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a  b  s  t  r  a  c  t

Conventional  melt  pelletization  and  granulation  processes  produce  round  and  dense,  and  irregularly
shaped  but  porous  agglomerates  respectively.  This  study  aimed  to  design  centrifugal  air-assisted  melt
agglomeration  technology  for manufacture  of  spherical  and  yet  porous  “granulets”  for  ease  of  down-
stream  manufacturing  and  enhancing  drug  release.  A  bladeless  agglomerator,  which  utilized  shear-free
air stream  to mass  the  powder  mixture  of  lactose  filler,  polyethylene  glycol  binder  and  poorly  water-
soluble  tolbutamide  drug  into  “granulets”,  was  developed.  The  inclination  angle  and  number  of  vane,
air-impermeable  surface  area  of  air guide,  processing  temperature,  binder  content  and  molecular  weight
were  investigated  with  reference  to  “granulet”  size,  shape,  texture  and  drug  release  properties.  Unlike
fluid-bed  melt  agglomeration  with  vertical  processing  air  flow,  the  air stream  in  the present  technology
ranulet
elt agglomeration

moved  centrifugally  to roll  the  processing  mass  into  spherical  but porous  “granulets”  with  a  drug  release
propensity  higher  than  physical  powder  mixture,  unprocessed  drug  and  dense  pellets  prepared  using
high shear  mixer.  The  fast-release  attribute  of  “granulets”  was  ascribed  to  porous  matrix  formed  with
a high  level  of polyethylene  glycol  as  solubilizer.  The  agglomeration  and  drug  release  outcomes  of  cen-
trifugal  air-assisted  technology  are  unmet  by  the existing  high  shear  and  fluid-bed  melt  agglomeration

techniques.

. Introduction

Agglomerates are an assembly of solid particles in the form of a
ulti-particulate system, commonly bound by one or more bind-

ng agents. In comparison to single-unit solid dosage form namely
ablets, agglomerates offer numerous advantages as an oral drug
arrier. The agglomerates primarily undergo a widespread distri-
ution in gastrointestinal tract (Aulton, 1988; Wong and Heng, in
ress). This reduces risks of dose dumping at a focus site of mucosa
nd variations in plasma drug levels. Agglomerates can be produced
y various wet techniques such as extrusion–spheronization, fluid-
ed, low shear and high shear agglomeration methods (Hausman,
004; Wong and Heng, in press; Wong et al., 2005; Zakaria and
ong, 2009). Melt agglomeration is one of the recent techniques
here binding of solid particles is brought about by molten binding

iquid or solid binder which melts during the process by frictional
eat generated from high shear mixing of processing materials

Nurulaini and Wong, 2011; Walker et al., 2006; Wong et al., 2005;

ong and Nurulaini, in press). Unlike conventional approaches,
elt agglomeration runs without the need for aqueous or organic
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solvents by means of a one-pot, one-step technique. The drying
phase, flame-proof facilities and solvent recovery equipment are
not needed thereby reducing time and cost of a manufacturing
operation.

The melt agglomerates are available as pellets or granules
(Schæfer, 1997; Wong et al., 2005). Melt pellets are usually pro-
duced using high shear mixer. The high speed, high shearing action
of impeller rotation can shape the cluster of solid particles, bound
by molten binding liquid, into round and dense pellets through
imposing a centrifugal motion on processing materials against the
inner wall of mixer bowl. Melt granules are porous and have an
irregular shape. Fluid-bed melt granulator is the typical processor
used in production of these agglomerates. In comparison to high
shear mixer, the fluid-bed technique processed with vertical air
flow exerts a low level of shear and densification forces on the form-
ing agglomerates, and with no centrifugal rounding action onto the
processing mass.

Since 1960, there have been more than 500 publications inves-
tigating the formulation, processing and equipment aspects of
technology employed in the preparation of fast-release solid matri-
ces to improve the dissolution and bioavailability profiles of poorly
water-soluble drugs (Craig, 2002). Melt pelletization is the lat-

est processing technique employed where meltable hydrophilic
binder such as polyethylene glycol, which has the highest pel-
letization capacity with reference to size, shape and density of
the formed agglomerates, can act as solubilizer or wetting agent

dx.doi.org/10.1016/j.ijpharm.2012.04.026
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:wongtinwui@salam.uitm.edu.my
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or poorly water-soluble drugs (Gupta et al., 2001; Schæfer, 1997;
asconcelos et al., 2007; Vilhelmsen et al., 2005).

Drug release of a matrix can be promoted by reducing its dense
icrostructure and/or increasing its polyethylene glycol content

Iveson et al., 2001; Le et al., 2011; Leonardi et al., 2007; Newa
t al., 2008). Spherical agglomerates exhibit a good flow prop-
rty ideal for industrial processing and packaging (Passerini et al.,
010). Using high shear technique, the round agglomerates are
onetheless having low levels of porosity due to consolidation
rocess (Le et al., 2011). The high shearing, high impact forces

ikewise do not allow the use of high polyethylene glycol frac-
ions in a pellet formulation as an alternative measure since this
ill result in over-wetting and uncontrollable agglomerate growth

Schæfer, 1997; Thies and Kleinebudde, 1999). As such, this study
ims to develop a processing technique, which can produce “gran-
lets”: round agglomerates with porous core, for use in design of
ast-release solid multi-particulate system. In the present inves-
igation, centrifugal shear-free moving air stream is utilized as a
eplacement of impeller blade to agitate processing materials. It is
ypothesized that turbulent air flow can intersperse and loosen the
ssembly of solid particles bound in clusters by molten binding liq-
id, but allow agglomerates to roll over the wall of processing bowl
hereby rounding into porous “granulets” with fast drug release
ttributes.

. Materials and methods

.1. Materials

Solid �-d-lactose monohydrate (Granulac 200 and Sorbolac 400,
eggle, Germany) was used as a non-meltable filler with polyethy-

ene glycol (PEG) 3000, 6000, 10,000, 20,000 and 35,000 (Merck,
ermany) as meltable binders and tolbutamide (D.K. Pharma Chem
vt. Ltd., India) as a model poorly water-soluble drug. Hydrochlo-
ic acid and potassium chloride (Merck, Germany) were chemicals
mployed to prepare USP pH 2.2 dissolution buffer.

.2. Methods

The study focused on development of centrifugal air-assisted
elt agglomerator, and test of its feasibility to produce agglomer-

tes and fast-release “granulets”.

.2.1. Development of centrifugal air-assisted melt agglomerator
Fig. 1a shows the schematic diagram of the assembly of a novel

elt agglomerator (Laison Engineering Sdn. Bhd., Malaysia). The
gglomerator was made of a processing bowl, an air guide, an elec-
rical heating element and a fan system. The processing bowl was
onstituted of a cylindrical chamber with a height of 0.4 m and
n internal diameter of 0.2 m.  It was made of transparent glass in
rder to allow in-process observation and was equipped with a fil-
er mesh (mesh aperture size: 0.24 ± 0.03 mm)  at the top exit of
owl to prevent loss of processing materials via the circulating air
ow. The air guide was a stainless steel bowl with a height of 0.1 m
nd an internal diameter of 0.2 m.  It had multiple units of rect-
ngularly shaped vane (average height: 24.56 ± 1.00 mm,  average
idth: 74.11 ± 0.80 mm)  aligned at a specific angle of inclination
ith respect to the horizontal plane. These vanes were constructed
sing a centrally radiating pattern with one end attached to the

nternal peripheral surfaces of air guide and the other end located
t the midpoint of air guide interconnecting with the rest of the
ane units. The vanes functioned to transform the vertically trav-

led air flow generated by the fan system beneath into centrifugal
ir stream in processing bowl fitted above the air guide (Fig. 1b).
he attachment of air guide to processing bowl was supported
y a stainless steel mesh (mesh aperture size: 0.10 ± 0.04 mm)
f Pharmaceutics 430 (2012) 184– 196 185

placed immediately before the fan system in avoidance of pro-
cessing material loss due to weight-induced sedimentation or force
field effect of air stream.

A powder feeder (internal diameter of feeding tube:
16.08 ± 0.23 mm)  was installed at the base of processing bowl to
allow immediate contact of processing materials with air flow
passing through the air guide and suspension of particles during
agglomeration process. The introduction of powder materials
through feeder was  aided by compressed air (HP2 ORIMAS®, Sin
Yuan Machinery Sdn. Bhd., Malaysia) to ensure minimal losses
via adhesion onto the internal surfaces of feeding tube. The
temperature of air and processing materials in bowl was modu-
lated by an electrical heating element (MALTEC-H finned heater,
dpstar Holdings Sdn. Bhd., Malaysia). Both air flow velocity and
temperature were measured using velometer (ALNOR, Shoreview,
USA) and thermocouple with stainless steel probe (MALTEC-T
thermocouple, dpstar Holdings Sdn. Bhd, Malaysia) respectively.
The air flow velocity and temperature were accordingly modulated
by means of frequency inverter (TECO FM50 fluxmaster, TECO
Westinghouse Motors Inc., Canada) and temperature controller
(Shimaden SR92, OneTemp Pty. Ltd., Australia).

2.2.2. General operation of centrifugal air-assisted melt
agglomerator

The processing bowl was first flushed with an air flow at a pre-
determined velocity and temperature for a specific duration. An
appropriately weighed amount of processing materials was then
introduced through feeder with the aid of an external compressed
air into the processing bowl within 4 min. The air flow velocity was
subsequently raised in a step-wise manner to maintain the disper-
sion of particles in the moving air stream during agglomeration. The
agglomeration proceeded through binding of non-meltable solid
particles by meltable binder which transformed from solid to liquid
upon contacting with heated air flow. At intervals of 5 min, the filter
mesh at the top compartment of bowl was subjected to air purg-
ing for 30 s to return the powder deposit into the processing mass.
The agglomeration run was  ended by terminating the air flow. The
product was  collected in an aluminum tray and cooled to ambient
temperature in thin layers.

2.2.3. Optimization study
Equipment parameters, namely air-impermeable surface area

of air guide and its angle of inclination and number of vanes, were
optimized with respect to length of massing duration and depo-
sition pattern of the processing materials at filter mesh (Fig. 1c).
Five different air guides were designed: 3 air guides with 12 vanes
positioned at 30, 50 and 70◦ angles of inclination with respect to
the horizontal plane, and 2 air guides with 50◦ angle of inclina-
tion but made of 6 and 24 vanes respectively. All air guides had
an air-impermeable surface area of 1.96 × 10−3 m2 ascribing to
central stainless steel holder of vanes. When necessary, the air-
impermeable surface area was  increased to 6.36 × 10−3, 0.01 or
0.02 m2 by installing a circular stainless steel plate at the central
region of air guide.

One hundred grams of Granulac 200 lactose were used as the
processing material. The study was  carried out at 25 ± 1 ◦C in the
absence of PEG. PEG was  omitted to avoid the complication of
agglomeration in the first phase of evaluation. The air velocity and
powder deposition at top filter mesh at the respective air flow con-
dition of empty as well as lactose loaded bowl were determined
with reference to changes in inclination angle of vane, when appli-
cable. Using vane with an optimal inclination angle, the effects of

vane number and air-impermeable surface area of air guide on air
velocity, powder massing time and deposition were examined. The
massing of processing material was sustained through increasing
the air flow velocity by variable frequency modulation of the fan
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Fig. 1. Schematic diagram of (a) centrifugal air-assisted melt agglomerator, (b) air flow pattern in agglomerator and (c) photographs of vanes with different angles of
inclination and unit numbers, and air guide with different air-impermeable surface areas.
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ystem (10–60 Hz) within 5 s when a drop in height of the revolving
owder mass was noted through the glass window of processing
owl. The massing time of a process was defined as duration taken
or all processing materials to stop fluidizing under the current of
ir flow at its highest velocity limit, as determined by fan system
et-up. The corresponding percent powder deposition at top filter
esh was calculated with reference to the initial processing mate-

ial load at the end of each run. At least triplicates were conducted
or each experiment and the results averaged.

.2.4. Agglomeration feasibility study
A 100 g powder mixture of Granulac 200 lactose and PEG

as used to assess the feasibility of centrifugal air-assisted melt
gglomerator in agglomeration of solid lactose particles by in situ
elting of PEG binder. PEG flakes were micronised by milling (War-
ng commercial blender, Torrington, USA) and sieve fraction of
article sizes below 830 �m (Retsch GmbH, Germany) was  used

n agglomeration feasibility study. PEG molecular weight and its
eight ratio to lactose were varied in examination of possible

ig. 2. Profiles of air velocity in (a) empty and (b) lactose loaded processing bowls, and (c) 

f  air guide with vanes at different angles of inclination.
f Pharmaceutics 430 (2012) 184– 196 187

agglomeration through evaluating product size, morphology and
yield as well as powder deposition characteristics.

An air guide with 12 vanes at 50◦ angle of inclination and
an air-impermeable surface area of 0.01 m2 was used through-
out the study. The processing bowl was  air flushed for 10 min
at the melting temperature of PEG (PEG 3000: 57.90 ± 0.47 ◦C,
PEG 6000: 60.99 ± 1.03 ◦C, PEG 10000: 61.81 ± 0.34 ◦C, PEG 20000:
63.32 ± 0.19 ◦C, PEG 35000: 64.70 ± 0.64 ◦C) as determined previ-
ously by differential scanning calorimetry technique (Jade DSC,
Perkin Elmer, USA). Air flushing was  required to stabilize the air
temperature and flow velocity within ± 3 ◦C and ± 5 m/s respec-
tively. The air temperature was kept at the melting point of PEG
as lower temperature ranges failed to soften or melt the PEG for
agglomeration whereas higher temperature ranges induced rapid
and uncontrollable agglomeration in preliminary trials. The solid

lactose and PEG were manually mixed in an air bag for 5 min prior
conveying into processing bowl through feeder. The process of
agglomeration began with a low air flow velocity corresponding
to 10 Hz and increased accordingly by a multiplication of 10 Hz

powder deposition on top filter mesh and (d) powder sedimentation on top surfaces
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Fig. 2. 

hen a drop in height of the revolving mass was noted through

he glass window of processing bowl. Unless otherwise stated, the

assing time was fixed at 20 min  from the moment when powder
ixture was introduced into processing bowl. At the end of each

un, the agglomerates were spread out in thin layers on aluminum
inued ).

tray and allowed to cool at 25 ± 1 ◦C. The powder deposition on

top filter mesh was calculated from the difference between initial
processing material load and amount of collected product. At least
triplicates were conducted for each formulation and the results
averaged.
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.2.5. Fast-release agglomerate design potential
A 100 g powder mixture containing 50% PEG 3000, 40% Sorbolac

00 lactose and 10% tolbutamide was subjected to centrifugal air-
ssisted melt agglomeration using the same equipment and process
arameters as agglomeration feasibility study, unless otherwise
tated. Blank agglomerates with no drug incorporated were sim-
larly prepared. The formed product was subjected to size, surface
nd cross-sectional morphology, drug release, drug content and
hysicochemical characterization at molecular scale using differ-
ntial scanning calorimetry (DSC) and X-ray diffractometry (XRD)
nalysis.

.2.6. Physicochemical characterization of agglomerates

.2.6.1. Size. The size distribution of melt agglomerates was deter-
ined using a sieve apparatus (Retsch GmbH, Germany) with a

rogression of nine standard sieves of mesh aperture sizes rang-
ng from 0.1 to 3.0 mm.  Each batch of agglomerates was placed in
ieves and vibrated at the amplitude of 1 mm for 10 min. The mass
edian diameter and span were calculated.

.2.6.2. Morphology. The shape of melt agglomerates was deter-
ined using a digimetric vernier caliper system (Mitutoyo, Japan).

he length and breadth were measured from each agglomerate,
nd its shape was represented by aspect ratio which is the quotient
f its length to breadth. An aspect ratio of value unity represents a
erfect sphere, whereas higher values represent greater elongation.

or each formulation, 20 agglomerates were randomly selected for
easurement and the results averaged.
The cross-sectional morphology of melt agglomerates was

xamined using the field emission scanning electron microscopy

ig. 3. Profiles of (a) air flow velocity in an empty processing bowl with (i) 0.00196 m2 a
ime,  (c) powder deposition on top filter mesh and (d) powder sedimentation on top surf
f Pharmaceutics 430 (2012) 184– 196 189

technique (FESEM, JSM-6701F, Jeol, Japan). The samples were
fixed with a carbon tape onto studs and coated with a thin
gold–palladium layer (JFC-1600, Jeol, Japan). They were then
viewed directly under a scanning electron microscope at an acceler-
ating voltage of 5 kV. The surface morphology of agglomerates was
examined using a stereomicroscope (Leica DMLP, Leica Microsys-
tems Witzlar GmbH, Germany) which consisted of a computer
system connected to a digital camera (Nikon E8400, Nikon Corp.,
Japan). Representative sections were photographed. At least tripli-
cates were carried out for each batch of agglomerates.

2.2.6.3. Drug release and drug content. The drug release profile of
melt agglomerates (size fraction ≥1.0 to <1.4 mm)  was determined
at 37.0 ± 0.2 ◦C under a sink condition using USP buffer pH 2.2 as dis-
solution medium simulating the gastric fluid which represented the
first entry site of agglomerates upon oral administration. An accu-
rately weighed amount of sample at 100 mg  was  placed in 500 ml  of
dissolution medium and was  agitated at 50 strokes/min in a shaker
bath (ST402, Nuve, Turkey). Aliquots were withdrawn at specific
intervals up to 6 h and subjected to spectrophotometric assay using
UV–Vis spectrophotometer (Cary 50 Conc, Varian Australia Pty. Ltd.,
Australia) at the wavelength maxima of 230 nm for drug. The per-
centage of drug release was  calculated with respect to the drug
content of agglomerates. The drug content was expressed as the
percentage of drug encapsulated in a unit weight of agglomer-
ates. The drug content was determined by subjecting the same

sample of agglomerates from the drug dissolution study for an addi-
tional 24 h of magnetic stirring followed by ultrasonication for at
least three consecutive periods of 10 min  each before assaying for
tolbutamide. Each experiment was carried out in triplicates and

ir-impermeable surface area, (ii) 6, (iii) 12 and (iv) 24 vanes, (b) powder massing
aces of air guide as a function of vane number and air-impermeable surface area.
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he results averaged. Blank agglomerates were taken as a control
ample.

The drug release profile of agglomerates was compared against
 physical mixture prepared using the same chemical composition
here percents lactose, PEG 3000 and tolbutamide were calculated
ith reference to drug and PEG 3000 contents of agglomerates
erived from dissolution and DSC tests respectively. The PEG 3000
ontent of agglomerates was inferred from its enthalpy value of
SC endotherm at melting range between 55 and 58 ◦C. The con-

ent of lactose was deduced from weight difference of agglomerates
rom their calculated contents of drug and PEG 3000. Blank physical

ixture was prepared as a control sample.
The drug release profile of the same agglomerates was also

nalyzed against agglomerates prepared from high shear melt pel-
etization technique (size fraction ≥1.0 to <1.4 mm)  which had been
ommonly used to prepare fast-release solid matrix. In the latter,

he contents of drug, PEG3000 and lactose were 5.0, 17.6 and 77.4%
espectively. A lower PEG 3000 content was employed in high shear
elt pelletization than centrifugal air-assisted technique due to

igh risks of agglomerate wetting and uncontrolled agglomeration
nued ).

in the former. Five percent of drug was used with the aim to
reduce drug content heterogeneity in pellets which can possibly
take place when a lower drug load was  employed. The melt pel-
letization was  conducted in a high shear mixer using a two-bladed
impeller (ThermoMix, Laison Engineering Sdn. Bhd., Malaysia). The
agglomeration was characterized by binding of non-meltable sub-
stances by molten PEG 3000 formed from solid meltable binder as
a result of its exposure to frictional heat generated from high shear
mixing. The water-jacket temperature was fixed at 60 ◦C for the
entire pelletization process. The pre-melt phase began with mix-
ing of drug, PEG 3000 and lactose at an impeller rotational speed
of 450 rpm after pre-heating the mixture to the temperature of
30 ◦C. The impeller rotational speed was  increased to 500 rpm at the
product temperature of 46 ◦C, 600 rpm at 49 ◦C, 1000 rpm at 51 ◦C
and 1200 rpm at 53 ◦C. A stepwise increment in impeller rotational
speed was needed to avoid uncontrolled powder mixture circu-

lation. The post-melt phase was  initiated upon PEG 3000 melting
at about 56 ◦C and binding of non-meltable powder mixture into
agglomerates. The duration of post-melt phase was 18.5 min  and
the total agglomeration duration was 42 min. The formed product
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as collected and spread out in thin layers on aluminum tray to cool
t 25 ± 1 ◦C. Blank pellets with no drug incorporated were similarly
repared.

.2.6.4. XRD. The crystallinity state of a sample was evaluated
sing X-ray diffractometer (Ultima IV, Rigaku Corporation, Japan)
ith Cu K� radiation generated at 30 kV and 15 mA.  The X-ray
iffraction was operated at a scanning speed of 3◦/min, ranging
rom 3 to 90◦ (2�). At least triplicates were carried out for each
atch of sample and the results averaged.
.2.6.5. DSC. DSC thermograms were obtained using a differential
canning calorimeter (Jade DSC, Perkin Elmer, USA). Three mil-
igrams of sample were crimped in a standard aluminum pan and

ig. 4. Profiles of (I) (a) powder deposition on top filter mesh, (b) mean size, (c) span
gglomerates obtained using different contents of PEG 3000. (II) (a) Powder deposition on
f  agglomerates obtained using PEG of different molecular weights.
f Pharmaceutics 430 (2012) 184– 196 191

heated from 30 to 380 ◦C at a heating rate of 10 ◦C/min under con-
stant purging of nitrogen at 40 ml/min. The characteristic peak and
enthalpy of the melting endotherm and exotherm were recorded.
At least triplicates were carried out for each batch of sample and
the results averaged.

3. Results and discussion

The present study designed a pioneering agglomeration tech-
nology which made use of centrifugal air current to mix, rotate

and bind the non-meltable solid particles into spherical or near
spherical porous “granulets” by means of hydrophilic molten
binding liquid, instead of high-speed, high-shear impeller blades.
Unlike dense pellets produced by high shear melt agglomeration

, (d) size distribution-frequency, (e) aspect ratio and (f) physical appearance of
 top filter mesh, (b) mean size, (c) span, (d) aspect ratio and (e) physical appearance
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Fig. 4. 

echnique, these “granulets” are porous agglomerates with the
pherical attribute of pellets. They were envisaged to be able to
romote the release of poorly water-soluble drug from matrix
ore to exterior medium at a greater propensity than pel-
ets.

Three levels of experiments were conducted, namely equipment
ptimization, agglomeration feasibility assessment and fast-
elease agglomerate design. These experiments were conducted
sing the newly developed prototype centrifugal air-assisted melt

gglomerator. The existing research aimed to provide an overall
dea on the functionality of centrifugal air-assisted melt agglom-
ration technology and seek its potential for future engineering
evelopment for controlled-release applications.
inued )

3.1. Equipment optimization

3.1.1. Angle of inclination of vane
Using an empty processing bowl, the air flow velocity decreased

with a reduction in the inclination angle of vane owing to a greater
surface area of vane was placed in the direction of air flow (Fig. 2a).
Loading of processing bowl with lactose further reduced the air flow
velocity due to resistance across the powder bed and interruption
of air flow by powder deposited on the top filter mesh installed

before the velometer (Fig. 2a–c).

The use of vane with a higher angle of inclination was  translated
to a higher air flow velocity across the powder bed, with reduced
powder deposition due to sweeping action of air current over the
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Fig. 4. (Continued ).

Fig. 5. DSC thermograms of (I) (a) Granulac 200, (b) Sorbolac 400, (c) PEG 3000, (d) tolbutamide and (e) agglomerate produced using 50% PEG 3000, 40% lactose and 10%
tolbutamide. (II) Powder deposition on top filter mesh. PEG 3000 content: (a) 5, (b) 10, (c) 20, (d) 30, (e) 50, (f) 70 and (g) 90%. (III) Powder sedimentation on top surfaces of
air  guide. PEG 3000 content: (a) 5, (b) 10, (c) 20, (d) 30, (e) 50, (f) 70 and (g) 90%.
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top filter mesh and interruption to air flow, and allowed massing
for more than 15 min  (Fig. 4Ia). Different from high shear agglom-
eration, high PEG 3000 contents beyond 30% of total powder mass
94 T.W. Wong, N. Musa / International Jou

ower surfaces of top filter mesh (Fig. 2b and c). On the other
and, an excessively low inclination angle of vane brought about a
emarkably high level of powder deposition on top filter mesh and
his had interrupted the air flow outwards from processing bowl to
elometer thereby leading to a reduction in the measurement of air
elocity. The air flow in processing bowl had a higher tendency to
irculate in the centrifugal mode when vanes of 30 and 50◦ angle of
nclination were used. This was indicated by the disruptive pattern
f powder sediment on top surfaces of air guide (Fig. 2d). Similar
owder sedimentation profiles were not found with the use of vane
haracterized by a high inclination angle. At 70◦ inclination angle,
he air flow tended to travel vertically upwards with a lower com-
onent of centrifugal kinetics. Gravitational settling of powder at
he end of each run was characterized by a consistent presence of
actose particles throughout the surfaces of air guide.

.1.2. Number of vane
The influences of vane number installed in a unit of air guide

n powder massing time and its deposition on top filter mesh
ere examined. Air guides with vanes inclined at 50◦ were used

s such tilt position provided centrifugal air flow with a high air
ow velocity and a low powder deposition level on the top filter
esh, referring to previous investigation. The number of vane in an

ir guide was varied in view of a greater vane number was  accom-
anied by a greater number of openings for incoming air to flow
t regular intervals across two adjacent vanes. This was  envisaged
o be able to “cushion” the powder mass and aided its centrifugal
otation against the wall of processing bowl (Fig. 1b).

The 12- and 24-vaned air guide gave rise to a longer powder
assing duration than the 6-vaned counterpart (Fig. 3b). The pro-

onged duration of massing was accompanied by a tendency to
ave a higher powder deposition on top filter mesh in the former
Fig. 3c). From the preliminary tests, it was noted that there was
o substantial difference in the air flow velocity with a change in
he vane number of air guide in an empty processing bowl (Fig. 3ai).
rolonged powder massing with 12- and 24-vane set up could prob-
bly ascribe to the availability of centrifugal air cushion. This was
nferred from the powder sedimentation profiles on air guide at
he end of massing where a disruptive powder deposition charac-
eristic was attained (Fig. 3d). In the case of 6-vane design, vertical
pwards air flow with a low centrifugal component had its tur-
ulence sweeping clean the powder deposits on top filter mesh
Fig. 3c). Vertical settling of lactose particles at the end of mass-
ng gave rise to a complete coverage of top surfaces of air guide by
owder (Fig. 3d).

.1.3. Air-impermeable surface area of air guide
An increase in air-impermeable surface area of a 6-vaned air

uide from 1.96 × 10−3 m2 to 6.36 × 10−3, 0.01 and 0.02 m2 reduced
he air flow velocity across the processing bowl (Fig. 3aii). In the
ases of 12- and 24-vaned air guides, the air flow velocity decreased
hen the air-impermeable surface area was extended to 0.02 m2

Fig. 3aiii and iv). Apparently, a reduction in air flow velocity in
elation to changes in air-impermeable surface area of air guide
id not decrease the massing duration of powder. Instead, it led to

 prolongation of powder massing (Fig. 3b). Examination of powder
edimentation profiles on air guide at the end of massing indicated
hat the turbulence degree of air flow increased with an increase
n air-impermeable surface area particularly when the air guide

as installed with 12 and 24 vanes (Fig. 3d). This could lead to the
onsequence of prolonged massing.

In comparison to 12-vaned air guide, system with 24 vanes

rovided a lower powder deposition on top filter mesh with
ir-impermeable surface areas kept beyond 1.96 × 10−3 m2 and a
onger massing duration when air-impermeable surface had an
rea of 0.02 m2 (Fig. 3b and c). The apparent advantage of 24-vaned
f Pharmaceutics 430 (2012) 184– 196

air guide was an artifact of the experiment. Using 24 vanes, it was
observed that a greater fraction of lactose powder was trapped
between the gaps of vanes during massing, and prolonged massing
only involved a small quantity of lactose particles which resulted
in a low level of powder deposition on top filter mesh. Thus, air
guide equipped with 12 vanes was considered ideal relative to other
models tested in the present study.

3.2. Agglomeration feasibility

3.2.1. PEG 3000 content
An air guide with 12 vanes tilted at 50◦ and had an air-

impermeable surface area of 0.01 m2 was  used to test the possibility
of using centrifugal air flow to assist melt agglomeration as a func-
tion of PEG contents and PEG molecular weights. Unlike runs using
lactose powder per se, the addition of PEG 3000 meltable binder
induced agglomeration. This led to reduced powder deposition on
Fig. 6. Profiles of (I) cross-sectional scanning electron microscopy images of agglom-
erates prepared using centrifugal air-assisted melt agglomerator and high-shear
mixer. (a) Magnification factor = 30 × and (b) magnification factor = 100×. (II) Drug
dissolution of (♦) unprocessed drug, (×) physical mixture, agglomerates prepared
using (�) high-shear mixer and (�) centrifugal air-assisted melt agglomerator.
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an be used to bind lactose particles in air-assisted centrifugal
elt agglomeration process. This was attributed to air exerted

ow impact forces on the formed nuclei and aggregates did not
xperience an excessive rise in liquid saturation due to matrix den-
ification.

The size of agglomerates increased with a rise in PEG 3000
ontent from 5 to 50%, beyond which a tendency to fall in size
f agglomerates took place (Fig. 4Ib). Using PEG 3000 contents
ower than 50%, small agglomerates with a wide size distribution

ere produced (Fig. 4Ib and c). These agglomerates were formed
rom binding of nuclei into aggregates with partial coalescence
s suggested by their “grape bunch” appearance (Fig. 4If). Low
egrees of coalescence were a resultant effect of low binder con-
ent and impact forces acting onto aggregates thereby rendering
ow levels of plastic deformability were available for induction of
oalescence growth. Using high contents of PEG 3000, agglomer-
tes with irreproducible size and size distribution profiles were
btained (Fig. 4Ib and c). The agglomerates produced from 90% PEG
000 had a flaky appearance of binder (Fig. 4If). The size of these
gglomerates exhibited a bimodal distribution profile unlike those
roduced from lower PEG 3000 contents (Fig. 4Id). The air-assisted
entrifugal agglomeration might be mediated via thermoplastic
article binding instead of complete PEG 3000 melting which was
xpected to deform the flaky geometry of binder (Fig. 4If). Agglom-
ration could have proceeded by immersion mechanism where
islodgement of loosely bound lactose particles from PEG 3000
ave rise to an additional population of particles at low size ranges
Fig. 4Idiii).

Agglomerates produced from 50% PEG 3000 were character-
zed by reproducible size and size distribution profiles, low powder

eposition propensities at top filter mesh and a relatively high
egree of sphericity as well as a smooth surface texture (Fig. 4I).
SC analysis of such agglomerates indicated that the matrix com-
osed of both lactose and PEG 3000 (Fig. 5I). A comparison of

ig. 7. XRD diffractograms of (a) Sorbolac 400, (b) PEG 3000, (c) tolbutamide, (d) granulet
hear  mixer respectively.
f Pharmaceutics 430 (2012) 184– 196 195

thermograms of powder deposit on top filter mesh against pow-
der sediment on surfaces of air guide indicated that a PEG 3000
content of at least 30% was required to agglomerate all lactose par-
ticles without them being removed as sediment (Fig. 5II and III).
This was supported by the loss of endotherms ascribing lactose in
the thermograms of powder sediment when 30% or more PEG 3000
were employed as a binder.

3.2.2. PEG molecular weight
Keeping PEG content at 50%, an increase in binder molecular

weight from 3000 Da to 6000, 10,000, 20,000 and 35,000 Da was
accompanied by a reduction in agglomerate size, and an increase
in agglomerate size distribution, geometry irregularity, and powder
deposition on top filter mesh (Fig. 4IIa–d). Examination of agglom-
erate surface morphology showed that the matrix formed from
binder with a molecular weight higher than 3000 Da had flaky
as well as “grape bunch” appearances (Fig. 4IIe). High molecular
weight PEGs were more viscous and less plastically deformable.
The aggregates made of these binders were less susceptible to coa-
lescence growth. They took the shape of PEG flakes possibly due
to thermoplastic growth and undergoing a low extent of rounding
as a result of viscous binder resisting particle rearrangement into
spherical agglomerates (Fig. 4IId and e).

3.3. Fast-release agglomerate design

Adopting air guide with 12 vanes tilted at 50◦ and had an
air-impermeable surface area of 0.01 m2, further studies were con-
ducted to formulate fast-release agglomerates using tolbutamide
as model poorly water-soluble drug. In this investigation, a finer

lactose grade was used as it had a larger specific surface area and
rendered the formation of smaller agglomerates at 50% PEG 3000
content (lactose particle size: Granulac 200: 31.45 ± 0.26 �m;  Sor-
bolac 400: 9.98 ± 0.03 �m).  In comparison to melt pellets prepared

s and (e) pellets prepared using centrifugal air-assisted melt agglomerator and high
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sing high shear mixer, the agglomerates formed using air-assisted
entrifugal melt agglomeration technique had a comparable degree
f sphericity, but were characterized by a higher extent of porosity
Fig. 6I). These agglomerates can be termed as “granulets” which
epresented a matrix having the physical characteristics of both
ellets and granules.

Formulation of tolbutamide into “granulets” provided a faster
rug release propensity than unprocessed drug and physical mix-
ure of tolbutamide, PEG 3000 and lactose respectively throughout
he dissolution (Fig. 6II; ANOVA, p < 0.05). In addition, the “gran-
lets” exhibited faster drug release at initial dissolution phase and
omplete drug release at late dissolution phase when compared
o pellets produced using the high shear mixer (ANOVA, p < 0.05).
n spite of the “granulets” had a more crystalline matrix than high
hear pellets as proposed by XRD study (Fig. 7), the process of drug
elease from “granulets” could be aided by their porous nature and
igh weight ratio of PEG 3000 to drug (granulets: 5.00; pellets: 3.52)
hich promoted fast and complete drug dissolution.

.4. Air-assisted centrifugal and fluid-bed melt agglomeration

Similarly to fluid-bed technique, air-assisted centrifugal melt
gglomeration operates with a shorter process time than high shear
elletization technique (Passerini et al., 2010) and a higher agglom-
rate growth was attained using low viscosity instead of highly
iscous binders (Tan et al., 2006). In the latter, low levels of agglom-
ration took place as a result of low probability of viscous binder
eing forced from core to surface for collision (Walker et al., 2006).
he shear forces incurred by air were inadequate to induce agglom-
rate deformation and binder migration needed for binary growth.

Unlike fluid-bed melt agglomeration, PEG contents higher than
0–22.5% can be used in air-assisted centrifugal melt agglomer-
tion without overwetting and defluidizing the processing mass
Walker et al., 2005, 2006). The formed agglomerates were able
o be rounded through centrifugal movement of processing mass
gainst the inner wall surfaces of bowl. Using 50% PEG 3000,
hese agglomerates could have a more deformable structure than
uid-bed granules for lactose and drug particles to rearrange into
granulets”.

. Conclusion

The pioneering design of centrifugal air-assisted melt agglom-
ration technology indicated the possibility of using air as a
eplacement of high-speed, high-shear impeller blades to produce
granulets”. Porous and near spherical “granulets” were formed
s a result of the absence of high shear forces and the presence
f a high content of polyethylene glycol in matrix during the
elt agglomeration process, thereby rendering agglomerates being

lastically deformable and exhibited a greater ease of rounding
ithout undergoing intense densification. The formed “granulets”
romoted a faster drug release than physical powder mixture,
nprocessed drug and pellets prepared from high shear mixer. The

ast drug release attribute of “granulets” was ascribed to porous

atrix formed with a high level of polyethylene glycol, a well
nown solubilizer. This is unmet by high shear and fluid-bed melt
gglomeration techniques. The current investigation denotes the
f Pharmaceutics 430 (2012) 184– 196

potential of using centrifugal air-assisted melt agglomeration tech-
nology as an alternative to the existing agglomeration methods.
Future study will continue to shape its equipment parameters in
order to improve the existing drug product yield which was  lower
than 80%.
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