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Purpose. The current study aimed to examine the pharmaceutical applications of the focused-ion-beam
(FIB) in the inhalation aerosol field, particularly to particle porosity determination (i.e. percentage of
particles having a porous interior).

Materials and Methods. The interior of various spray dried particles (bovine serum albumin (BSA) with
different degrees of surface corrugation, mannitol, disodium cromoglycate and sodium chloride) was
investigated via FIB milling at customized conditions, followed by viewing under a high resolution field-
emission scanning electron microscope. Two sets of ten particles for each sample were examined.
Results. For the spray-dried BSA particles, a decrease in particle porosity (from 50 to 0%) was observed
with increasing particle surface corrugation. Spray-dried mannitol, disodium cromoglycate and sodium
chloride particles were determined to be 90-100%, 0-10% and 0% porous, respectively. The porosity in
the BSA and mannitol particles thus should be considered for the aerodynamic behaviour of these
particles.

Conclusions. The FIB technology represents a novel approach useful for probing the interior of particles
linking to the aerosol properties of the powder. Suitable milling protocols have been developed which
can be adapted to study other similar particles.

KEY WORDS: dry powder aerosol; focused-ion-beam miller; porous particles; spray drying; surface

corrugation.

INTRODUCTION

The focused-ion-beam (FIB) technique has been used in
the semi-conductor industry for over a decade (1,2), where its
use includes circuit design, circuit diagnostics and failure
analysis (1,3-5). In the more general materials science domain,
its applications are just as widespread, encompassing micro-
structural analysis (2,6-9), transmission electron microscopy
specimen preparation (10-13), thickness determination of
coatings (11) and micromachining (2).

A FIB is architecturally similar to a scanning electron
microscope; however, instead of an electron source, it utilizes
a liquid metal ion source (i.e. typically gallium) as the
filament to produce a finely-focused (5 nm) beam of
energetic metal ions that can be operated either at low beam
currents for high resolution imaging or precise milling, or
higher beam currents for coarser and faster milling (13,14).
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Liquid metal ion sources are favored over gas discharge
sources because they give much higher brightness, and are
able to produce ion beams with high current densities and
small beam diameters (6). The present study was performed
using a dual-beam FIB-SEM (scanning electron microscope)
instrument. This instrument interfaces an ion column and an
electron column at a 52° angle to each other on a single
microscope platform. Interaction of either the electron beam
or the ion beam with the specimen produces secondary
electrons which are detected and used to form an image (13).
Images generated with the ion beam display different
contrast mechanisms, depth of focus and sensitivity to surface
topography (1,5,6) compared to images generated by the
electron beam. Therefore both ion-generated and electron-
generated images are useful in providing complementary
information (5,6). However, the ion beam, even when used at
low beam currents, will always remove material from the
specimen surface. This deleterious effect is not severe in very
hard, robust materials, but can sometimes preclude the use of
the ion beam for imaging in softer materials. The dual-beam
instrument offers a distinct advantage in that use of the
electron beam allows the specimens to be imaged without the
damaging effects of the ion beam. This is particularly
important when delicate specimens, such as the pharmaceu-
tical particles investigated in the present study, are being
examined. Another advantage of the dual beam system over
a single ion beam system is that, due to the difference in
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Fig. 1. Illustration of the random sampling of particles via a four
coordinate system. ¢, r, x and y denotes the circumferential, radial, x
and y coordinates, respectively.

orientation of the two columns, cross-sections prepared with
the ion beam may be immediately imaged using the electron
beam without any movement of the specimen.

The strengths of the FIB lie in its high positional accuracy
of milling (i.e. less than 0.1 um) at the specific point of interest
(3), ability to prepare a uniform cross-section in heteroge-
neous samples (1), and the added capability of surface imaging
with the ion or electron beam (3). Even though dual beam
instruments are highly suited for the milling of fragile or
porous specimens, their use in this regard has not been fully
exploited. Application of this technique to the biological and
soft material domain is still evolving (1). The limited inves-
tigations in this area include studies of the internal morphol-
ogy of human hair (3), small arthropods (3,6), bone cells on a
biomaterial (1), microspheres (4), and animal tissues and cells
(15,16). More recently, the technology has even been proposed
as a useful alternative to cryo-ultramicrotomy of frozen
hydrated biological samples (17).

Over the last decade, there has been an increasing trend
towards the use of ‘porous’ particles to enhance the aerosol
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performance of powders (18-21). These particles have a
small aerodynamic diameter due to their inherent low
particle density, and are quite often ‘rough’ on their surfaces
(19,20,22). Previously, our group (22) had shown that a slight
degree of surface corrugation enhanced the aerosol perfor-
mance of a powder. Evidence based on freeze fracture and
confocal microscopy led to the conclusion that the particles
were solid (23,24). These classical methods (1,23,24) used for
study of the particle interior tend to introduce artifacts (1)
and have tedious and long development times (e.g. successful
incorporation of the fluorescence dye into the material for
fluorescence confocal microscopy). The advent of the FIB
technique has since provided us with the opportunity to
further probe the interior of these particles. To the authors’
knowledge, FIB had been applied to powders (10,25,26) and
porous catalytic membranes (27), but never directly to the
inhalation aerosol field.

In this paper, we investigated the use of the FIB
technology to analyze the particle interior of the following
inhalation aerosol powders: bovine serum albumin (differ-
ent degree of surface corrugation), mannitol, disodium
cromoglycate and sodium chloride. Bovine serum albumin
is commonly used as a model protein in aerosol research
(24), mannitol for bronchial provocation testing in asth-
matics and for the enhancement of mucociliary clearance in
both normal and asthmatic subjects (23), disodium cromo-
glycate in the prophylaxis of asthma (28) and lastly, sodium
chloride as an osmotic agent in bronchial provocation tests
for asthmatics (29).

MATERIALS AND METHODS
Preparation of Powders

All powders were prepared via spray drying (Buchi 191,
Flawil, Switzerland) at atomization and aspiration rates of
800 I/h and 57.6 m*/h, respectively, unless otherwise stated.

Bovine Serum Albumin (BSA)

Bovine serum albumin (Fraction V, minimum 98%,
Sigma Chemical Co., St. Louis, MO, USA) was dissolved in
deionized water (MilliQ, Waters) and the solution was spray
dried at an inlet temperature of 45°C (outlet temperature
36°C) and feed rate of 1.4 ml/min. As previously described
(22), the feed concentration and atomization rate were

Table I. FIB Milling Parameters for the Powders

Powder
BSA Mannitol DSCG NaCl
Mill Clean Mill Clean Mill Clean Mill Clean
Accelerating Voltage (kV) 20 5 10 5 20 5 20 5
Beam Current (pA) 210 14 16 14 210 14 23 2
Mill Depth (nm) (Based on Silicon) 500 10 70 10 500 10 500 10
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Fig. 2. Secondary electron images of unsectioned spray dried bovine serum albumin particles having increasing degree of surface corrugation,
as shown from photos (a-d), respectively.

adjusted to yield particles with increasing degrees of surface
corrugation. The different degrees of surface corrugation was
previously quantified via fractal analysis (22).

Mannitol

Mannitol (USP Grade, Roquette, France) was dis-
solved in deionized water (MilliQ, Waters) and the solution

(10 mg/ml) was spray dried at an inlet temperature of 110°C
(outlet temperature 75-78°C) and a feed rate of 1.4 ml/min
(23).

Disodium Cromoglycate

Disodium cromoglycate (DSCG) (Sanofi-Aventis, England)
was dissolved in deionized water (MilliQ, Waters) and the

Table II. Different Degrees of Porosity for Spray-dried Bovine Serum Albumin (Degree of Surface Corrugation Increases from i to iv),
Mannitol, Disodium Cromoglycate and Sodium Chloride Particles

Number of Particles with Porous Interior (Distinct Hole or Concaved)

Random Sample Set (of 10 Particles)

BSA Mannitol DSCG NaCl
i ii iii v
1 5 4 1 0 9 1 0
24 5 4 2 0 10 0 0
% Porosity 50 40 10-20 0 90-100 0-10 0

¢ repeated set
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Fig. 3. Secondary electron images of the FIB cross-sections of spray dried bovine serum albumin particles with increasing degree of surface
corrugation (a—d) after FIB milling; scale bar 1 um.

solution (10 mg/ml) was spray dried at an inlet temperature of
140°C (outlet temperature 70-75°C), feed rate of 4 ml/min and
atomization rate of 700 1/h.

Sodium Chloride

As described previously (29), an ultrasonicated NaCl
suspension (AR Grade NaCl powder, 99% purity, LabServ,
Australia) was spray dried at an inlet temperature of 90°C
(outlet temperature 55-62°C), feed rate of 4.40 + 0.47 ml/min
and atomization rate of 550 I/h. During spray drying, the
suspension was continuously stirred at 1,000 rpm.

Random Sampling

Random sampling of the particles was carried out as
follows: Particle positioning was determined via the use of a
100-mesh transmission electron microscopy (TEM) grid
(GCul00, ProSciTech, Australia) as the reference back-
ground and a 4-coordinate system: circumferential (28 seg-
ments), radial (5 segments), x (10 segments) and y (10
segments) (Fig. 1). A random list of the 4-coordinate system
was generated by a four-dimension random number genera-
tor (Minitab Inc., release 13, for Windows). Two sets of ten
particles were randomly sampled for each species and



Fig. 3. (Continued).

compared. Particles were considered to be porous if they had
a distinct hole or a concaved interior. Porosity was expressed
as the number of particles having a porous interior regardless
of the size of the hole or cavity.

Focused-ion-beam Milling and Scanning Electron
Microscope Imaging

FIB milling of the samples was performed in a focused-
ion-beam/scanning electron microscope dual beam system
(Quanta 200 3D, FEI, USA). As each material had different
degrees of softness and fragility, milling conditions was
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adjusted for each material. The specific milling parameters
altered were; accelerating voltage, beam current and mill
depth (Z) (Table I). The powder samples were mounted onto
a 100-mesh transmission electron microscopy (TEM) grid
(GCul00, ProSciTech, Australia) (Fig. 1). The samples were
coated with platinum/gold (50 nm thick), mounted onto the
stage with a thin layer of double-sided adhesive carbon tape.
Milling (vertical cutting) of the samples was carried out at a
stage tilt of 52°.

The samples were examined under a high resolution
field emission scanning electron microscope (Jeol JSM
6000F, Japan) at 3-10 kV. The samples were tilted from
0 to —30° or +30° for visualization of the right or left cut
surface, respectively.

Technical Considerations

The milling process was carried out via a 2-step
approach: initial milling and final cleaning (14,30). Both
milling stages consisted of stepwise material removal line by
line, where the last area to be milled is in the direct vicinity to
the cross-sectional face being prepared. The final cleaning
stage was performed at the lowest possible combination of
beam current, accelerating voltage and mill depth to mini-
mize surface artifacts (30).

Accelerating Voltages. While this FIB system usually
operates at 30 kV, an accelerating voltage of 20 kV was used
in the initial milling stage because it was less damaging to the
soft specimens (i.e. the interaction volume of the Ga™ ions is
smaller at lower accelerating voltages (31)). An even lower
accelerating voltage of 10 kV was used for mannitol because
the material was extremely soft and therefore highly
susceptible to irradiation damage. Lower accelerating
voltages (<10 kV) were not useful for the milling stage as
very little material was removed (4). The cleaning stage
utilized an accelerating voltage of 5 kV, which was in line
with the manufacturer’s recommendations (14).

Beam Currents. The high beam currents used in the
milling of metal- and silicon-based specimens were not
applicable to the present soft specimens, as their weak
beam-blanking tails would inevitably cause sputtering dam-
age outside the desired milling area (3). The lowest possible
beam currents (e.g. 2 pA-0.21 nA) were used as they caused
much less beam irradiation damage to the areas outside of
the regions specified for milling due to both a finer probe size
and minimal damage from the beam-blanking tails (3), were
observed to be less prone to charging up, and drifted little on
the specimens (3). However, as milling times were inversely
proportional to the beam current strength, a compromise had
to be made to the optimal beam current which would allow
for a practical exposure time under the ion beam (i.e. the
lowest beam currents required impractically long exposure
periods). Milling times for the present samples were typically
kept under 5 min. An extremely low beam current (i.e. 14
pA) was used in the final cleaning stage to suit the demands
of the precise polishing/cleaning step (14). The beam currents
used for the milling of mannitol and NaCl particles were
reduced (i.e. 16 pA and 23 pA, respectively) because
mannitol particles were rather soft and highly susceptible to



Focused-ion-beam Milling

1613

Fig. 4. Confocal images of (a) spherical and (b) corrugated bovine serum albumin particles; scale bar 10 um. (adapted from Chew et al., 2001,
(24), with the permission of Springer Science and Business Media).

the formation of milling artifacts such as “waterfalling” (13),
and the NaCl particles were smaller (i.e. 1-2 pm), requiring
lower milling times.

Mill Depths. Larger mill depths (longer milling periods
for a given beam current and accelerating voltage) have been
shown to result in higher levels of damage in fragile speci-
mens (3). The present author also observed, empirically, a
greater degree of waterfalling artifacts in specimens which
were milled for longer periods (larger mill depths). For this
reason, the minimum mill depth required to cut through the
entire particle was used in each case. The mill depth (based
on silicon) for mannitol was lower than that required for the
other materials because this material was much softer than
the rest of the materials and mills very quickly. A lower mill
depth was therefore sufficient in making the cut while
ensuring minimal exposure time under the ion beam.

RESULTS AND DISCUSSION
BSA Particles

For the BSA particles (Fig. 2), the degree of interior
porosity was found to decrease with increasing surface
corrugation (Table II). Fig. 3 shows the interior features of
these particles: distinct hole, concaved or solid, with holes
being more frequently observed than concaved ones. The
smooth to slightly corrugated particles reveal all these
features (Fig. 3a and b, respectively), whereas the interior
of the moderately corrugated particles (Fig. 3c) show only
hole or solid, and the highly corrugated particles are totally
solid (Fig. 3d). The close agreement between the sampled
sets (i.e. difference of less than two particles) reflected the

robustness of the sampling method. The porosity (i.e. distinct
hole or concaved) rate was 50% for the smooth particles,
40% for the slightly corrugated particles, 10-20% for the
moderately corrugated particles, and none for the highly
corrugated ones (Table II). These findings, which are
contrary to the previous evidence based on confocal micros-
copy suggesting only solid interior (i.e. due to the ambiguity
of the confocal images) (24) (Fig. 4), indicate that depending
on the corrugation, BSA particles can actually be partly
hollow and the degree of porosity should hence be taken into
consideration for their aerodynamic behaviour. A slight
increase in surface corrugation was previously shown to
enhance the fine particle fraction (FPF) significantly from 27
to 41%, and further increase in corrugation showed not much
improvement in the FPF (22). The present findings suggest
that the lack of further improvement may be due to these
corrugated particles being solid (instead of hollow), other-
wise they would have a smaller aerodynamic diameter and
hence higher FPF.

The images in Fig. 3 display some ‘waterfalling’ artifacts
(characteristic of ion-sputtered materials) on the cut surface of
the moderately and highly corrugated BSA particles (Fig. 3¢
and d), despite the same milling condition being used
throughout for all the BSA particles. This ‘waterfalling’ effect
or topographical irregularity (31) was due to the channeling of
the ion beam in samples which were not homogeneous (i.e.
uneven surface) or had internal/external impurities (e.g. dust/
dirt, small inclusions or precipitates), and often began in the
form of planes, steps, spikes or cone-like structures (32,33). An
uneven or rough surface would cause certain areas to mill
faster than others, hence, contributing to the ‘waterfalling’
effect. This topographical irregularity was observed only on
the surfaces of the more corrugated particles whereas the
smooth particles were relatively free from it.



1614

Fig. 5. Secondary electron images of the FIB cross-sections of spray
dried mannitol particles after FIB milling; scale bar 1 pm.

Mannitol Particles

FIB revealed that 90-100% of these particles are porous
(Table II and Fig. 5), an observation contrary to previous
results based on freeze fracture (23) (Fig. 6) which suggested
that these particles were completely solid. Although not
produced using the same equipment and experimental
conditions, spray dried mannitol particles have more recently
been shown as porous (34,35) by confocal laser scanning

Heng et al.

Fig. 5. (Continued).

microscopy and density measurements (35). The present
results thus highlighted the applicability of the FIB as a
complementary tool in porosity determination.

The image in Fig. 5 also displays ‘waterfalling’ artifacts
on the cut surface of the mannitol particles. Generally, the

Fig. 6. Transmission electron image of a freeze fractured mannitol
particle. (Adapted from Chew et al., 1999, (23), with the permission
of Springer Science and Business Media).
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Fig. 7. Secondary electron images of the FIB cross-sections of spray
dried disodium cromoglycate particles after FIB milling.

softer the material, the greater the degree of channeling of
the energetic gallium ion beam, and the increased frequency
of artifact formation (8). Hence, this high degree of
channeling suggested that mannitol was a very soft material.
Even though the final ‘cleaning’ mill at a lower beam current
(Table I) was aimed at minimizing these ‘waterfalling” effects
(30), it is apparent that the additional step was inadequate in
instances where the particles were very soft (or highly
corrugated as in BSA).

Fig. 7. (Continued).

DSCG and NaCl Particles

FIB milling revealed that spray dried DSCG particles had a
porosity rate of 0-10% (Table IT and Fig. 7). The NaCl particles
were completely solid (Table IT and Fig. 8), which was expected
as they were single crystals. The cut surfaces of the DSCG and
NaCl particles were less prone to FIB-induced artifacts,
exhibiting no topographical irregularities, as they were neither
as soft as mannitol nor were they corrugated. Since these
particles were relatively non-porous in contrast to BSA and
mannitol, it indicates that porosity is influenced by the production
process used and/or the material’s inherent properties.

CONCLUSIONS

The FIB cutting of particles used in inhalation aerosols
results in a distinct and uniform cross-section, which provide
complementary information to (and may even offer distinct
advantages over) those derived via classical preparation meth-
ods like freeze fracture and confocal microscopy (23,24). The
present study showed that BSA and mannitol particles were
partly hollow and hence should be taken into consideration for
their aerodynamic behaviour. The ability to dissect and probe
the interior of particles will aid inhalation aerosol scientists in
obtaining a more complete picture of the particle. It is
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Fig. 8. Secondary electron images of the FIB cross-sections of spray
dried sodium chloride particles after FIB milling.

envisaged that the FIB method developed here for inhalation
aerosol particles can be readily applied to other types of ‘soft’
non-inhalation drug particles.
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