
An investigation on the correlation between drug
dissolution properties and the growth behaviour of
granules in high shear mixerjphp_1362 1548..1558

Zhen Guoa, Mingxin Mab, Yanru Haoc, Tongying Jianga and
Siling Wanga

aSchool of Pharmacy, Shenyang Pharmaceutical University, bLiaoning Institute for Food and Drug Control
and cShenyang B. Braun Pharmaceutical Co. Ltd, Shenyang, China

Abstract

Objectives The aim of this study was to investigate the correlation between the growth
behaviour and in-vitro dissolution rate of water-insoluble drugs prepared with high-shear
wet granulation.
Methods Granules containing nimodipine, microcrystalline cellulose, low-substituted
hydroxypropylcellulose and aqueous solution of hydroxypropylcellulose were prepared and
the effects of independent process variables, including impeller speed and liquid-to-solid
ratio were taken into consideration. The mean granule size, granule-size distribution (GSD),
porosity and surface properties were monitored at different kneading times to identify the
granule-growth mechanisms simultaneously. A computer-based method was applied to
simulate the dissolution behaviour of polydisperse granules based on the GSD data.
Key findings The in-vitro dissolution rate of drug was high for the early stages of
granulation and sharply decreased when coalescence and consolidation of granules started,
approaching a flat and low level when granules were sufficiently consolidated. The simu-
lated dissolution results were in agreement with experimental observations and were sig-
nificantly affected by the GSD, porosity and surface properties of granules during the
granulation process. Moreover the GSD was directly related to the granule-growth behaviour
and mechanisms.
Conclusions In general, it was concluded that the dissolution properties of nimodipine
basically correlated with the growth behaviour of granules in a high-shear mixer. The
simulation method based on GSD can be used as a convenient and rapid way to predict the
dissolution properties for formulation development and granulation optimization.
Keywords computer simulation; granule growth behaviour; granule size distribution;
high-shear granulation; in-vitro dissolution rate; nimodipine

Introduction

High-shear granulation has been widely used in the pharmaceutical industry and has many
advantages over other techniques.[1,2] A great many papers focusing on the effect of the
process parameters on granule properties have been published. The most investigated effects
are the mixer load, impeller speed, mixing time,[3–5] temperature of the heating jacket,[6,7]

chopper action,[4,7] binder content,[3,4] binder viscosity[8,9] and physical properties of the
materials.[10,11] The mechanism of granule growth is another important research field. It has
been reported that granule growth starts with the formation of large nuclei and proceeds
continuously by the formation of small nuclei due to the repeated breaking and coalescence
of the granules.[12,13] Efforts have also been directed at producing regime maps that describe
and enable prediction of granule growth in high-shear mixers.[1,14] According to these studies,
granules exhibit different physical properties at each stage of granule growth, including
granule size distribution (GSD), specific area and granule porosities. However, it is impor-
tant to investigate not only the granule properties but the dissolution properties of a drug
product. There is little literature on the investigation of the relationship between granule-
growth behaviour and drug dissolution properties.

Today, more than one-third of all new chemical entities suffer from poor aqueous
solubility. For a drug of low aqueous solubility, particle size and resulting surface area may
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have a significant effect on the rate of dissolution over the
time interval during which gastrointestinal absorption
occurs.[15] Several empirical and semi-empirical models have
been presented to predict the dissolution rate from tablets and
granules. These model-dependent methods involve curve-
fitting of functions such as zero-order or first-order kinetics,
Weibull and other models.[16,17]

Nimodipine (NMD) is classified in Class II in the Biop-
harmaceutics Classification Systems (BCS); this means that
NMD has very low water solubility and high permeability.
The dissolution rate is thus the absorption-rate-limiting
factor.[18] The enhancement of dissolution rate is therefore
a vital aspect in formulation development and granulation
optimization.

In this paper, NMD was chosen as a model drug and the
effects of the process parameters on growth behaviour and
granule properties during a high-shear wet granulation
process were evaluated. Moreover, a modified mixing-tank
model[16] was used to simulate the dissolution rate of the drug
in order to explore the correlation between the granule-growth
behaviour and dissolution properties in the high-shear granu-
lation process and develop a new, convenient and rapid way to
predict the dissolution properties for formulation develop-
ment and granulation optimization.

Materials and Methods

Materials
NMD (Shanxi Yabao Pharmaceutical Co. Ltd, China) was
used as a model drug. Its solubility was 0.036 mg/100 ml in
water.[18] The excipients used were microcrystalline cellulose
(MCC Avicel® PH101, FMC Corporation, USA) as diluent,
with a bulk density of 320 kg/m3, a particle density of
1611 kg/m3 and a mean particle size d50 of 50 mm, low-
substituted hydroxypropylcellulose (L-HPC® (LH31)), Shin-
Etsu Chemical Co. Ltd, Japan) as a disintegrant and 5% (w/w)
aqueous solution of hydroxypropylcellulose (HPC-L®,
Nippon Soda Co. Ltd, Japan) as liquid binder with a viscosity
of 0.062 Pa s at 25°C All other materials were of analytical
reagent grade.

Preparation of granules
Granules were produced in a laboratory-scale high-shear
mixer (MicroGral®, Collette-NV, Belgium) equipped with a
transparent 1-l glass vessel having an internal diameter of
126 mm and vertical side of height 120 mm, fitted with an
impeller with three stainless steel blades of length 60 mm and
a chopper with two stainless steel blades of length 15 mm,
both of which rotated about a vertical axis (Figure 1). Gran-
ules were prepared with the same composition, containing
10% NMD, 85% MCC, 5% L-HPC and aqueous solution of
5% HPC-L (w/w). A batch of 100 g of the powders was loaded
into the bowl and premixed for 2 min with an impeller speed
of 200 rpm and a chopper speed of 1000 rpm before the
binder was added. Granulation was then started by the addi-
tion of binder, which was poured at the middle point between
the centre and the tip of the impeller with the impeller speed
listed in Table 1. The chopper speed was four times faster than
the impeller speed in order to maintain the same tip velocity.

A stopwatch was started immediately after addition of the
binder and the kneading time in this work was considered to
be the time taken to add all the binder. A new batch of powder
and binder was used to produce a number of samples at each
kneading time, the time ranging from 30 to 1500 s. Eleven
batches were prepared and the batches stopped at 30, 60, 120,
180, 240, 300, 420, 600, 900, 1200 and 1500 s after binder
addition. After production, granules were dried on a tray at
40°C for 24 h and stored in closed containers until their evalu-
ation. Each experiment was performed in triplicate.

Experimental design
A two-factor, three-level face-centered central composite
design was applied to describe the effects of process variables
on the product characteristics.[19] Granules were produced
with different settings of the process variables, as listed in
Table 1. The trials were carried out in triplicate in a random-
ized order.

Granule characterization
Granule size distribution and specific
surface area
The size analysis of granules was carried out with a vibrating
apparatus (8411 Electric shaker, Hangzhou, China) using a set
of nine standard sieves (76, 125, 200, 300, 450, 600, 800,
1250, 2000 mm). The sample size was 100 g and shaking was
carried out for 10 min. The granule-size distribution was cal-
culated from the ratio of the residual weight of the granules on
each sieve to the granule weight before sieving. The surface
area per unit volume is called the volume-specific surface (Sv).

Figure 1 Schematic representation of the high-shear mixer.

Table 1 Operating conditions employed in this study (n = 3)

Run order Trial number Process parameters

Impeller speed (rpm) L/S ratio (w/w)

3 1 300 0.700
7 2 300 0.750
5 3 300 0.800
9 4 500 0.700
1 5 500 0.750
6 6 500 0.800
4 7 700 0.700
2 8 700 0.750
8 9 700 0.800
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In sieving analysis, Sv and the mean diameter (dsv) can be
obtained from the following equations:[20]
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where Wr is the fractional weight residing between two sieves
of average aperture da,r and asv is the surface-volume shape
coefficient. In this article, a surface-volume shape coefficient
asv = 6 was selected.[21] This value was used for the calculation
of the mean granule size (dsv) and volume-specific surface (Sv)
according to eqs (1) and (2).

Porosity measurement of granules
A technique of kerosene (analytical reagent grade, Tianjin,
China) displacement was chosen to evaluate granule porosi-
ties. The porosity was measured by the pycnometric method
as described previously.[22,23] The intra-granular porosity, e,
was calculated by the formula:
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where Vs is the volume of the solid particles and Vg is the
volume of the granule.

For a granule prepared with a liquid/solid (L/S) ratio of b
eq. 3 then becomes:
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where mg is the mass of the granule, rg is the density of the
granule and rs is the solid density of the mixed powder.

Scanning electron microscopy
The surface morphology of granules was observed by scan-
ning electron microscopy (JSM-7001F, JEOL Ltd, Japan).
Granules were mounted on a plate using carbon paint and
coated with gold before examination.

Surface analysis by nitrogen adsorption
The surface and pore properties of the granules were analysed
by the nitrogen adsorption method (SA3100 Surface Ana-
lyzer, Beckman Coult™, USA). The samples were outgassed
at 60°C overnight under vacuum and nitrogen adsorption iso-
therms were measured at -196°C over an interval of relative
pressures from 10-6 to 0.995 using nitrogen at 99.998% purity.
The Brunauer–Emmett–Teller (BET) surface area was then
calculated.

Solubility determination
The solubility of nimodipine was determined by equilibrating
excess drug and an acetate buffer containing 0.3% of SDS (pH
4.5) with agitation at 37°C for two days in a thermostatically

controlled water bath. After the equilibration period, aliquots
were passed through a 0.22-mm millipore membrane filter.
Samples were diluted and assayed by the UV-vis spectroscopy
(UV-2000, Unico, China) method at 237 nm.[24] The solubility
was determined to be 149 � 1 mg/ml.

In-vitro dissolution test
A dissolution test of NMD from granules was conducted using
a dissolution tester (RC-8D, Tianjin, China) in compliance
with method II (paddle method) in ChP 2005 edition.[25] The
dissolution medium used was 900 ml of acetate buffers con-
taining 0.3% SDS (pH 4.5). Other parameters included paddle
speed of 75 rpm and temperature of 37 � 0.5°C. Granules
equivalent to 30 mg NMD were added directly into the disso-
lution medium. Samples were taken at 5, 10, 15, 20, 30 and
45 min, and replaced with an equal volume of the same
medium. An aliquot of 5 ml was filtered through a 0.22 mm
filter. The sample solutions were diluted and the concentration
of dissolved NMD was determined using the UV-vis method
at 237 nm. In this study, the dissolution percentage after
30 min (hereafter ‘D30’) was used to evaluate the dissolution
properties of granules according to ChP 2005 edition. All
experiments were performed in triplicate.

Simulation of dissolution rate
An equation based on the Nernst–Brunner and Levich modi-
fications of the Noyes–Whitney model can be used to describe
the dissolution of monodisperse powders:[26]
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where Xs is the mass of solid drug at any time, D is the drug
diffusivity, S is the surface area, Cs is the aqueous solubility of
the drug, h is the diffusion layer thickness, Xd is the mass of
dissolved drug at any time and V is the volume of the disso-
lution medium. In this study, the dissolution rate was tested
under sink conditions so that Xd/V could be neglected. The
surface area S of polydisperse granules was simulated by
treating it as the sum of several monodisperse fractions and
replaced by the results Sv obtained from eq. (2). Then eq. (5)
could be modified as:
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In order to simulate dissolution profiles from granule-size
data, the diffusion layer thickness h was taken to be equal to
the granule radius up to 30 mm, above which it was assumed
to be constant at 30 mm.[15] The solubility of NMD Cs was
determined in the above section and was found to be
149 � 1 mm/ml while the diffusion coefficient was estimated
using Nakanishi correlation:[27,28]
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where AB = 2.8, SB = 1 for water and IA = SA = 1 for NMD, and
the viscosity of the dissolution medium hB at 37°C was deter-
mined to be 0.6989 mPa s using a rheometer (AR 2000ex, TA
Instrument, USA). The molar volumes VA and VB for NMD
and water were estimated using Schroeder’s method.[29]

Finally, the diffusion coefficient was calculated as
7.03 ¥ 10-6 cm3 s–1.

Statistical analysis
The differences in the results of dissolution tests were evalu-
ated using analysis of variance (ANOVA) with SPSS software
(SPSS Inc., Chicago, USA) and P � 0.05 was considered
statistically significant. All results presented are the mean of
three determinations.[4]

Results

Effects of process parameters on granule growth
The effects of varying the L/S ratio on the mean granule size
at an impeller speeds of 300, 500 and 700 rpm are shown in
Figure 2. It can be seen that the ultimate mean granule size
was determined by the amount of binder added, increasing in
proportion to increases in L/S ratio, particularly at a high
impeller speed. Moreover, the impeller speed significantly
affected the granule growth rate. There were significant
increases in the rate of granule growth rate at each L/S ratio
with increasing impeller speed.

The process of granule growth can be described by
Figure 3, which represents the evolution of GSD in experi-
ments with limiting operating conditions.[30,31] Experiments
with a low and medium impeller speed exhibited a ‘peak’ on
the growth curve during the early stages of granule growth.
The mean granule size slightly decreased right after the
‘peak’ and then increased steadily to the final granule size.
However, this phenomenon was not present in the high
impeller speed experiments (Trials 7, 8 and 9). Granules
larger than 1250 mm were manufactured in each experiment
during the early stages, especially in the experiments with
high binder content. When the impeller speed was high
enough, the large weak granules could not resist the high
shear strength and fragmented immediately after formation
(Figure 3D: lines a and b) in contrast with the experiment at
a low shear rate (Figure 3B: lines a to f). The same findings
were also obtained from Figure 3A even though there were
fewer coarse granules found in the early stages due to the
low binder content. In contrast, owing to the high impeller
speed and low binder content, there were few large granules
produced in Figure 3C. The results obtained from the GSD
analysis above imply that the early granules formed are
weak and short-lived. Granules exhibit steady growth behav-
iour immediately after the fragmentation. The mean granule
size increased steadily to a plateau, which was defined as the
final granule size. The rate of granule growth increased in
proportion to the impeller speed. The mean granule size
generally levelled off after the steady increase, while an
obvious decrease in mean granule size could be found in the
curve of trials with a high impeller speed and low/medium
binder content (Figure 2c).

Dissolution rate with different process
parameters
An in-vitro dissolution test of NMD from granules manufac-
tured under various operating conditions was conducted.
Figure 4 shows the dissolution profile for Trial 1, which dem-
onstrates that the dissolution of NMD from granules
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Figure 2 Comparisons of mean granule size under the same impeller
speed: (A) 300 rpm, (B) 500 rpm and (C) 700 rpm.
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decreased with granulation processing. Trials 2–9 exhibited
similar dissolution properties (not shown).

The dissolution percentage after 30 min was used as a
criterion to evaluate the quality of tablets and capsules in
accordance with the ChP 2005 edition. Figure 5 illustrates the
effects of the process parameters on the dissolution rate of
NMD after 30 min and Table 2 shows the ANOVA results. It
can be determined that granules manufactured with same
impeller speed displayed similar dissolution properties
(Figure 5(d)–(f); P � 0.05) in contrast to the granules with
the same L/S ratio, which displayed different dissolution
properties (Figure 5(a)–(c); P � 0.05). In other words, the
effect of binder amount added was less than that of the impel-
ler speed.

The simulation study, as shown by the dashed
curves in Figure 5, was conducted using a computer program
based on the sieving data obtained from Trials 1–9.
The results demonstrate that the supposed model and param-
eters accurately reflect the dissolution properties of NMD
granules.
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Results of granule porosity
The porosities of the granules for each trial were calculated
using eqs (3) and (4) and the results are shown in Figure 6 as
a function of the kneading time categorized by different oper-
ating parameters. The data indicate that the porosity exhibited

a decreased tendency during granulation processing. Figure 6
also shows the effects of process parameters on granule poros-
ity. Granules agglomerated with a high impeller speed were
consolidated by further impact strength and therefore the
general porosity of granules was in inverse proportion to the
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impeller speed.[32] Moreover, granule porosity decreased with
binder content because more binder led to larger and more
compact granules, in accordance with the results from
Figure 2 and the previous studies.[33,34]

Results of granule surface property analysis
Brunauer–Emmett–Teller surface area
analysis results
Figure 7 depicts the BET surface area of granules manufac-
tured with different impeller speeds, L/S ratios and kneadingTa
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times. Similar to the results of the granule porosity analysis,
the general surface values are also inversely proportional to
the impeller speed and L/S ratio.

Scanning electron microscopy results
Figure 8 shows the scanning electron microphotographs of the
granules prepared under different operating conditions. The
surface morphology photos show that granules were consoli-
dated during the growing process.[35] The kneading time sig-

nificantly affected the surface morphology of the granules.
Figure 8(a), (d) and (g) show the surface images of granules
during early stages of granulation. It can be seen that the
surface of the granules is extremely rough, which suggests
that there are a great many irregular powder particles on the
granule surfaces. The granules become smooth and uniform
as granulation proceeds because of granule/granule and
granule/wall collisions due to the impeller and chopper.[30]

From the comparison of photos of granules with the same
kneading time, it can be seen that the impeller speed also
greatly affects the surface morphology. A high impeller speed
promotes the consolidation of granules and decreases the
surface area, a finding that is shown in Figure 7. On the other
hand, similar surface images are observed in Figure 8(j)–(l)
and (m)–(o) where L/S ratio is increased at the same impeller
speed and kneading time. The effect of binder content on the
surface properties is therefore less than that of impeller speed.

Discussion

Granule growth mechanisms
A schematic diagram of granule growth mechanism, as sum-
marized by Vonk et al.,[12] is shown in Figure 9. At the
moment the droplet of binder reaches the moving powder bed,
a loose primary nucleus forms due to layering, which can be
characterized by a high porosity and low tensile strength
(Figure 8(a), (d) and (e)). The primary nuclei then break into
fragments because of the action of the impeller and chopper.
The break-up of primary nuclei produces many small second-
ary nuclei, which are the starting materials for the coales-
cence. The coalescence starts when the solid mass is
sufficiently wetted and densification of the secondary nuclei
occurs (Figure 8(b) and (e)). As the coalescence proceeds, the
growth rate decreases gradually because no more binder is
applied. Finally, the growth and breakage of granules reaches
an equilibrium state and the granule size remains constant
(Figure 8(f) and (i)).

Correlation between dissolution properties and
granule growth behaviour
In this study, the surface area that was used to simulate the
dissolution rate of granules was estimated by the GSD
although other methods such as gas adsorption were more
accurate. GSD is widely used and more convenient and rapid
than any other method during industrial practice.[36] Compar-
ing Figures 5 and 7, it was observed that the results of BET
surface area had the same properties as the results of simu-
lated dissolution curves; this proved that the estimated
volume-specific surface (Sv) was apposite to simulate the
granule dissolution rate.

Previous studies have suggested that the dissolution rate of
drug crystals is significantly affected by particle size and
could be simulated theoretically under non-sink condi-
tions.[15,28] The particle size directly determines the contact
area between the drug and the dissolution medium, which is
the key factor for drug dissolution. According to eq. (2),
surface area depends on the GSD of granules and increases
when the mass fraction of small-size granules increases. For
high-shear granulation, the GSD is critically related to the
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granule growth behaviour. The dissolution curves in Figure 5
can be divided into three phases: (1) a slightly decreasing
phase where the dissolution rate decreases less than 20%
during the early granulation stage and which is identified as
the nucleation and fragmentation mechanism according to the
analysis of growth behaviour; (2) a sharp collapse phase,
where the dissolution rate of the drug sharply collapses to less
than 20% of total drug content, when coalescence and con-
solidation progress; (3) a steady phase where the dissolution
rate approaches a flat and low level, and in which granules are
sufficiently consolidated by the impeller/granule, granule/
granule and granule/wall collisions.

A schematic diagram summarizing the correlation between
dissolution properties and granule growth behaviour is shown
in Figure 10. The dissolution rate of the granules depends on
granule properties such as size, porosity and surface area.
Since it has already been shown that the mechanical proper-
ties of granules are influenced by the growth behaviour during
granulation, it would be sensible to expect that the granule
growth behaviour significantly affects the drug dissolution
rate. The high dissolution rate of granules kneaded for short
times (before the turning point) may be explained by the
larger surface area and consequent larger contact area
between drug and dissolution medium. As the granulation

Figure 8 Scanning electron microscope images of granules obtained under different operating conditions: IS = 300 rpm, L/S = 0.700 with kneading
time: (A) 180 s, (B) 600 s, (C) 1500 s; IS = 500 rpm, L/S = 0.700 with kneading time: (D) 180 s, (E) 600 s, (F) 1500 s; IS = 700 rpm, L/S = 0.700 with
kneading time: (G) 180 s, (H) 600 s, (I) 1500 s; IS = 500 rpm, kneading time = 180 s with L/S ratio: (J) 0.700, (K) 0.750, (L) 0.800; IS = 500 rpm,
kneading time = 600 s with L/S ratio: (M) 0.700, (N) 0.750, (O) 0.800.
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process progresses, coalescence mechanisms become domi-
nant and secondary nuclei collide with each other while
granule size dramatically increases.[37] Therefore, the surface
area sharply decreases with coalescence and consolidation of
granules, leading to the prevention of drug release. Finally, the
dissolution rate levels off when granules are well agglomer-
ated and the final dissolution rate is determined by the poros-
ity, which is affected by the L/S ratio. To sum up, the
dissolution rate of NMD basically correlates with the growth
behaviour of granules in a high-shear mixer.

Conclusions

In the present study, the overall effects of impeller speed and
L/S ratio on granulation behaviour in a high-shear mixer were
investigated and the different phases of granule growth were
also identified by monitoring the GSD, porosity, surface mor-
phology and surface area. The results revealed that granules
exhibit different surface properties according to the different
growth mechanisms, which can be controlled by the operating
conditions.

The drug dissolution rate is high during the early stages of
granulation and sharply decreases when coalescence and con-

solidation of granules starts. The simulated dissolution results
were in agreement with experimental observations and are
significantly affected by the GSD during granulation process.

In general, it was concluded that the dissolution properties
of NMD basically correlate with the growth behaviour of
granules in a high-shear mixer. The simulation method based
on GSD can be used as a convenient and rapid way to predict
the dissolution properties for formulation development and
granulation optimization.
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