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Particle-tailoring technique requires significant improvement for wide use of pulmonary route for sys-
temic drug delivery. In this study, the spray-dry method was used to prepare particles using maltose as
a model component, with focus on interpretation of the dynamic process during the spray-drying. High-
speed camera observation proved that the time required for particle formation was assumed to be on the
millisecond scale. The surface tension at 10 ms was found to correlate well with both the size of the droplet
produced from the spray nozzle and that of the solid particles. The surfactant molecules accumulated
pray-drying
nhalation
urface tension
articles

spontaneously on the particle surface to improve surface characteristics, including dispersity and hygro-
scopicity. Addition of polymer molecules made the particle surface rough, which significantly improved
particle dispersity. Good correlation was found between the surface roughness and the aerodynamic per-
formance of the particles, which was determined by a cascade impactor. The particle morphology was
interpreted in terms of the mass transport of each component during the drying process. This excipient
approach seems to be a promising method to prepare fine drug particles of high dispersity for achieving

ug de
an efficient pulmonary dr

. Introduction

Inhalation therapy has been regarded as a promising method for
ystemic drug delivery as well as treatment of pulmonary diseases
uch as asthma. Therefore, the launch of Exubera, the first inhalable
ormulation for insulin therapy, received great attention. However,
t was withdrawn quickly due to marketing problem to reveal that
ignificant improvement was still required for inhalation technol-
gy in terms of both devices and formulations.

This paper describes development of formulation technology
or inhalation therapy. It is widely recognized that particle size is
ne of the most important factors in determining the deposition
ite of the formulation in the lung (Bisgaard et al., 2001; Katz et
l., 2001; Hickey, 2006; Patton and Byron, 2007; Shekunov et al.,
007; Glover et al., 2008; Park and Wexler, 2008; Yang et al., 2008).
here are several deposition models available. The most famous one

s the ICRP (International Commission on Radio Protection) model
Smith, 1994), which was developed by assembling experimental
bservations with model calculations that considered a compli-
ated lung morphology. According to this model, particles smaller
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than 100 nm most effectively reach the alveoli region. However, this
size of particles is almost impossible to manufacture using current
formulation technology. Moreover, even if such a formulation can
be developed, it will be difficult to prevent aggregation during stor-
age. Thus, micron-sized particles are regarded as the best option for
pulmonary drug delivery, although these particles are not free from
the aggregation problem either.

Much effort has focused on overcoming the aggregation prob-
lem. The most common approach is the use of a carrier with high
dispersity, such as lactose, on which the drug particles are adsorbed.
Mixing of lactose particles of a different size is more effective (Zeng
et al., 1998; Jones and Price, 2006; Jones et al., 2008; Adi et al.,
2007), although the detailed mechanism is still under discussion.
Because lactose particles are usually larger than drug particles by
one or two orders of magnitude, they cannot reach deep into the
lungs. Thus, the drug particles must be detached from the carrier
particles during the inhalation process. Precise control of the inter-
action force between the drug particles and the carrier particles
to achieve this “ideal” behavior is difficult. Therefore, it is desir-
able to provide good dispersity to the drug particles themselves by

designing appropriate surface characteristics.

Spray-drying is the most common method used to manufacture
inhalation particles, and the dynamic particle-formation process
must be understood in order to control particle morphology. The
particle size has usually been controlled by varying instrumen-

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kawakami.kohsaku@nims.go.jp
dx.doi.org/10.1016/j.ijpharm.2010.02.018
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Table 1
Surfactants used in this study.

Surfactants Abbreviation Supplier Molecular weight HLB CMC(ST) (�g/ml) CMC(F) (�g/ml) Reference for CMC values

Sodium dodecyl sulfate SDS Wako Pure Chemicals 288 40 2400 2500 Kawakami et al. (2006)
Polyoxyethylene(9)

monolauric ether
C12E9 Nikkol 582 14.5 580a – –

Polyoxyethylene(20)
sorbitan monooleic
ester

Tw80 Nacalai Tesque 1300 15 14 15 Kawakami et al. (2006)

Tocopheryl
polyethyleneglycol
succinate

TPGS Eastman 1500 13 200a 27 –

Gelucire 44/14 Gelucire Gatte fosse 1900 14 2 2 Kawakami et al. (2004)
Polyoxyethylene(60)

hydrogenated castor
oil

HCO-60 Nikkol 3600 14 – 98b Priev et al. (2002)
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MC(ST): CMC obtained by the surface tension method and CMC(F): CMC obtained
a Information from supplier.
b CMC of Cremophor EL.

al conditions including nozzle diameter and atomizing pressure
Okuyama and Lenggoro, 2003; Chow et al., 2007). Regarding the
olution conditions, concentration is known to affect particle size,
hat is, smaller particles can be obtained by reducing the solution
oncentration (Okuyama and Lenggoro, 2003; Jones et al., 2008).
t is easily assumed that surface tension should affect particle size.
owever, no clear correlation has been presented on this because
iscussions have frequently been made using equilibrium surface
ensions, which are not likely to be obtained in the spray-drying
rocess. In addition to the control of the particle size, there are
any other ways to improve the aerodynamic behavior of the

nhalation formulation. The most representative approach is to pre-
are low-density particles including hollow (Tsapis et al., 2002;
adinoto et al., 2007) or porous (Edwards et al., 1997; Yang et al.,
009) particles, because this leads to a decrease in aerodynamic
ize. Surface characteristics including surface roughness (Chew et
l., 2005) and surface energy (Tong et al., 2006) are also impor-
ant for controlling the dispersity of the particles. In this paper,
he dynamic process during spray-drying is discussed to explain
he morphology of the dried particles. The strategy to obtain parti-
les suitable for pulmonary drug delivery, in which excipients were
sed to improve the aerodynamic behavior, is also discussed.

. Experimental

.1. Materials

The surfactants used in this study are summarized in Table 1.
altose, lactose, bovine serum albumin (BSA), poly(vinyl pyrror-

done) (PVP) k90 and methylcellulose (MC) were obtained from
acalai Tesque (Kyoto, Japan). l-Serine, l-threonine, and l-glutamic
cid were purchased from Wako Pure Chemicals (Osaka, Japan). All
he sugars and the amino acids were of the guaranteed reagent
rade with purity higher than 99%, while all the polymers are of
he extra pure or the general reagent grade. Exact purity values for
he polymers and the surfactants were not available except for BSA
nd SDS, of which the purity was higher than 98%. All the reagents
ere used as supplied.

.2. Dynamic surface tension

Dynamic surface tension of the feed solution in the millisecond

ime scale was measured on BPA-800P surface tensiometer (KSV
nstruments, Helsinki, Finland) at ambient temperature. A capillary

ith a diameter of 0.13 mm was rinsed by distilled water, ethanol,
nd acetone before measurements, followed by calibration using
istilled water. About 30 ml of the solution was subjected to mea-
fluorescent method.

surements. The immersion depth of the capillary was 5 mm. Each
measurement was repeated at least twice to confirm reproducibil-
ity.

2.3. Spray-drying

Spray-drying was performed on Ohkawara DL-41 (Ohkawara
Kakohki, Yokohama, Japan) with the following operational con-
ditions: inlet temperature 210 ◦C, feeding rate of the solution
7 ml/min, and maltose concentration 9.5 wt%. The solution was
sprayed from a nozzle with a 0.7 mm diameter with a nitrogen
flow of 0.2 MPa atomizing pressure. The viscosity of the solution
was measured using a Ubbelohde viscometer to prove that viscos-
ity of all the feed solutions was identical at 1.1 mPa s except the
polymer solutions. The outlet temperature was about 90–95 ◦C in
all cases. More than two lots of the samples were prepared for each
composition.

2.4. Observation of the spray with a high-speed camera

The sprayed droplets from the nozzle were observed using a
high-speed video camera HyperVision HPV-2 (Shimadzu, Kyoto,
Japan) in which a million images were captured per second. Because
the focus distance was a few centimeters, observations were only
possible without the drying chamber. Thus, the observation was
made under ambient temperature and pressure conditions. The
velocity of the droplets was determined from images obtained both
0.5 and 3 cm below the nozzle.

2.5. Droplet size measurement

The surfactant solutions were sprayed using a spray-dry noz-
zle under ambient pressure and temperature conditions identical
to those during high-speed video camera observation. The droplet
size 3 cm below the nozzle was determined by a laser diffrac-
tion method on Nikkiso Aerotrac SPR (Nikkiso, Tokyo, Japan). The
distance from the laser source to the droplets was about 5 cm.
Measurements were repeated at least three times to obtain mean
values, of which the standard deviations were always smaller than
10%.

2.6. Scanning electron microscopy (SEM)
The SEM images of the particles were obtained on JSM-5600
(JEOL, Tokyo, Japan). Particles were loaded on the sample stage in
a dry bag, in which the humidity was maintained below 20%RH.
Platinum coating with an estimated thickness of 50 nm was per-
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Fig. 1. Snapshots of the atomizing process by a high-speed camera. 4%SDS aqueous solution was sprayed under ambient temperature and pressure. (a) Just below the nozzle.
Droplets moving downward were too fast for the detection. The large droplets in the figure were moving upward slowly. (b) 5 mm below the nozzle. All droplets were moving
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talline state (form �) when lactose was used as a main component,
using the X-ray diffraction method (Rint-Ultima III, Rigaku, Tokyo,
Japan). Density was measured using 5-ml pycnometers, for which
ethanol was used as a solvent.
ownward. (c) 3 cm below the nozzle. All droplets were moving downward. Becaus

ormed on ESC-101 (Elionix, Tokyo, Japan). The accelerating voltage
or measurements was 20 kV.

.7. Particle size measurement

The size of the particles was determined by image analysis of
he SEM pictures using Mac-View ver.4 (Mountech, Tokyo, Japan).
hree hundred particles were selected randomly from the image to
btain the Heywood diameter. Volume-mean diameter was used
or the analysis except when calculating the theoretical surface area
here area-mean diameter was used.

.8. Assessment of surface composition by X-ray photoelectron
pectroscopy (XPS)

Surface composition of the particles was determined by XPS
AXIS-NOVA, Kratos Analytical, Manchester, UK), during which a
urface layer of about 5 nm was analyzed. The surface concentra-
ion of carbon and oxygen atoms was assessed to convert their
atio to the molecular ratio of the components. For example, C:O
atio of maltose was 12:11, while that of TPGS was 77:27. Such sig-
ificant difference in the C:O ratio enabled determination of the
altose:TPGS ratio on surface. When SDS was used as a surfactant,

he surface concentration of a sulfur atom was analyzed to obtain
he surface concentration of SDS. Nitrogen atoms were investigated
or quantification of amino acids or BSA.

.9. Hygroscopicity

Hygroscopicity of the particles was evaluated on a Dynamic
apor Sorption analyzer (Surface Measurement Systems, Middle-
ex, UK). About 3 mg of the sample was loaded on a cell, followed
y exposure to dried air at 50 ◦C for about 2 h. After confirming that
he baseline is stable at 25 ◦C, the relative humidity was changed
o 20%. The amount of the water adsorbed was determined after 2-
equilibration. This humidity was selected to obtain reproducible

alues, because exposure of powders at higher humidity resulted in
ormation of plasticized layers on the surface that inhibited access
f vapor to inner regions of the powder. The measurement at higher
umidity had problem in the quantitative reproducibility, how-
ver, trend of the result was coincident with that of 20%RH. Thus,
mprovement in the hygroscopic behavior at ambient conditions
eemed to be estimated form the assessment at 20%RH.
.10. Surface area

Surface area of the powders was determined by the nitrogen
dsorption method on Belsorp mini (Bel Japan, Osaka, Japan). The
roplets were scattered, the camera could only focus on a small fraction of droplets.

samples were dried at 50 ◦C for 30 min under vacuum prior to
measurement. About 100 mg of samples were subjected to mea-
surement. Each measurement was repeated twice to obtain the
mean surface area calculated by the BET method.

2.11. Cascade impactor

Non-viable eight-stage Cascade Impactor AN-200 (Tokyo Dylec,
Tokyo, Japan) was employed to determine the fraction of fine par-
ticles. About 100 mg of the powder was loaded in a Diskhaler,
followed by administration for 5 s at an air flow rate of 28.3 L/min.
A small amount of liquid paraffin was loaded on the collector to
trap the particles. The trapped amount was evaluated by weight.
The particles collected during stages 2–8 were defined as the fine
particles, of which the hydrodynamic diameter was assumed to be
below 7 �m.

2.12. Other powder characteristics

All samples prepared were confirmed to be in the amorphous
state when maltose was used as a main component and in the crys-
Fig. 2. Relationship between the distance of droplets from the spray nozzle and
time calculated by Eq. (1) numerically. The black line was obtained by ignoring the
decrease in the droplet size due to the evaporation. The gray line was calculated
assuming a constant decrease in droplet volume. The boundary conditions obtained
by observations using a high-speed camera are presented in the figure.
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ig. 3. Dynamic surface tension of aqueous surfactant solutions at room temperatu
as repeated at least twice to provide representative data. CMC of each surfactant

. Results and discussion

.1. Investigation of the atomization process

To understand the dynamic process during formation of par-
icles, the atomizing process was investigated using a high-speed

ideo camera. Fig. 1 visualizes the atomization process of surfac-
ant solutions. The feeding rate of the solution, nozzle diameter,
nd viscosity of the solution resulted in a Reynolds number greater
han 100,000, meaning that a laminar flow was not expected. The
tomized droplets did not fall only in the vertical direction but
surfactant type and the concentration are shown in the figure. Each measurement
lable in Table 1.

also moved in other directions including upward, suggesting that
collision could occur after atomization. Observation at a few cen-
timeters below the atomization nozzle revealed that the flow of the
droplets was more homogeneous. The diameter of the droplets was
around 10 �m; however, large droplets (almost millimeter scale)
were occasionally found. These observations suggest the existence

of difficulties in the theoretical prediction of the size of the atom-
ized droplets.

Analysis of images of the atomization process provided a mean
velocity of droplets as ca. 1010 m/s at 5 mm and ca. 626 m/s at 3 cm
below the nozzle. The falling distance of the droplets, x, as a function
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Fig. 5 shows the correlation between the droplet diameter and
the surface tension. The diameter values were consistent with those
from the visual observation using high-speed video camera. The

Table 2
Apparent diffusion coefficients (Dapp) of surfactants.

Surfactants Concentration (�g/ml) Dapp × 1010 (m2/s)

TPGS 25 1.65 (0.53)
100 6.33 (1.52)
250 6.10 (0.36)

Gelucire 20 8.50 (3.49)
50 55.0 (9.5)

250 45.7 (8.2)

Tw80 20 3.78 (3.56)
50 1.42 (0.49)

200 8.51 (4.12)
250 6.00 (0.34)

C12E9 20 7.37 (0.47)
50 9.02 (0.17)

100 9.77 (1.90)
54 K. Kawakami et al. / International Jou

f time, t, may be understood using the equation of motion shown
elow.

d2x

dt2
= mg − k

(
dx

dt

)2

(1)

ere m and k are the weight of each droplet and the friction
oefficient, respectively. g is the acceleration of gravity. This equa-
ion was numerically solved assuming m was either a constant
r monotonically decreasing function with time (Fig. 2). Although
etermination of the shrinkage speed of the droplets is outside the
ocus of this paper, the calculation results suggest that the decrease
n the droplet volume has only a small impact. The length of the
rying chamber of the spray-dryer was about 1.5 m. The calcula-
ion results provide a residence time of the droplets/particles in
he chamber of 2.5 s under the assumption of the constant m, which
hould be a slight overestimation because of actual decrease in m
ith time. This calculation indicates that the spray-drying process

an be completed within a few seconds, which is in agreement
ith the generally accepted residence time of this process. Thus,

t is obvious that the dynamic process in the millisecond time scale
eeds to be comprehended to control the particle-formation pro-
ess.

.2. Dynamic surface tension of surfactant solutions

The surface tension of the feed solutions is expected as one of
he most important factors to determine the size of the spray-dried
articles. Although some literature has already indicated a possi-
le correlation between them, no clear relationship has thus far
een presented. One problem on this kind of discussion is that the
quilibrium surface tension has been employed for the evaluation.
owever, it is obvious that the equilibrium surface tension cannot
e obtained during the spray-dry process, because particle forma-
ion is completed within a few seconds, as revealed by the model
alculation. Thus, the surface tension in a millisecond time scale
as evaluated for solutions used in this study.

Fig. 3 shows the dynamic surface tensions of the surfactant solu-
ions. The equilibrium surface tension was not obtained even above
he critical micellar concentration (CMC) in this time scale, except
or SDS. This result clearly suggests that the equilibrium “low” sur-
ace tension cannot be expected during the spray-drying process,
ven if the surfactants were added at a concentration higher than
he CMC. The surface activation process can be divided into three
teps: (1) diffusion from bulk to the surface, (2) adsorption onto
he surface, and (3) orientation of the molecules at the surface,
hich is notably important for high molecular weight compounds.

f the process is diffusion-controlled, the following equation can be
btained (Chang and Franses, 1995):

0 − � = 2RTC
(

Dapp

�

)0.5

t0.5, (2)

here �0 and � are the surface tensions of solvent and solution.
and Dapp are concentration and apparent diffusion coefficient,

espectively, and R and T have their usual meanings. According
o this equation, (�0 − �)/C must be proportional to the square
oot of time if the surface activation is diffusion-controlled. Fig. 4
hows the relationship between (�0 − �)/C and the square of time
f TPGS. The proportional relationship was observed in the initial
ime period. With an increase in the concentration, the proportional
egion narrowed and the slope of the fitting line steepened. The
ame trend was observed for all the surfactants except SDS. Table 2

hows the diffusion coefficients of each surfactant obtained from
he slope of the fitting line. General trend was that the diffusion
oefficient increased with the increase in the concentration to reach
constant value. These diffusion coefficients were of typical values
f nonionic surfactants (Chang and Franses, 1995). However, those
Fig. 4. Relationship between (�0 − �)/C and square of time for TPGS with linear
fittings in the short time range. The concentration is shown in the figure.

of Gelucire and HCO-60 were higher than those of other surfactants
by an order of magnitude, which might be due to the presence of a
relatively high level of impurities (unreacted species). Although the
molecular weight and the CMC can be expected to affect the diffu-
sion coefficient, no clear dependence on those factors was observed
for these surfactants. As for SDS, because the decrease in the surface
tension was quick, analysis according to Eq. (2) was not possible.
The quick decrease in surface tension can be elucidated in terms
of the high CMC, meaning that the monomer concentration in the
bulk phase is high. Therefore, many SDS molecules are expected to
already exist near the droplet surfaces when new surfaces are cre-
ated, that is, mean diffusion length to the surface can be regarded as
short. Another contribution may be from the low molecular weight
of SDS, which is inversely proportional to the diffusion constant.
However, because C12E9, which also has a small molecular weight,
exhibited similar decay curves with other nonionic surfactants, its
contribution should be marginal.

3.3. Effect of surface tension on droplet diameter
200 7.70 (1.40)

HCO-60 20 10.2 (8.7)
50 37.1 (19.1)

200 117 (12)

Values in parentheses are standard deviations.
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Fig. 5. Dependence of droplet diameter produced from the spray nozzle on surface
tension of the feed solution at 10 ms. The surfactants used were SDS (�), HCO-60 (©),
TPGS (�), Gelucire (�), C12E9 (�), and Tw80 (♦). Water (no surfactants) is expressed
as �. Inset shows the determination coefficient as a function of the representative
time point to extract the surface tension value.

Fig. 6. SEM images of spray-dried particles. (a) Maltose, (b) maltose + 0.5%Gelucire, (c)
indicates the presence of the hollow particle.
f Pharmaceutics 390 (2010) 250–259 255

question remains as to which time point should be selected to
obtain the representative surface tension value for evaluation. Inset
shows the effect of the time point selected on the goodness of fit.
The correlation improved as time decreased. Although the time
required for the spray-drying process was determined as within a
few seconds, the droplet formation had obviously been completed
at the very early stage in the process. The improvement in the
goodness of the fit with the decrease in time may suggest that the
atomization was a quicker process than 10 ms. Due to the exper-
imental limitation, the surface tension at 10 ms was used for the
investigation of the relationship between the surface tension and
the droplet size.

It is clearly seen that the correlation was good regardless of
the surfactant type, suggesting that the surface tension in the mil-
lisecond time scale could be regarded as the dominant factor to
determine droplet size. It should be noted, however, that viscosity

may also be an important factor in determining droplet size. In this
study, the solution viscosity was constant at 1.1 mPa s, and thus fur-
ther investigation may become required if high-viscosity solutions
are used.

maltose + 0.5%TPGS, (d) maltose + 0.5%Tw80, (e) maltose + 4%SDS. The arrow in (e)



256 K. Kawakami et al. / International Journal o

F
s

3

c
i
h
m
l
e
(
n

P

w
t
P
d
s
h
t
s
t
c
R
c
l
t
T
m
i

s
s
a
t
f

T
C

ig. 7. Dependence of the diameter of the spray-dried particles on the surface ten-
ion of the feed solution at 10 ms. Symbols are the same as those for Fig. 5.

.4. Morphology of spray-dried particles

SEM investigation was performed for spray-dried maltose parti-
les with or without surfactants to prove that all particles obtained
n this study were spherical (Fig. 6). When 4% of SDS was added,
ollow particles could be found with many fragments that were
ost likely due to bursting of particles. The formation of the hol-

ow structure can be explained by considering mass transport of
ach component to the radial direction during the drying process
Vehring, 2007; Vehring et al., 2007). Peclet number, Pe, is a conve-
ient measure to discuss this process.

e = R2
d

�Di
(3)

here Rd, �, Di are the radius of the droplet, the drying time, and
he diffusion coefficient of the component i, respectively. A large
e means that the component cannot follow the shrinkage of the
roplets, and thus the component is likely to accumulate on the
urface region. If this is the case for all components included, then
ollow particles are expected. On the other hand, a small Pe means
hat the diffusion of the component is sufficiently fast to follow the
hrinkage of the droplets. In this case, homogeneous distribution of
he component in the particle is expected. Because Di of the main
omponent, maltose, is equal for all particles, and the difference in
d was only marginal, the only possible factor to alter Pe dramati-
ally is the difference in the drying time. Formation of a surfactant
ayer on the air/liquid interface has been pointed out to affect heat
ransfer of the solution (Wu et al., 1998; Zhang and Wang, 2003).
herefore, the hollow structure obtained by the addition of SDS
ay be elucidated in terms of the increase in evaporation rate, that

s, the decrease in the drying time.
Fig. 7 shows the particle size as a function of the surface ten-
ion of the feed solution at 10 ms. The correlation between particle
ize and surface tension was not as good as it was for the droplets,
lthough the figure suggests that surface tension is still an impor-
ant factor to determine particle size. Given that one particle was
ormed from one droplet, the diameter of the particle, Dp, can be

able 3
haracteristics of spray-dried particles.

Additive Surfactant on surface (%) Density (g/cm3)

None – 1.55 ± 0.02
4% SDS 28.2 ± 4.2 1.19 ± 0.02
0.5% Tw80 55.9 ± 20.1 1.46 ± 0.04
0.5% TPGS 81.8 ± 7.6 1.44 ± 0.09
0.5% Gelucire 89.6 ± 5.8 1.41 ± 0.07
f Pharmaceutics 390 (2010) 250–259

calculated by using the diameter of the droplet, Dd.

Dp = Dd

(
�d

�p
C

)1/3

(4)

where �d and �p are densities of the droplet and the particle, respec-
tively. �d is almost unity at ambient temperature. C is fraction of the
solute in the droplet, that is, the concentration (w/w). The effect of
the surfactants on the particle density will be discussed later, but
the values obtained are available in Table 3. Using these values,
the diameter of the maltose particles with 4%SDS is calculated as
3.6 �m, which is in good agreement with the observation. However,
this is not the case for other particles. For example, the diameter for
0.5%TPGS particles was expected to be 3.7 �m, although the actual
size was 5.3 �m, indicating fusion of the droplets and/or particles
during the spray-drying process. Also should be noted is that the
typical spray-dryer, including the setup used in this study, can-
not capture very small particles, because they are collected using a
cyclone. Nevertheless, the surface tension in the millisecond time
scale may be useful as a guide for controlling particle size.

3.5. Surface composition

In addition to the particle size, surface characteristic of the par-
ticles is an important factor to be controlled to achieve efficient
pulmonary drug delivery. An XPS study was performed to deter-
mine the ratio of carbon and oxygen atoms at the surface region,
from which the ratio of maltose and surfactants was calculated.
When SDS was used as the surfactant, the amount of SDS molecules
was determined from the proportion of sulfur atoms exposed on the
surface. The weight percentage of the surfactant molecules exposed
on the surface is presented in Table 3. In the cases of Gelucire and
TPGS, 89.6% and 81.8%, respectively, of the surface was occupied by
surfactant molecules by the addition of only a trace amount, 0.5%.
The coverage by SDS was modest, most likely due to its high CMC,
that is, its relatively high concentration in the bulk phase.

The mechanism of this surface accumulation can be elucidated
in terms of the surface active characteristics of the surfactant
molecules. In addition, it has been suggested that solubility differ-
ences might cause such surface accumulation (Vehring et al., 2007),
because a low solubility component may be preferentially crushed
out to remain in the surface area during the drying and shrink-
ing process. To confirm this possibility, three types of amino acids
with different solubility were used as additives for particle forma-
tion, and the degree of the surface accumulation was compared. The
amino acids used were l-serine, l-threonine, and l-glutamic acid,
of which an aqueous solubility was ca. 330, 100, and 7.4 g/L, respec-
tively. It should be noticed that the solubility of maltose is almost
equal with that of l-serine. 9.5%maltose/0.3%amino acid aqueous
solutions were spray-dried to find that the percentage of the sur-
face coverage of each amino acid was 2.0, 3.4, and 2.6%, respectively,
meaning that the surface component ratio agreed with that of the

bulk in all cases. Even though the solubility difference between
serine and glutamic acid was more than an order of magnitude,
no difference in the accumulation tendency was observed. There-
fore, the solubility difference was not confirmed as a driver for
the surface accumulation at least in our experimental condition.

Surface area (m2/g) Water adsorption (g/m2) DSI

0.53 ± 0.00 6.11 ± 2.85 0.70
1.66 ± 0.01 2.10 ± 0.22 1.06
0.55 ± 0.03 6.42 ± 0.63 0.61
0.61 ± 0.14 2.04 ± 0.97 0.73
1.19 ± 0.09 2.84 ± 0.97 1.04
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ig. 8. SEM images of the spray-dried particles. (a) Maltose + 4%MC, (b) maltose + 4
ol + 4%MC, and (f) mannitol + 10%BSA.

upersaturation may easily be maintained during particle forma-
ion because of the quickness of the spray-drying process.

.6. Surface area, density, and hygroscopicity

Table 3 also shows the other powder characteristics of the spray-
ried particles. The density of the maltose particle exhibited typical
alues for spray-dried carbohydrates, suggesting that the parti-
le seemed to have a homogeneous (i.e., not hollow) structure.
t decreased with the addition of surfactants, notably SDS, which

as most likely due to the formation of the hollow structure.
hese observations are favorable for designing inhalable particles,
ecause a decrease in the hydrodynamic radius contributes to deep
eposition of particles in the lung.

Hygroscopicity is an important factor to be controlled, because

dsorption of water on the surface enhances adhesion force
etween the particles. The addition of surfactant molecules
ecreased hygroscopicity, although the added amount was small,
hich was most likely due to the preferential accumulation of

urfactants onto the surface. Since the surfactant molecules are usu-
+ 0.5%Gelucire, (c) maltose + 5%BSA, (d) maltose + 5%BSA + 0.5%Gelucire, (e) manni-

ally aligned on the air/water interface with their hydrophobic tails
directed gas phase, the most outer surface of the resultant particles
are likely to be covered by the hydrophobic tails. Therefore, the
addition of a small amount of surfactant seemed to be effective at
controlling the surface characteristics of the spray-dried particles.

The surface area increased with the addition of the surfactants
except with Tw80. When Tw80 was added, the powder became
sticky. Therefore, the apparent decrease in the surface area was
most likely due to the strong aggregation of the particles. The
increase in the surface area by the addition of other surfactants,
notably by SDS and Gelucire, can be elucidated in terms of the
decrease in the particle diameter and improvement in the disper-
sity.

The experimental surface area was divided by the theoreti-
cal surface area, which was calculated from the SEM images by

using area-mean particle size and assuming a spherical shape, to
obtain dispersity/surface-roughness index (DSI) values. This value
is affected by both the aggregation behavior and the surface rough-
ness. The DSI values clearly suggest that the maltose particles had
a tendency to aggregate, and it was not improved by the addition
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f Tw80 or TPGS. The values much lower than unity could not be
xplained only by consumption of the adsorption site due to aggre-
ation, but can be explained by the existence of enclosed particles in
he aggregates that have no access to the external phase. It was sig-
ificantly improved by the addition of Gelucire or SDS, although in
he case of SDS, particle bursting should contribute to the increase
n the surface area as well. When Gelucire was added, the DSI value
lightly exceeded unity as well, meaning that surface roughness
ontributed to the increase in the DSI value, in addition to increased
ispersity. Although the differentiation of the individual contribu-
ion of dispersity and the surface roughness was not possible in
his analysis, the addition of Gelucire or SDS most likely improved
ispersity.

.7. Physical modification of the particle surface

In addition to the chemical modification of the particle surface
sing surfactant molecules, physical modification was attempted.
his was done by adding polymer molecules. Fig. 8 shows SEM
mages when BSA or MC was added to maltose or lactose. It is
learly seen that the surface morphology became rough by the
ddition of polymer molecules. The most likely assumption for
he formation of this structure is that the polymer film might
e formed on surface of the droplets in the drying process first,
ollowed by the rapid removal of the solvent inside to form
rinkles in the polymer films (Chang and Franses, 1995). The

ddition of a trace amount of the surfactant smoothed the sur-
ace structure, suggesting that the accumulation of surfactant

olecules on the surface preferentially occurs over accumula-
ion of the polymer molecules, which was a result of their slow
iffusion. A direct interaction between the surfactants and the
olymer molecules may be another reason for this observation,
lthough no clear indication was found in Infrared and Circu-
ar Dichroism analysis (data not shown). Also observed was that
he roughness decreased by replacing maltose with lactose. This

ight be due to crystallization of the lactose particles, because
t causes extensive rearrangement of the molecules in the drying
tage.

Although it was impossible to apply a cascade impactor inves-
igation for maltose particles without carriers due to its sticky
haracteristics, these wrinkled particles could be evaluated because

f their good dispersity even in the absence of the carrier. Fig. 9
hows a fraction of the fine particle dose (FPD), which was divided
y the emitted dose (ED), as a function of DSI. Although the
erodynamic particle diameter varies from 3.9 to 7.4 �m in this
ataset, a good correlation was found between these parameters,
f Pharmaceutics 390 (2010) 250–259

suggesting that surface roughness plays a dominant role in deter-
mining dispersity. This is in good agreement with the observation
made by Adi et al. (2008), in which the surface roughness was
determined by statistical analysis of the atomic force microscopy
data. Therefore, in addition to the chemical modification of the
particle surface, physical modification also seemed to be an impor-
tant factor to be considered to improve the particle dispersity.
This surface fabrication technique may become one of the key
technologies to achieve an efficient pulmonary drug delivery sys-
tem.

4. Conclusions

Control of the size and surface characteristics of spray-dried
particles using an excipients approach was performed by under-
standing the dynamic process during spray-drying. The surface
tension at 10 ms was found to correlate with both the size of the
droplet produced from the spray nozzle and that of the parti-
cles after drying. Surfactant molecules accumulated spontaneously
on the particle surface to improve surface characteristics includ-
ing dispersity and hygroscopicity. Hollow particles were obtained
using SDS as an additive. Moreover, the addition of polymer
molecules was found to create a rough surface to improve the
dispersity of the particles. Thus, the excipient approach seems
to be a promising method to prepare fine drug particles of
high dispersity for achieving an efficient pulmonary drug deliv-
ery.
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