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Ultrasound Assisted Engineering of Lactose Crystals
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Purpose. To engineer lactose crystals of desired size, shape, surface and particle size distribution (PSD)
as a carrier for dry powder inhalers (DPI) by ultrasound assisted in-situ seeding.
Methods. Lactose crystals were obtained from solution by ultrasound assisted in-situ seeding, followed by
growth in viscous glycerin solution. The crystals were characterized for physical properties and 63–90 μm
size fractions of different batches were mixed with salbutamol sulphate (SS) and compared for in-vitro
deposition.
Results. Cooling crystallization with stirring for 10–20 h resulted in crystals with wide PSD and varied
shape. Application of ultrasound resulted in rapid and complete crystallization in 5 min with rod-shaped
fine crystals (15–30 μm) and narrow PSD. In-situ seeded batches yielded micro-fine rod-shaped seed
crystals. Seeding followed by growth in glycerin showed desirable size, high elongation ratio, smooth
surface and narrow PSD, while growth under stirring showed high elongation ratio with rough surface.
Crystals grown in glycerin showed highest dispersibility and fine particle fraction (FPF) of SS.
Conclusions. Ultrasound assisted in-situ seeding, followed by ordered growth in glycerin offers rapid
technique for separation of nuclei induction from crystal growth yielding desirable characteristics for
better dispersion and in-vitro deposition when employed as DPI carrier.

KEY WORDS: dry powder inhaler; particle engineering; ultrasound assisted crystallization; α-lactose
monohydrate.

INTRODUCTION

Lactose, 4-(β-D-galactosido-)-D-glucose is commercially
produced from the whey of cows’ milk. After heat-induced
deproteination, the residual whey is concentrated and cooled
to yield raw lactose (1,2), which is re-dissolved, charcoal
treated and recrystallized (1,3). Crystal habit of lactose varies
from prism, pyramid to tomahawk depending on conditions
of crystallization (4). Above 93.5°C β-lactose anhydrous is
formed, while below this, α-lactose monohydrate (α-LM) is
obtained (5). The main drawback of conventional cooling
crystallization is long induction time and slow crystallization
rate extending up to 72 h (1). This is due to large metastable

zone width, which require very high supersaturation for
induction to occur (6). Attempts for rapid crystallization of
lactose include seeding crystallization (7,8), anti-solvent
precipitation using ethanol (9,10), methanol (11), DMSO
(12), acetone (13) and sonocrystallization (14). Nature and
time of seed addition affects the crystal habit limiting the
applicability and reproducibility of process (15,16). During
anti-solvent process, mechanical agitation provides mainly
macroscopic mixing of anti-solvent molecules in solution,
generating few local zones of excessive supersaturations
leading to heterogeneous growth and agglomeration (17).
Bund and Pandit, has reported application of ultrasound
during anti-solvent crystallization of lactose for achieving
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solution with sonication for 45 s followed by stirring; Sono-S3,
crystallization of 50% w/w lactose solution with sonication for 45 s
followed by stirring; SS, salbutamol sulphate; ρtap, tap density; TGA,
thermogravimetric analysis; W, width; XRPD, X-ray powder
diffractometry.



homogeneous supersaturation throughout crystallization vessel,
resulting in rapid recovery of non-agglomerated fine lactose
crystals (5–10 μm) (14).

The crystal habit of α-LM a widely used pharmaceutical
excipient (5) influences its functionality and downstream
processing in variety of pharmaceutical dosage forms. In
particular, when employed as carrier for dry powder aerosols
to overcome intrinsic cohesiveness of micronized drug
particles (18). Drug delivery from these interactive mixtures
is known to be influenced by particles size, shape and surface
(19–21). Particles with average size in the range of 63–90 μm,
smooth surfaces and high elongation ratio exhibit better
dispersibility and FPF (19,22). Faster anti-solvent crystalli-
zation in known to accelerate the growth of length at the
expense of width and thickness resulting in elongated but fine
crystals (5–10 μm). These crystals are not suitable as carrier
for DPI. In contrast, lactose crystals grow to maturity without
surface defect during crystallization from carbopol gel result-
ing in large regular crystals with smooth surface and
improved FPF (22,23). However, longer crystallization time
(72 h), low yield and tedious harvesting process limit its
application. Lactose crystallization from glycerin is also
reported to show smooth surface without much of the
drawbacks associated with gels (24).

As spontaneous nucleation occurs at high levels of
supersaturation and lower levels favor slow and ordered
growth into large crystals, ideal experiment must somehow
separate nucleation from growth to satisfy distinctly different
requirements of these two events. Therefore, it’s a challenge
to develop rapid crystallization process to yield lactose
crystals with desirable size, shape and surface for DPI
application. Sonocrystallization has been used advantageous-
ly to replace conventional seeding to generate extremely
small seed crystals rapidly and easily (25) for drugs (17), high
energy materials (26) and organic solids (16) without draw-
backs of conventional seeding. Nuclei induction by ultrasound
during cooling crystallization results in large crystals (16). In
our previous attempt, we have obtained porous and sintered
particles by melt sonocrystallization, but it is not always
possible to process the melt without degradation (27,28).

However, it is possible to achieve ultrasound assisted
spontaneous in-situ seeding during cooling crystallization
while growing the micro-fine seed crystals steadily in stagnant
viscous glycerin solution. As glycerin is miscible in both water
and ethanol the crystals could be harvested easily by washing
with ethanol/water mixture. This was done with the aim of
engineering lactose crystals with desirable size (63–90 μm),
regular shape, smooth surface and narrow PSD for applica-
tion as carrier for dry powder aerosols.

MATERIALS AND METHODS

MATERIALS

α-Lactose monohydrate (Pharmatose 200 M, DMV
International, The Netherlands), hard gelatin capsules (Uni-
versal Capsules, Mumbai, India), micronized salbutamol
sulphate and Rotahaler® (Cipla Ltd, Mumbai, India) were
received as gift sample. Ethanol (analytical grade) and
glycerin (general reagent) were purchased from Merck, India.

Crystallization

Crystallization of lactose from aqueous solutions was
carried out by cooling with application of ultrasound energy
using a probe and sonifier (Sonics and materials Inc., Vibra
Cell, Model VCX 750, CT, USA) operating at a fixed
wavelength of 20 kHz and capable of inducing a maximum
power output of 750 W. Probe (tip diameter 13 mm) was
immersed 5 mm in the processing liquid. The lactose solutions
(30% w/w, 40% w/w and 50% w/w) were prepared by
dissolving α-LM in 100 ml water at 90°C and filtered through
0.45 μm pore size membranes. The solutions were transferred
to a 500 ml jacketed crystallization vessel having constant
speed stirrer with propeller having three-blades (1×3 cm)
(Eurostar power control-visc, IKA Labortecnik, Germany)
which was situated 2 cm above the bottom of vessel. The
solutions were allowed to cool down from 90°C to 25°C by
circulating water maintained at 20°C using cryostatic bath
(Haake Phoenix C25P, Germany) in the jacket. The cooling
time varies from 220 to 240 min. For batches Sono-1, Sono-2
and Sono-3, α-LM solutions were sonicated for 5 min.
Whereas, Sono-S1, Sono-S2 and Sono-S3 were prepared by
sonication for 45 s, followed by stirring at 500 rpm. Sono-G1,
Sono-G2 and Sono-G3 were sonicated for 45 s, followed by
addition of glycerin to achieve 20% w/w solution. For control
batches CC-1, CC-2 and CC-3, the solutions were cooled
down to 40°C by circulating water maintained at 40°C in the
jacket. The cooling time varies from 155 to 170 min. In these
batches, solutions were agitated at 500 rpm without sonica-
tion. The crystallization time and summary of experimental
conditions of various batches are specified in Table I.

After crystallization has been allowed to continue for a
predetermined period of time, the crystals were separated by
filtration and washed with 60% (v/v) ethanol followed by
100% ethanol. The crystals were allowed to dry at room
temperature overnight before drying in a vacuum oven at 70°C
for 3 h. A small amount of sample was taken from each batch of
lactose for the micromeritic and polymorphic evaluation. The
remaining lactose crystals were then poured into a 90 μm sieve
that had been placed upon a 63 μm sieve (Jayant test sieves,
Mumbai, India). The particles were then sieved manually into
three size fractions (<63, 63–90 and >90 μm), which were
collected and weighed separately. The lactose fractions thus
obtained were transferred separately to vials, sealed and
placed into a desiccator over silica gel.

Micromeritic Properties

Particle Size Distribution

Particle size was measured by Laser Diffractometer,
Mastersizer 2000 Ver. 2.00 (Malvern Instruments, Malvern,
UK). Analysis was done in triplicate and mean results are
presented. Ethanol was used as dispersant and obscuration
was not less than 10% for each measurement. Data analysis
was done by Malvern Software Ver 5.2.

Image Analysis

The images were captured using a stereomicroscope
(Carl Zeiss, Germany) attached with a digital camera (WAT-
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202, Watec, Japan). The captured images were analyzed using
Biovis Image Plus software (Expert Tech Vision, India) by
method reported earlier (29). Fifty crystals were measured in
each sample and the length (L), width (W), perimeter (P),
and area (A) were recorded. Different shape descriptors like
shape factor, surface factor and elongation ratio (E) were
derived as follows.

Elongation ratio ¼ L=W ð1Þ

Shape factor ¼ 4��A
�
P2 ð2Þ

Surface Factor ¼ Surface factor� 1þ Eð Þ2
.

∏� Eð Þ ð3Þ

E has a value in the range >1, higher the value more
elongated the particle. The shape factor is a two-dimensional
shape descriptor used in many image analysis software
programs and combines properties related to both surface
roughness and shape. A spherical particle with smooth
surface will have a shape factor of 1, whilst non-spherical
particles or spherical particles with a rough surface will have a
shape factor value between 0 and 1. The more irregular the
shape and/or rougher the surface, smaller is the shape factor.
Surface factor is a derived factor which also varies from 0–1
but is primarily dependent upon surface roughness alone;
particles that are perfectly smooth would have a value of 1.

Surface Topography

Surface topography was characterized using scanning
electron microscopy (SEM). Freshly prepared samples were
mounted on the aluminum stub and coated with a thin gold–
palladium layer by Auto fine coater (Jeol, JFC, Tokyo,
Japan) and analyzed with a scanning electron microscope
(Jeol, JSM-6360, Tokyo, Japan) operated at an 10 kV
acceleration voltage.

Powder Flow

Carr’s Index

The static powder flow was characterized using Carr’s
compressibility index (CI), determined from the tap (ρtap)
and bulk densities (ρbulk) using following formula:

CI ¼ �tap � �bulk

�tap
*100 ð4Þ

Bulk density was determined by filling the powder in a 10 ml
measuring cylinder and tap density was measured using tap
density tester (ETD-1020, Electrolab, Mumbai, India) following
500 taps, which allowed the density plateau. LowerCI values are
indicative of better flow behavior.

Angle of Repose

The dynamic powder flow was characterized using angle
of repose. Lactose crystals were carefully poured into a glass
funnel which had been placed over a flat base. After the
powder column reached a height of approximately 4 cm, the
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addition of powder was stopped and the funnel was slowly
lifted, leaving a cone of powder. The height of the cone was
measured and the angle of repose was calculated from the
tangent (cone height/cone base radius). Each sample was
measured in triplicate.

Characterization of Polymorphic Form

Thermogravimetric Analysis (TGA)

Samples (approximately 30–40 mg) were heated at a
constant rate of 10°C/min over a temperature range of 25–220°C
in platinum crucibles. Inert atmosphere was maintained by
purging nitrogen gas at flow rate of 50 ml/min and the loss of
mass as a function of temperature was recorded using TA-60WS
Thermogravimetric analyzer (Shimandzu, Japan).

Differential Scanning Calorimetry (DSC)

DSC studies were carried out using Mettler-Toledo DSC
821e instrument equipped with an intracooler (Mettler-
Toledo, Switzerland). Indium and zinc standards were used
to calibrate the DSC temperature and enthalpy scale. The
samples were hermetically sealed in aluminum crucibles and
heated at a constant rate of 10°C/min over a temperature
range of 25–220°C. Inert atmosphere was maintained by
purging nitrogen gas at flow rate of 50 ml/min.

X-ray Powder Diffraction (XRPD)

The XRPD patterns were recorded on X-ray diffractometer
(D8 Advance, Bruker AXS Inc, Madison, USA). Samples were
irradiated with monochromatized CuKα radiation (1.542 Å) and
analyzed at 5 to 30°2θ, step size: 0.02, time per step: 2 s. The
voltage and current used were 30 kV and 30 mA, respectively.

In-vitro Deposition Study in Cascade Impactor

SS was mixed separately with 63–90 μm size fractions of
different lactose batches and Pharmatose in a ratio of 1:67.5,
w/w in accordance with the ratio employed in the commercial

Ventolin® formulations. The blending was carried out by
sequential mixing of lactose particles (63–90 μm size fractions)
of each batch to SS in stoppered vials placed on a vibromixer
for 5 s till the desired ratio of 1:67.5 was obtained followed by
final blending in a fabricated double cone blender for 30 min at
40 rpm. Content uniformity was determined across each blend
by analyzing the samples for SS content by UV spectropho-
tometry (UV-1601, Shimandzu Corporation, Japan) at 276 nm.
Hard gelatin capsules (size “3”) were filled manually with
33.0±1.5 mg of the powder mixture so that each capsule
contained 481±20 μg SS, which was similar to the unit dose
contained in a Ventolin Rotacap®.

The dispersion behavior of the powders was assessed
using an eight stage, nonviable Anderson cascade impactor
with a preseperator (Graseby-Anderson, Atlanta, GA, USA)
operating at an flow rate of 28.3 l/min measured with a
rotameter (Gilmont, USA, GF-2005). The powder samples in
capsules were aerosolized using Rotahaler® (Cipla ltd,
Mumbai, India). SS deposited at different locations was also
assayed by UV spectrophotometry at 276 nm. A variety of
parameters were employed to characterize the deposition
profiles of SS. The recovered dose (RD) is the sum of the
drug collected from capsule, inhaler device, pre-separator,
induction port and all stages of the impactor. The emitted
dose (ED) is the amount of drug released from the inhaler
device, i.e. the sum of drug collected at preseperator,
induction port and all stages of the impactor. FPD was
defined as the amount of drug deposited on the stages 2 and
below of the impactor. The FPF and dispersibility were
calculated as the ratio of FPD to RD and ED, respectively.
The total recovery (% recovery) of the drug was assessed by
the ratio of the RD to the theoretical dose of SS in one
capsule (481±22 μg), which was equivalent to the filling
weight of SS and lactose blends (33.0±1.5 mg).

RESULTS AND DISCUSSION

α-LM employed as carrier for DPI is usually required to
have size between 63–90 μm and high crystallinity, elongation
ratio and surface smoothness. Rate of crystallization is known

Table II. Shape Descriptors, Density, CI and Angle of Repose of Different Lactose Batches

Batch code Surface factora Elongation ratioa Bulk density (g/cm3)b CIb Angle of repose (°)b

Pharmatose 0.73±0.06 1.68±0.07 0.74±0.02 26±1 42±1
CC-1 0.72±0.07 1.68±0.05 0.73±0.03 25±1 43±2
CC-2 0.70±0.06 1.71±0.06 0.72±0.01 26±1 43±1
CC-3 0.68±05 1.73±0.07 0.75±0.04 27±1 44±1
Sono-1 0.71±0.08 1.83±0.05 0.57±0.02 29±1 48±1
Sono-2 0.69±0.03 1.94±0.04 0.57±0.02 31±2 48±1
Sono-3 0.67±0.07 2.10±0.06 0.56±0.01 32±1 47±1
Sono-S1 0.66±0.08 2.16±0.05 0.72±0.02 34±1 41±1
Sono-S2 0.64±0.06 2.21±0.07 0.75±0.03 35±1 42±2
Sono-S3 0.63±0.06 2.27±0.06 0.73±0.04 37±2 43±1
Sono-G1 0.76±0.02 2.48±0.04 0.74±0.03 21±2 37±1
Sono-G2 0.76±0.04 2.52±0.06 0.74±0.02 22±1 38±1
Sono-G3 0.75±0.03 2.69±0.05 0.72±0.05 22±1 38±0

Mean ± SD
a n=50
b n=6
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to influence the crystal habit. The major factor governing the
rate of lactose crystallization is the supersaturation, which
increases with concentration. Therefore, preliminary experi-
ments were carried out to understand the effect of variables
and their levels on rate of crystallization. Lactose solutions
with various concentrations (30%, 40% and 50% w/w) were
prepared and effect of crystallization with and without
sonication on crystal habit was studied. In absence of

sonication the nuclei induction as well as crystal growth was
extremely slow and hence, the crystals were allowed to grow
for longer time till the desired size is achieved. Time of
sonication influence final crystal size hence; the sonication
time was varied. As the growth in stagnant and stirring
conditions is known to result in different crystal habit, two
different post sonication treatments were studied. Crystalli-
zation conditions for different batches are specified in Table I.

Fig. 1. SEM photomicrographs of different lactose batches.
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Particle Size and Morphology

Cooling crystallization under constant stirring from
lactose solutions of different concentration resulted in varied
crystal size, shape and surface texture (Tables I, II and Fig. 1).
The induction times as long as 3–10 h with crystallization
times ranging from 8–20 h were required to reach D90 of 85–
100 μm. The yield varied with the lactose concentration from
44% to 53% w/w. Further, these particles exhibited wide span
as well as PSD, resulting in a relatively small fraction of
crystals in the desired size range (63–90 μm). The crystal
shape also varied with initial lactose concentration. Lower
concentrations favored formation of tomahawk shaped crys-
tals, while higher concentrations favored slightly elongated
crystals. The results were in accordance with earlier reports
(24). As reported by Zeng et al., pre-washing with 60%
ethanol was found to be essential before washing with 100%
ethanol (22). After separation from mother liquor, the
crystals still had traces of mother liquor adhered to the
surface. If the crystals were directly washed with 100%
ethanol, the lactose remaining in solution crystallized sponta-
neously in to needle shaped fine crystals. Pre-washing with
lower ethanol concentration removes most of the mother
liquor from the crystal surface without the formation of
unwanted crystals. However, washing with too lower ethanol
concentrations results in erosion of crystal surface or disso-
lution of entire crystal. Therefore, all batches were pre-
washed with 60% ethanol before washing with 100% ethanol.

Sonocrystallization showed very rapid nuclei induction
and crystal growth. Though exact time of nucleation could not
be monitored, the induction can be assumed to appear rapidly
from the turbidity observed by naked eye immediately after
insonation for 30 s. The complete process of crystallization
was over in 5 min with ∼84% yield. It was interesting to note
that nuclei induction, growth rates and yield were not very
sensitive to lactose concentration. When ultrasound propa-
gates through a liquid medium, its power is not only a driving
force for mass transfer, but also initiates an important
phenomenon known as cavitation. When a cavitational

bubble implodes, a localized hot spot is formed with a high
temperature and pressure releasing a powerful shock wave.
This cavitation generates high local supersaturation leading to
spontaneous nucleation in otherwise unsaturated liquid (30–
32). The acoustic streaming, micro streaming and highly
localized temperature and pressure within the fluid causes
spontaneous induction of primary nucleation, reduction of
crystal size, inhibition of agglomeration and manipulation of
crystal size distribution (16,17,25). Sono-1, Sono-2 and Sono-3
showed rod-shaped lactose crystals (Fig. 1) with significantly
(ANOVA, P<0.01) high elongation ratio compared with CC
batches (Table II). This was attributed to the inherent
differences in the crystal growth rates, leading to some crystal
faces growing faster than other (33). Rapid crystallization of
lactose is known to accelerate the growth of longest axis of
the crystals at the expense of an increase in width and
thickness resulting in needle-shaped elongated crystals (13,
24). Particles in size range of 15–30 μm and narrow PSD were
obtained for these batches (Table I). Due to rapid supersat-
uration and nucleation achieved throughout the vessel, the
number of primary nuclei increased and the amount of solute
depositing on each primary nucleus decreased resulting in
fine crystals. These results were in accordance with our
previous report where we were able to generate nanoparticles
by ultrasound assisted sonoprecipitation (34). Sono-1, Sono-2
and Sono-3 particles are fine and not suitable as DPI carrier.
However, these particles may have find application as
diluents in preparation of tablets by wet-granulation or when
milling is carried out during processing, since fine size permits
better mixing with other ingredients (5).

Fig. 2. SEM photomicrograph of seed crystals harvested after
sonication for 45 s. Fig. 4. DSC thermograms of different lactose batches.

Fig. 3. TGA thermograms of different lactose batches.
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In Sono-S and Sono-G batches, sonication was used for
in-situ seeding and discontinued after 45 s to yield rod-shaped
fine seed crystals (<5 μm) (Fig. 2). Seeds were allowed to
grow either under stirring (Sono-S1, Sono-S2 and Sono-S3) or
in viscous glycerin solution (Sono-G1, Sono-G2 and Sono-
G3) (Table I). Sono-S and Sono-G batches require 3 and 5 h,
respectively to grow up to D90 of 78–81 μm (Table I). The
crystals of sono-S and sono-G batches give 74 to 79% product
yield (Table I) and exhibit significantly (ANOVA, P<0.001)
high elongation ratios compared with CC batches (Table II).
Rod-shaped morphologies of seed crystals might be respon-
sible for high elongation ratio of these batches as seeding
crystallization generally shows epitaxial growth, where seeds
crystallize isomorphously with the native crystals and hence
share same structural features as the substrate like crystal
shape (15).

Sono-S batches showed rough surface, while surface of
sono-G batches was smooth. (Fig. 1). This observation was
supported by significantly (ANOVA, P<0.001) higher values
of surface factor for Sono-G batches than Sono-S and CC
batches (Table II). This was attributed to the difference in
post sonication treatment. Mechanical stirring introduces
random fluctuations in the solution and cause heterogeneous
distribution of local concentrations, leading to uneven growth
of crystals with surface irregularities or crevices. As stagnant
conditions are known to have better control on crystalliza-
tion, avoiding surface imperfections, the elongation ratio as
well as the surface factor of Sono-G crystals improved.
Moreover, the values of surface factor, span and PSD were
consistent for Sono-G batches suggesting suppressed sensitiv-
ity of PSD and crystal shape to initial lactose concentration.
Lactose molecules can be expected to diffuse freely in the
medium under constant stirring and hence, any change in the
supersaturation changes the crystallization pressure in
the vicinity of the growing crystals, eventually changing the
crystal shape as observed in Sono-S batches. However, after
addition of glycerin (20% w/w final concentration) the
viscosity of solution increased from 1.01 to 1.91 mPa s. The
viscosities were determined by Brookfield programmable
viscometer, Model-DV-II (Brookfield Engineering Labs.
Inc., Stoughton, MA 02072, USA.). This increased viscosity
imposes a resistance for free diffusion of lactose molecules,
maintaining concentrations in the immediate vicinity of the
growing crystals lower than the apparent concentration in the
bulk of the crystallization medium. Therefore, any increase in
the apparent supersaturation of lactose may not result in a
corresponding increase in the effective concentration driving
crystal growth. This would result in a reduction in the
sensitivity of crystal habit to lactose concentration. Further,

the viscous medium permits a steady diffusion of crystallizing
molecules without introducing any external turbulence pro-
viding a homogeneous environment in which the crystals
grow to maturity without any surface defects. This resistance
for free diffusion of crystallizing molecules is also responsible
for slightly lower yield of ‘G’ batches compared to ‘S’ batches
where molecules diffuse freely under stirring. Secondary or
heterogeneous nucleation is also suppressed compared to
solution under agitation resulting in large crystals with narrow
PSD and span.

Powder Flow

Powder flow was examined using static (Carr’s com-
pressibility index, CI) and dynamic methods (angle of
repose). Bulk densities of all lactose batches were comparable
except Sono-1, Sono-2 and Sono-3, which exhibited lower
bulk densities due to smaller crystal size. The values of CI
and angle of repose for all batches are given in Table II. CI
values traditionally provide an estimate of the powder flow as
discrete particles. Lower values of CI and angle of repose are
indicative of good flow. Sono-G1, Son-G2 and Sono-G3
crystals showed more consistent and lowest values of CI and
angle of repose, while Sono-S1, Sono-S2 and Sono-S3 crystals
showed highest values. The magnitude of van der Waals forces
increase with reducing particle size, due to reduced separation

Table III. Enthalpy of Dehydration and Moles of Water of Crystallization per Mole of Anhydrous Lactose of Different Lactose Batches and
Pharmatose

Batch code Enthalphy of dehydration (w/g) Moles of water/mole of anhydrous lactose

Pharmatose 120.14±0.96 1.06±0.04
CC 116.02±1.11 1.02±0.03
Sono 112.52±1.03 0.99±0.02
Sono-S 118.23±1.02 1.04±0.01
Sono-G 121.31±1.05 1.07±0.01

The values are obtained from DSC thermograms. Mean ± SD, n=3

Fig. 5. XRPD profiles of different lactose batches.
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distance between particles and weaker gravitational forces
showing poor powder flow as observed in Sono-1, Sono-2 and
Sono-3. Large crystal size of Sono-S and Sono-G batches (67–
98 μm) experience low van der Walls forces exhibiting good
flow. However, Sono-G batches show better flow than Sono-S
batches. This might be due to smooth surface which reduces
electrostatic forces and internal friction during flow. Since,
powder flow is important in DPI formulations during capsule
filling as well as subsequent release of drugs, Sono-G batches
might prove beneficial as DPI carrier.

Characterization of Polymorphic Form

All recrystallized lactose samples showed TGA data
typical of α-LM (Fig. 3). Weight loss between 120°C and 190°C
was due to loss of water of crystallization and not due to
vaporization of free water, which generally occurs at 100°C.
Weight loss at 200–250°C may be due to decomposition of
lactose. Dehydration of 4.5–5.5% w/w was observed in all
samples, indicating presence of 1 mol of water of crystallization
per mol of anhydrous lactose. Dehydration of water of
crystallization was also observed in DSC thermograms at
about 130°C followed by the melting endotherm typical of α-
LM at 217°C and a broad endothermic peak around 240°C due
to thermal degradation (Fig. 4). Charring was confirmed by
visual examination at the end of DSC run. Absence of an
exothermic crystallization peak around 177°C in the DSC scans
of all samples indicates highly crystalline nature. The number
of moles of water per mole of anhydrous lactose (n) was
calculated from the values of enthalphy of dehydration
obtained from DSC thermograms using Eq. 5 as reported by
Khankari et al. (35):

n ¼ $Hd �RMMlactose

$Hv � $Hdð Þ �RMMwater
ð5Þ

where, ΔHd is the enthalpy of dehydration obtained from the
dehydration endotherm (joules per gram); ΔHv is the enthalpy
of vaporization of water, 2,261 J/g (36), and RMMlactose and
RMMwater are the relative molecular masses of anhydrous
lactose (340.3) and water (18.0), respectively. All recrystallized
lactose batches appear to contain ∼1 mol of water of
crystallization per mol of anhydrous lactose (Table III) which
was in accordance with the results of TGA and confirmed the
presence of α-LM form.

X-ray diffractogram of crystalline lactose has a distinct
peak at 19–20°2θ as main signal, with minor peaks at different
angles depending on the isomer, with α-lactose at 12.6° and β-
lactose at 10.5° (37). The major peaks of all recrystallized
lactose carriers were consistent with those of α-lactose and
the presence of β-lactose was not detected (Fig. 5). Slight
variations in peak intensities between samples may be due to
preferred orientation and minor differences in the degree of
crystallinity.

In-vitro Aerosol Deposition Studies

Micronized SS was blended separately with 63–90 μm
sieved fraction of different lactose batches in a ratio of 1:67.5
and filled in hard gelatin capsule. The content uniformity
ranged from 95.83% to 101.42% for all samples. The in-vitro
aerosol deposition studies were carried out in cascade
impactor using Rotahaler® at 28.3 l/min. The drug recovery
for various formulations ranged from 86.69% to 95.63%,
which was within the acceptable range (75–125%) for mass
balance (38) and also suggested that the method of washing
and analyzing was accurate and reproducible. The deposition
profiles varied with the type of carrier lactose employed.
Since the powders are composed of the same quantity of SS
from same batch, the difference in the deposition profiles of
the drug may largely be as a result of the differences in
particle shape and surface of lactose carrier particles. The
percent mass deposited on different stages of cascade
impactor are shown in Fig. 6. Various formulations produced
different deposition profiles of SS, which are summarized in
Table IV.

The formulation containing CC-1 lactose produced lower
dispersion of SS compared to formulation containing Phar-
matose (Table IV), since most of the emitted dose of SS was
deposited in preseperator and induction port, allowing only
small fraction of drug to reach lower stages (Fig. 6).
Approximately 30% of the drug released from this formula-
tion was retained in the capsule and the device. This was
evidenced by concomitantly lower FPF (11.03%) of the drug.
Despite similar values of elongation ratio, formulation con-
taining Pharmatose produced slightly higher FPF (13.01%)
than CC-1. This could be due to the fact that the commercial

Table IV. Deposition of Salbutamol Sulphate from Different Lactose Batches in Anderson Cascade Impactor at 28.3 l/min Via Rotahaler®

Batch no. RD (μg) ED (μg) FPD (μg) FPF (%) Recovery (%) Emission (%)

Pharmatose 426 (16) 325 (14) 55 (11) 13.01 (1.6) 88.66 (1.6) 67.00 (2.1)
CC-1 417 (16) 319 (14) 46 (11) 11.03 (1.6) 86.69 (1.7) 66.32 (2.1)
Sono-S3 453 (11) 362 (10) 103 (7) 22.82 (1.3) 94.28 (1.6) 75.36 (1.4)
Sono-G3 460 (13) 381 (12) 128 (8) 27.82 (1.5) 95.63 (1.3) 79.20 (1.6)

Mean (SD), n=3

Fig. 6. Drug deposition profiles of blends containing different lactose
batches in Anderson cascade impactor at 28.3 l/min via Rotahaler®.
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Pharmatose might have undergone size reduction processing
during manufacture generating fines. These fines might have
adhered on the surface crevices and asperities of the carrier
lactose which are known to reduce the adhesive forces
between the carrier surface and drug improving the de-
agglomeration behavior (39). Therefore, CC-1 lactose prepared
under similar condition was used as control batch.

Formulations containing Sono-S3 and Sono-G3 lactose
showed better deposition profiles than the control lactose
formulations. Sono-G3 lactose produced highest FPF; 27.82±
1.5% and RD; 460±13 μg of drug followed by Sono-S3
lactose with FPF; 22.82±1.3% and RD; 453±11 μg of drug.
The difference in the deposition profiles from different
formulations could be attributed to the difference in the
morphological features like elongation ratio and surface
smoothness. This can be explained by the fact that elongated
particles have aerodynamic diameters almost independent of
their length and is governed by the shorter dimension of the
particle (40,41). Such particles exhibit smaller aerodynamic
diameters than spherical particles of similar mass or volume
(42). More elongated particles may also be expected to travel
a longer distance before impaction occurs in comparison to
less elongated particles of similar mass, as a result of lower
relative aerodynamic diameters of the former. More drug
particles can adhere to elongated carrier particles in compar-
ison to spherical particles. Elongated particles are also known
to experience drag forces of the air stream for longer period
of time. This would be expected to result in a higher
proportion of drug being detached from the carrier particle
leading to a higher FPF of the drug (22). In spite of slight
difference in the elongation ratio, Sono-S2 produced lower
FPF than Sono-G2, which could be attributed to the
difference in the surface smoothness. Sono-S has showed
rough surface as indicated by the lower values of surface
factor (Table II) and SEM images (Fig. 1). Thus, the
microscopic asperities might have acted as adhering sites for
drug preventing the de-agglomeration from its surface.
However, growth of lactose crystals in viscous glycerin
medium permits a steady diffusion of crystallizing molecules
without any external turbulence providing a homogeneous
environment in which the Sono-G crystals grow to maturity
without surface defects. Therefore, high elongation ratio and
surface factor of Sono-G3 batch was responsible for highest
FPF.

CONCLUSION

Sonocrystallization offers spontaneous supersaturation
resulting in early nucleation. Spontaneous nucleation and
growth of seeds accelerate the growth of length rather than
the width and thickness resulting in rod shaped seed crystals.
These seed crystals are delicately held in their position in
glycerin while the growth proceeds in homogeneous environ-
ment without introducing any external turbulence into large
elongated crystals with smooth surface. Owing to the rod-
shaped morphology of the seeds produced by sonication, the
crystals grown under stirring as well as in glycerin showed
high elongation ratio. Formulation containing Sono-G3 crystals
with high elongation ratio and surface factor produced highest
dispersibility and FPF. It can be concluded that ultrasound
assisted in-situ seeding, followed by ordered growth in glycerin

offers rapid crystallization technique for engineering α-LM
crystals with higher elongation ratio, smooth surface and better
flow. All these factors are responsible for improving the
dispersion and FPF of adhered drug, which might serve as
viable means of improving drug delivery to the lower airways
from DPIs.
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