a permeated isotropically by
cylindrical pores of radius R, with porosity €. The sphere
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translates through an unbounded fluid with velocity u under a
force F (Fig. 1). The Stokes flow around the sphere can be
described by the equations

wviv = Vp (A1)
Vev=0 (A2)
in the fluid, with boundary condition
v=uwl-x)@r=0 (A3)
at the sphere surface, and
v, p) > (0, px) @ r > (A4)

far from the sphere. The constant k reflects the permeability
of the sphere in a manner yet to be determined. Due to the
linearity of the problem, we introduce

v=Veq (AS5)

P—pe=pll-u (A6)

where V and 7 are functions whose solutions follow from:

ViV = VIl (A7)

VvV =10 (A8)
V=Kl ~-x)@r=0 (A9)
(VID) - (0,0) @ r 5> (A10)

The Eq. (A7)-(A10) may be solved to give

3
V= %(1 - m(%)a Fid)+ ('%‘) (‘f) a-3ii) (All)

-

The hydrodynamic force acting on the translating sphere is
described by

(A12)

F=Jn-PdA (A13)
where n = i,, s is the surface area, and
P=pl+ wVv+ Vy) (A14)

is the pressure dyadic. Evaluating the above eventually gives

F = —6mpa(x — Du (A15)

The velocity permeating the sphere as it translates is, from
Eq. (A3),

Ve = Ku (A16)

[TR1

where ““s” signifies the “seepage” velocity. This velocity is,
according to Darcy’s law,

1 _
v, = — Ko Vp
w

(A17)
where k) is the Darcy hydraulic permeability and _V-l; the macro-
scopic pressure gradient acting over the sphere. The latter is
related to the acrodynamic force by
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(A18)

Using Egs. (A15-A18) then gives, following manipulations,

1
K=—2— (Alg)
1 +24
9 ko

This allows Eq. (A15) to be recast as

(A20)

APPENDIX B: DOSING OF DPPC AND ALBUMIN IN
THE LUNGS

Of the approximately 100 m? of surface area in the lungs
(23) over 99.9 % is located in the respiratory bronchiole and
alveolar regions (24). As the epithelial layer of the distal regions
of the lungs is coated with a surfactant layer of approximately
0.1 pm thickness (24), it raises the total volume of fluid (V)
in the lungs to approximately 10 mL. This entire volume of
fluid is swept out of the lungs via the trachea each day (24).

The concentration of surfactant in the epithelial lining fluid
is approximately 10 mg/mL (25). Given that approximately
45% of lung surfactant is DPPC (20), it translates into a total
approximate mass of DPPC in the lungs of 45 mg. The epithelial
lining fluid aiso contains albumin. Albumin concentration in
the lungs is approximately 3.7 mg/mL (21), which translates
into a total mass of albumin in the lungs of 37 mg.
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