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ABSTRACT

This study assesses the fluidized bed granulation
process for the optimization of a model formulation
usng inline near-infrared (NIR) spectroscopy for
moisture determination. The granulation process was
andyzed usng an automated granulator and
optimization of the vergpamil hydrochloride
formulation was performed using a mixture design.
The NIR setup with a fixed wavelength detector was
gpplied for moisture measurement. Information from
other process measurements, temperature difference
between process inlet air and granules (Tgir), and
water content of process air (AH), was aso analyzed.
The application of in-line NIR provided information
related to the amount of water throughout the whole
granulation process. This information combined with
trend charts of Tgi;r and AH enabled the andysis of the
different process phases. By this means, we can obtain
inline documentation from al the steps of the
processing. The choice of the excipient affected the
nature of the solid-water interactions; this resulted in
varying process times. NIR moisture measurement
combined with temperature and  humidity
measurements provides a tool for the control of water
during fluid bed granulation.
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INTRODUCTION

The development of process andyticd chemistry
(PAC) will provide a window to the physicochemical
phenomena occurring during  pharmaceutical
manufacture. The border between PAC and more
traditional laboratory anaysisis quite anbiguous. The
terms in-line, on-ling, at-line, off-line, noninvasiveare
often referred to in the literature. Definitions of these
classes are as follows: in-line, the sample interface is
located in the process stream; on-line, automated
sampling and sample transfer to an automated
anayzer; at-line, manua sampling with local transport
to analyzer located in the manufacturing area; off-line,
manua sampling with transport to a remote or
centralized laboratory [1,2].

Solid-water interactions are one of the fundamental
issues in the pharmaceutical technology [3]. The state
of water in asolid material may be characterized using
x-ray diffraction, microscopic methods, therma
andysis, vibrational spectroscopy, and nuclear
magnetic resonance spectroscopy HE]. Traditiondly,
the control of fluidized bed granulation is based on
indirect measurements. These control methods use the
properties of process air b-7]. The nondestructive
character of vibrational spectroscopy techniques, such
as near-infrared (NIR), makes it a nove tool for in-
line quality assurance B,9]. NIR has been widely
gpplied for the measurement of water in various
applications [10,11]. In the case of wet granulation of
pharmaceutics, NIR can be applied for both
gQuantitative analysis of water [12-16] and for
determining the state of water in solid materias
[17,18]. This enables us to understand the molecular
level  phenomena during manufacture  of
pharmaceutics. Further, NIR has been applied for
studying the nature of water-solid interactions within
various materias [19,20].



In this study, the NIR moisture measurement during
fluidized bed granulation was applied for the
optimization of a modd formulation. The in-line
moisture measurement was performed using a fixed
wavelength (4-wavelength) NIR setup. Other process
information (granule temperature and process air
properties) was aso analyzed. A model formulation of
vergpamil hydrochloride was optimized usng a
mixture design.

MATERIALS AND METHODS

Granulations

All granulations were performed in an automated
bench-scale fluid bed granulator (Glatt WSG 5, Glatt
GmbH, Binzen, Germany). Details of instrumentation
and in-line NIR setup are given elsewhere [21]. The
in-line NIR setup is a prototype developed in
cooperation with the Technical Research Centre of
Finland (VTT  Electronics, Oulu, Finland,
http://www.vtt.fi/indexe.htm). The integrated detector
technique was used instead of the traditiond filter-
whed solution. A model formulation (batch size 3500
g) conssing of 48% wtwt of vergpamil
hydrochloride (Orion Pharma, Espoo, Finland) and
48% wt/wt of filler was applied. The fillers studied
were microcrystaline cellulose (MCC) (Emcocd
50M, Penwest Pharmaceuticals, Nastola, Finland),
lactose monohydrate (Pharmatose 200M, DMV
Pharma, Veghel, the Netherlands), and pregelatinized
gtarch (Starch 1500, Colorcon, Indianapolis, IN). The
composition of the filler in a formulation was
optimized using mixture design (Figure 1). Seventeen
granulations were performed in randomized order
(coding A-Qin Figure 1). Polyvinylpyrrolidone (PVP)
(Kollidon K25, BASF, Ludwigshafen, Germany) was
used as a binder in the formulation (4% wt/wt).
Solutions in water were prepared using 10% wt/wt of
PVP (1400 g of granulation liquid used in 1
granulation). Granulations were performed with
identical process set values (inlet air temperature
50°C, granulation liquid flow rate 0.1 kg/min,
spraying pressure 0.15 MPa). The flow rate of inlet air
was varied between 0.040 and 0.055 nt/s for
optimum bed performance.

Material characterization

Off-line NIR spectra of the materials were measured
with a Fourier Transform (FT)-NIR spectrometer
(Bomem MD-160 DX, Hartmann & Braun, Quebec,

Canada) using Bomem GRAMS software (v. 4.04,
Galactic Industries Inc, Sdlem, NH) and Teflon as a
reference (99% reflective Spectralon, Labsphere Inc,
North Sutton, NH). The spectra were recorded over a
range of 4000 to 10 000 cmi* with a resolution of 8
cm—, and an average of 32 scans was used.

The moisture contents of the fillers were determined
by Karl Fisher (KF) titration on a Mettler KF titrator
(moded DL35, Mettler Toledo AG, Greifensee,
Switzerland) usng Hydrana Solvent and Hydranal
Titrant 5 (Riedel-deHaén Laborchemikaien GmbH,
Seelze, Germany). The titration via was warmed to
50°C and samples of 500-1000 mg were used. The
determinations were performed in triplicate. Granule
particle size was determined by seve andyss. The
sample match was @nfirmed using a rotary sample
divider (Fritsch laborette 27, ldar-Oberstein,
Germany). Granules were first seved through a 3.15
mm seve; thereafter, samples (20 g) of the undersize
fraction were vibrated with an automatic sieve shaker
(Fritsch analysette, Idar-Oberstein, Germany) for 5
minutes. The seve anaysis (range 45-2000 pm with
v2 increment) was performed in triplicate for each
batch of granulation and average vaues for mass
mean particle size were determined.

Design of experiments

The experiments were performed according to the
mixture design (Figure 1). This centroid cubic design
included 13 experiments. In addition, 3 corner point
and 1 center point experiments were replicated. Thus,
the number of experiments was 17 (Figure 1, batches
A-Q). The effect of varying composition on the mean
particle size was modeled using Modde software
(Modde for Windows, v. 3.0, Umetri AB, Sweden).
Mass fractions (0-1) of fille's (MCC, lactose
monohydrate, starch) in aformulation were used as
variables. Regression modeling was performed using
the backward sdection technique. The origina
mixture model with quadratic; interaction and linear
terms was smplified by removing the least significant
terms from the modd as long as the predictive power
of model was increasing. The predictive powers of the
models were evaluated using cross-vaidation. The
cross-vaidation was basng on the leave-one-out
principle with & as a measure of predictive power
(Modde for Windows). Q* can be described as a
fraction of the variation of the response that can be
predicted by a moddl.
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Figure 1. Coding of the experiments (batches A-Q) according to mixture design (corner and center points duplicate).
Lactose monohydrate (batches A and O), MCC indicates microcrystalline cellulose (batches B and P), and

pregelatinized starch (batches C and Q).

RESULTS AND DISCUSSION

Properties of starting materials

The off-line FT-NIR spectra of the materias applied
were measured to understand the varying levels of in-
line NIR signds (materids in dry powder form,
Figure 2. The excipients used in formulations AQ
were al carbohydrates; therefore, they showed to
some extent similar spectral features in the region
applied for in-line moisture measurement (1800-2200
nm). The band at around 1940 nm (a combination of
water OH dtretching and bending vibrations) was

applied for the calculation of in-line spectra response,
apparent water absorbance (AWA) [21]. This
combination band is widely used for PAC applications
as a reault of its relatively strong absorption and high
sdlectivity. The application of the water band at
around 1450 nm (the first overtone of OH stretching
vibrations) is difficult, because this region has spectral
features resulting from other OH groups available in
formulations. The reflectance at 1813 nm was used for
the basaline correction and the reflectance at 2214 nm
for the normdization of water signa. The higher
initial  moisture content of starch (9.28%) in



comparison with lactose monohydrate and MCC
(4.74% and 4.43%, respectively) was seen as a higher
water absorbance maximum (Figure 2B). The state of
water affects the NIR spectra [17-20]. The water of
crystallization with lactose monohydrate resulted in a
relatively narrow water band at around 1940 nm in
comparison with the water band of MCC and starch
(Figure 2). The broad band for adsorbed water of
MCC and darch indicated a spread of energies of
interaction, whereas the monohydrate water band is
typicad of a more uniform interaction. The binder
effects have been previoudy evauated [22].
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Figure 2. FT-near infrared spectra. A. Verapamil
hydrochloride. B. Fillers. Moisture content of the
materials is shown in parenthesis (LOD-%, wet basis;
n =3, mean = SD).

Evaluation of different phases of granulation

The corner points of the mixture design were used for
the evaluation of the granulation behavior of each
filler. The temperature difference (Tqir) between inlet
air and granules is awidely used indicator of the state
of the granulation (Figure 3A) [5]. AWA is a useful
tool for monitoring of water through al phases of
granulation (Figure 3B). The AWA vdue can be
caibrated againgt a reference technique (eg, loss on
drying methods, KF titration), and in-line moisture
content of granules may be plotted during al 3
process phases. Further, the absolute water content
(AH) of process air (g H,O/nT of dry air) was applied
for the process monitoring (Figure 4). The measured
values of Tgirr and AH are not directly obtained from
the granules, asis the case with NIR. The evaporation
of water requires energy, which is seen as a decrease
in granule temperature (increase in Tgr). The water
evaporated is seen as an increase in outlet air AH (the
gpraying phase in Figure 4). The typica behavior of
each formulation can be identified by combining
information of Ty, AWA, and AH. An experienced
process operator combines this information from
various trend charts (eg, Tairr, AWA, AH), and easily
defines the dae of the granulation process.
Multivariate process monitoring methods can aso be

used [21,23].

During the first phase of granulation (mixing), the
moisture content of formulations B and C decreased
(300-second period plotted after settling of air flow,
Figures 3 and 4). The Tgs of these formulations
increased dightly in comparison with the formulation
containing lactose monohydrate (Figure 3A). The
AWA of formulations B and C decreased during the
mixing phase; that of formulation A remained
congtant (Figure 3B). Thisindicated loss of water with
formulations B and C. Further, the AH of outlet air
during the mixing phase was higher with the
formulations containing MCC and starch (Figure 4).
With increasing inlet air temperature, the relaive
humidity of inlet air decreased. The water of MCC
and starch was loosened because of the decreased
equilibriummoisture content of materials. The water
of cydadlization in formulation A (lactose
monohydrate) was not loosened during drying at
50°C. This fact may be used for materias containing
water of crydalization. The presence of indicators
described previoudy can be used to detect
pseudopolymorphic changes. Morris et d [24]



introduced the use of accelerated fluid bed drying
basing on NIR and temperature probes. They showed
that no physical changes occurred in compounds
during the fluid bed drying with process inlet air
temperature above the melting point of a low-melting
compound.

The spraying phase was seen as a decrease in granule
temperature (increase in Tgitf) and an increase in the
AH of outlet ar (Figures 3A and 4). The moisture
profile (AWA) with formulation C (starch) was
displaced in paradlel (Figure 3B). This was due to
the higher initial water content of starch (Figure 2B).
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A fixed wavelength NIR sensor (WET-EYE, Fuji
Paudal Co., Ltd., Osaka, Japan) has been previousy
used by Watano et a [25,26] and Miwa et al [27].
Watano et a [26] evaluated the formulation effects
on the NIR sensor output, and they found that the
mixing ratio of the model formulation (lactose
monohydrate: corn starch) affects the calibration.
This was explained by the different states of water in
the materials used. The water-absorbing potential of
corn starch was higher than that of lactose
monohydrate. Miwa et a [27] evauated the wet
massing behavior of different excipients. They
classified the excipients they studied into 5 groups
according to the output of the NIR sensor. The NIR
sensor output was related to the inside/surface
distribution of water in at-line samples. They aso
used this result to estimate the amount of granulation
liquid needed for wet granulation.

In this study, no differences could be observed by
visual perusal of AWA profiles (rate of increase in
Figure 3B) during the spraying phase. Theresult isin
contrast to the earlier results obtained by Watano et
a [26], Miwaet a [27], and Luukkonen et a [17]. In
these studies the spectral changes were greatest with
materials that had a poor liquid retention capacity. In
this case, however, the method of granulation was a
low shear system (fluid bed granulation). It has been
shown previoudy that MCC is able to immobilize
more water during granulation if high shear forces
are used compared to low shear forces [28]. More
water is able to get into the internal structure of
microcrystalline cellulose, and less water is present
on the surface of the particles. During fluid bed
granulation the shear forces are much lower
compared to high shear granulation. Because of this,
the influence of the different water absorbing
potentials of the materials on the AWA profiles is
minimized. Consequently, when evaluating water-
solid interactions with NIR, the effect of shear forces
on the state of water should be considered.

During the drying phase, differences in the drying
rates were observed [Figures 3and 4). The drying
time needed for formulation A  (lactose
monohydrate) was 800 and 1000 seconds less than
those for formulations B (MCC) and C (starch),
respectively. The adsorbed water in the case of
formulation A resulted in a faster drying rate in
comparison with formulations B and C containing
water-absorbing excipient. In the batch drying unit

operations, a constant-rate drying period could be
identified from high T vaue (Figure 3A). The
faling-rate drying period occurs during the
decreasing Tgirr value. In the case of formulation A,
both these periods were shorter than for formulations
Band C.

The information gained with traditional methods
from the state of the granules during the spraying
phase and at the beginning of the drying phase is
quite limited. The levels of variables Tgi;r and AH
stayed at a constant level throughout the spraying
and some of the drying phases (Figures 3A and 4).
The in-line information was measured with the NIR
setup through all stages of the granulation process
(Figure 3B). Using this information, we can obtain
documentation for al the stepsin the processing.

Granule particle size

The mode for mass mean granule particle size is
presented in Figure 5. With the increasing amount of
MCC, the mean particle size decreased. The largest
granules were obtained with the formulations
containing lactose monohydrate as a filler (batches A
and O). The mean granule size with formulations
containing starch was between these 2 cases. The
water soluble filler (lactose monohydrate) resulted in
an enhanced wetting of the powder mass, and by that
means, a faster rate of agglomeration.

The shorter drying time with formulation A was one
reason the particle size was affected. Both attrition
and granule breakage occurred during the longer
drying period, and the mean granule size of
formulations B and C was smaller. The NIR signal
was not affected by the particle size differences. The
simultaneous detection of al wavelengths facilitates
the application of NIR to process analysis.

CONCLUSIONS

NIR moisture measurement combined with
temperature and humidity measurements provides a
novel tool for the monitoring of water during fluid
bed granulation, and subsequently, to control the
granulation process. The choice of excipient affected
the solid-water interactions resulting in different
processing times. The vaying behavior of
formulations during processing can be identified in a
rea-time mode. NIR spectroscopy offers unique
information of granule moisture content during all
phases of granulation.
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