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Abstract

The dissolution experiments on the solid dispersion particles of nilvadipine with hydroxypropylmethylcellulose were
performed in stagnant and stirring water. The particles in stagnant water instantaneously gelatinized to the water
content of 84.6% w/w after dipping and those dissolved very slowly through the penetration of water. However the
particles in stirring water dissolved quickly at different rates depending on stirring rate, and both components in the
solid dispersion dissolved at the same rate. Such experimental results seemed to suggest the important roles of erosion
for gelatinized particles and mass transfer rate at the diffusion layer. The high concentrations of nilvadipine obtained
after its nucleation and growth depend on complex formation. A new dissolution mechanism and rate equation were
proposed on the basis of such experimental results and the availability of the rate equation was confirmed
experimentally. © 1997 Elsevier Science B.V.
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1. Introduction

For a drug such as nilvadipine (NiD), which is
poorly soluble in water, it is possible to increase
the dissolution rate and apparent solubility by the
preparation of solid dispersion (SD) with hy-

* Corresponding author. Tel.: +81 6 3901177; fax: +81 6
3041399.

0378-5173/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.

PII S 0378 -5173 (97 )00274 -3



K. Okimoto et al. / International Journal of Pharmaceutics 159 (1997) 85–9386

drophillic polymer, such as hydroxypropylmethyl-
cellulose (HPMC). Usually, when SD particles are
suspended in stirring water, such as the dispersed
amount method, water penetrates quickly into SD
particles and gelatinized SD is formed. The disso-
lution mechanism of gelatinized SD particles is
very complicated because of mutual interaction
among the drug, polymer, and water and also
because of the stirring effect. Therefore, only a
few papers on the stirring effect at the dissolution
of SD and matrices have been presented.

Catellani et al. (1988), Harland et al. (1988),
Peppas and Sahlin (1989), Ford et al. (1987)
applied Eq. (1) to describe the dissolution rates of
the drug from matrices when both diffusion and
erosion contribute to dissolution.

Wt/W�=k1tn+k2tp (1)

where Wt/W�= fraction of drug dissolved in
time t, k1, k2 are the kinetic constants, n, p are the
diffusional and erosional exponents. But, these
papers almost did not numerically clear the
availability of Eq. (1) under the different condi-
tions of stirring.

Nogami et al. (1966) studied the stirring effect
on the dissolution rate constant defined in Noyes
and Whitney (1897) equation, using the rotating
disk method. Furthermore, Nogami et al. (1969)
continued analytically the dissolution study with
the drugs accompanying simultaneously phase
change under different stirring rate. Takayama et
al. (1980) studied the effect of rotational velocity
on the dissolution parameters for SD using rotat-
ing disk method. But, these papers estimated the
stirring effect as the influencing factor only for the
thickness of diffusion layer, excepting erosion ef-
fect.

Although the majority of dissolution experi-
ments of SD were performed using the rotating
disk method, because of speed and accuracy of
experiment, the dispersed amount method is very
important for the estimation of the bioavailability
of drugs. Nogami et al. (1969), Sekikawa et al.
(1979) studied qualitatively the dissolution mecha-
nism and rate of SD particles. Takayama et al.
(1980), Sugimoto et al. (1982) estimated the disso-
lution parameters in the rate equations, in which
the surface area of SD particles was not consid-

ered. Lu et al. (1993) simulated the dissolution
rates of two lots of fine and coarse drugs using
Noyes–Whitney equation, considering the size
distribution and surface area of particles.

The purpose of this paper is to clear the gela-
tinizing and dissolution mechanisms and derive a
new dissolution rate equation for SD particles
composed of NiD and HPMC. The equation,
including stirring effect, was confirmed to have a
good availability through dissolution experiments.

2. Materials and methods

2.1. Materials

Nilvadipine (Fujisawa, Japan) and hydrox-
ypropylmethylcellulose (Metholose®, Shinetsu,
Japan) were used and all other chemicals were of
reagent grade.

2.2. Preparation of solid dispersion

In accordance with the method presented by
Okuda and Aoi (1987), NiD of 1 g was dissolved
in ethanol of 137.5 ml at 40°C and HPMC of 5 g
was suspended in the solution for 5 min. After the
evaporation of ethanol from the suspended mix-
ture in vacuum at 40°C, the dried SD particles
were screened using a 100-mm sieve and the fine
SD particles passed through the sieve were used
for dissolution experiments.

2.3. Shape properties of HPMC and SD

The photographs of HPMC and SD were taken
using JSM-840 scanning electron microscope
(JEOL, Peabody, MA), and mean radius and
axial length of each particle were determined
through the measurements of both values for 20
particles on the photographs, assuming cylindrical
shape. The mean values of radius and axial length
of SD were calculated. The density of each parti-
cle was measured using a Beckman air compari-
son picnometer (Model 930, Beckman®). The
weight of a SD was decided from the weight of a
gelatinized SD described in the clause after the
next.
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2.4. Powder X-ray

Powder X-ray diffraction spectra of NiD, SD
particles and physical mixture of NiD and HPMC
which were mixed with motor and pestle were
measured using a Goniometer with nickel filtered
Cu-Ka radiation (Model 2171, Rigaku, Japan),
operating at 4000 pulse/s as counting rate. The
diffraction spectra was run at 2°/min in term of
2u.

2.5. Measurement of radius, axial length, weight
and water content of gelatinized SD

SD particles more than 30 were dipped into
distilled water of 0.05 ml and spread over on a
glass plate at 37°C. The shape change of SD
particles was observed by photographs taken be-
fore and 5 min after dipping. The radii and ax-
ial lengths for 20 gelatinized SD were measured
by the shape in photograph taken using an opti-
cal microscope attached camera (Nikon Op-
tiphot), assuming cylindrical shape. The mean
values of radius and axial length of gelatinized
SD were calculated.

The measurement of weight of a gelatinized
SD was carried out as follows. SD particles
measured its weight accurately (about 1 g) were
dipped into stagnant distilled water of 1 ml at
37°C for 5 min. The gelatinized SD thus ob-
tained were put on a filter paper to remove ad-
hering water. Furthermore, the gelatinized SD
were inserted into a syringe of 1 ml attached
0.45-mm cartridge filter (Millipore-HV) and
slightly compressed to remove air included in
gelatinized SD. After measuring the volume and
the weight of the gelatinized SD in the syringe
to decide the density, the water content in that
SD was calculated from the weight difference
between before and after drying of gelatinized
SD removed from the syringe to a schale. The
mean weight of a gelatinized SD particle can be
calculated from the mean radius and axial
length of the gelatinized SD particles in the
photograph and its density.

2.6. Solubility of NiD

Excess NiD was added into the distilled water
of 20 ml kept at 37°C. After stirring for 24 h, the
suspension of NiD was filtered with a membrane
filter of Teflon (Millipore-FG) and the concentra-
tion of NiD in filtrate was measured spectropho-
tometrically at 246 nm of UV spectrometer.

2.7. Dissolution rate

The dissolution rates of NiD from SD particles
were measured according to the paddle method of
the dissolution test in Japanese pharmacopoeia
XII, using Riken dissolution tester (Miyamoto
Riken, Japan). SD as for NiD from 1 to 100 mg
were added into distilled water of 900 ml kept at
3791°C and the suspended solutions were stirred
from 25 to 250 rpm. The concentrations of NiD
in those solutions were measured with elapsed
time, using UV spectrometer (HP-8451A, Hewlett
Packard) with automatic sampling system. A 20-
mm filter was attached to the sampling device for
suspended solution.

The HPMC concentrations in the solution were
also measured with elapsed time by gel perme-
ation chromatography using styrene column (Ul-
trastyragel-100A) recommended by Maclaren and
Hollenbeck (1987).

3. Results and discussion

3.1. Shapes of HPMC and SD

Fig. 1 shows scanning electron microscope pho-
tographs of HPMC and SD particles. The shape
of SD particles is almost same as that of HPMC
and both shapes will be considered as cylindrical
and similar to fiber. In the suspending process for
the preparation of SD, even though NiD dis-
solved in ethanol, HPMC did not dissolve, but
swelled. Referring to Fig. 1, it can be supposed
that NiD is adsorbed in molecular size into swol-
len HPMC, together with ethanol, and NiD
molecules homogeneously disperse in HPMC after
the evaporation of ethanol. At the same time,
HPMC particles in ethanol solution which was
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Fig. 1. SEM of HPMC and SD particles.

dissolving NiD did not deform by the suspension
process, and the shape of HPMC was kept almost
unchangeably after the preparation of SD. The
mean physical properties calculated by the mea-
surement with both 20 particles in SEM photo-
graphs are listed in Table 1. Although all
properties of SD particles were almost the same as
those of HPMC, the slight increases in the axial
length, the slight decrease in the radius length and
weight of SD particle were recognized through the
SD preparation. It is supposed that the increase of
axial length of SD would be axially expanded and
the decrease of radius length of SD would be
shrunken by the preparing process for SD, in
which SD is swollen by ethanol and is dried under
vacuum conditions. The reason, in which the
weight ratio of SD to HPMC became 1.07 smaller
than 1.2 of the stoichiometrical value, would be
defaced by screening-dried coarse SD particles
with a 100-mm sieve.

3.2. Powder X-ray

Fig. 2 shows the powder X-rays of NiD, SD
and the physical mixture. The crystalline peaks of
NiD are observed in the diffraction spectra of

NiD and the physical mixture. However, the
peaks cannot be observed in that of SD, suggest-
ing the molecular dispersion of NiD in HPMC.

3.3. Radius, axial length and water content of
gelatinized SD

Fig. 3 shows the shape change of SD particles
in the photographs taken by the optical micro-
scope before and 5 min after dipping into the
distilled water. The SD particles instantaneously
gelatinized to about 2-fold by the absorption of
water. Although the shape of gelatinized SD par-
ticles remained unchanged visually until 10 min
after dipping, the gelatinized SD particles gradu-
ally became larger by the absorption of water.
The radius and axial length were measured with
20 gelatinized SD particles in the photograph,
assuming a cylindrical shape.

The mean physical properties of gelatinized SD
are also listed in Table 1. The total surface area of
gelatinized SD particles at the initiation of disso-
lution was calculated using the mean values.

The mean water content of gelatinized SD mea-
sured by the described method was 84.6% w/w as
listed in Table 1.
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Table 1
Mean physical properties of HPMC, SD and geltinized SD

Water content (% w/w)Weight (mg)Axial length (mm)Sample Density (mg/ml)Radius (mm)

—0.26HPMC 22.2 125.0 1.38×106

—0.281.36×106137.0SD 21.8
234.3 1.01×106 1.41Gelatinized SD 84.643.6

3.4. Dissolution characteristics of NiD from SD

As shown in Fig. 4, NiD concentrations in
bulk solution after the dissolution of SD in-
cluding 10, 14, 24 and 30 mg as for NiD in-
crease very steeply at the initiation step of
dissolution, and attain to each maximum value
which is the high supersaturation in compari-
son with the intrinsic solubility measured with
NiD alone. The maximum concentrations ob-
tained for SD including 24 and 30 mg as for
NiD decrease very quickly due to the high nu-
cleation rate of NiD and high growth rate of
nuclei, corresponding to the high degree of su-
persaturation. The final NiD concentrations af-
ter nucleation and growth are about 2.5 times
higher than the solubility of NiD alone, as de-
scribed by Matsumaru et al. (1977).

On the other hand, the maximum concentra-
tions obtained for SD, including 10 and 14 mg
as for NiD, are appreciably lower than former
two values and the decreasing rate of NiD
concentration is also lower. The maximum NiD

concentrations (CNMAX) increased with the in-
crease of amount of SD dissolved, as shown
with solid line in Fig. 5. The calculation values
CNMAX shown with dotted line were calculated
as the NiD concentrations which all SD dis-
solved without nucleation and growth. The dis-
agreement between both CNMAX values at the
larger amount of NiD than 20 mg is consid-
ered that the nucleation and growth of NiD
simultaneously occur with the dissolution of
SD, because of the higher degree of supersatu-
ration.

Although CNMAX increases with the increase
of amount of dissolved SD, the maximum
CNMAX converges upon 40 mg/ml. Such a con-
verged CNMAX will be considered as the critical
supersaturation of NiD at the dissolution of
gelatinized SD.

Fig. 6 shows the dissolution rates of NiD and
HPMC from SD. Referring to the almost simi-
lar rates of both species, the following dissolu-
tion mechanism, in which both species in
gelatinized SD particles transfer together to bulk
solution through diffusion layer is reasonable.
Such an experimental result suggests a different
dissolution mechanism from the model presented
by Higuchi (1961), in which the molecular diffu-
sion of drug proceeds through gelatinized layer.

Fig. 7 shows the effect of stirring rate on the
dissolution rate of SD particles. The dissolution
rate gradually becomes higher corresponding to
the increase of stirring rate. The acceleration of
dissolution rate by the stirring rate primarily
comes from the decrease of the thickness of dif-
fusion layer adhered at the outside of gelatinized
SD. Moreover, the other important role of stir-
ring will be the erosion of gelatinized SD as
pointed out on the drug release mechanism from
gelatinized matrix tablet by Ford et al. (1987).Fig. 2. Powder X-rays of NiD, SD and physical mixture.
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Fig. 3. Photographs of SD and gelatinized SD (5 min after dipping).

3.5. Dissolution mechanism of gelatinized SD

Considering the experimental results already
shown in previous figures, the following dissolu-
tion mechanism of gelatinized SD is reasonable.
1. SD particles gelatinize to a water content of

84.6% w/w after dipping into water and the
total concentration of NiD and HPMC in
gelatinized SD is written as CGO.

2. The finely crushed gelatinized SD are continu-
ously produced on the surface of gelatinized
SD by the attrition of stirring paddle— SD
and SD–SD, and these finely gelatinized SD
diffuse to bulk solution through diffusion
layer. The water content of gelatinized SD
increase at the diffusion process in the diffu-
sion layer. After the arrival to bulk solution,
each gelatinized SD homogeneously disperses
into bulk solution at perfect mixing state and
the total concentration of NiD and HPMC in
bulk solution is written as CGS. In such a mass

Fig. 4. Dissolution profiles of NiD from SD for three different
amounts at 37°C and 100 rpm: (�) 10 mg; (�) 14 mg; (
) 24
mg and (�) 30 mg as NiD.

Fig. 5. Relationship between measured and calculated CNMAX

at 37°C and 100 rpm.
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Fig. 6. Dissolution rates of NiD and HPMC from SD (20 mg
as NiD) at 37°C and 100 rpm: (�) NiD and (�) HPMC.

Fig. 8. Dissolution model of gelatinized SD.

CGO=
rG

6.49
(2)

where rG is the density of gelatinized SD.
Assuming that each gelatinized SD dissolves

keeping the cylindrical shape, and the axial
length, radius, and weight of gelatinized SD be-
come lG, rG, WG at the elapsed time of u from the
initiation of dissolution, the dissolution rate at u

is expressed as Eq. (3), which is the same as the
equation applied by Noyes and Whitney (1897),
Lu et al. (1993).

−
n
6

dWG

du
=

D
t

n(2p · rG · lG+2p · r2
G) (CGO−CGS)

(3)

CGS=
n(WGO−WG)

6
(4)

where n is the number of dissolved SD particles, v
is the volume of distilled water, p is the ratio of
the circumference of a circle to its diameter, D is
the diffusion coefficient of the gelatinized SD
finely crushed, t is the thickness of the diffusion
layer, WGO is the initial weight of gelatinized SD.
CGO calculated by Fig. 3, and water content of
84.6% w/w and maximum CGS calculated by max-
imum CN in Fig. 4. Therefore, CGS is negligibly
small in comparison with CGO.

Under the condition that the bulk concentra-
tion CGS is negligibly small in comparison with
CGO, namely perfect sink, Eq. (3) can be sim-
plified, and integrated as Eq. (5).

WG=2/3 p1/3kd ·6(a+1)(arG)−2/3CGO ·u (5)

where kd=D/t is the mass transfer coefficient and
a= l0/r0 is the ratio of axial length to radius of
gelatinized SD.

transfer model the driving force can be written
as (CGO–CGS), as shown in Fig. 8.

3. The radius and axial length listed in Table 1
are used for the calculation of the surface area
of gelatinized SD at the initiation of dissolu-
tion.

3.6. Dissolution rate of NiD from SD

When an SD particle composed of NiD of WN

and HPMC of WH absorbs water of 5.49 (WN+
WH), corresponding to a water content of 84.6%
w/w after the dipping into water, the concentra-
tion (CGO) of NiD and HPMC in the gelatinized
SD can be expressed as follows.

Fig. 7. Dissolution rates of NiD from SD (2 mg NiD) at six
different stirring rates at 37°C.
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Because the dissolution rate of gelatinized SD is
expressed by Eq. (5), the concentration of NiD
and HPMC in bulk solution CGS becomes Eq. (6).

CGS

=
n [WGO−{2

3 p1/3kd ·6(a+1)(arG)−2/3CGO ·u}]
6

(6)

Therefore, the concentration of NiD in the bulk
solution CNS becomes Eq. (7).

CNS=
WN ·CGS

(WN+WH)
(7)

3.7. A6ailability of dissolution rate equation

Because NiD in SD is less than 20 mg, as for
NiD completely dissolved without nucleation of
NiD, as shown in Fig. 5, kd values from data
indicated with symbols in Fig. 9 can be estimated
by non-linear least squares regression analysis us-
ing Gauss–Newton method with Eqs. (6) and (7).
The kd values obtained for five different amounts
of dissolved SD are almost constant and the mean
value of kd and the standard deviation become
1.59×10−12+0.13×10−12 cm/min. The five
dotted lines in Fig. 9 show the simulation of
dissolution rates calculated using the mean kd

value. Considering the good coincidence of the
simulation curves with experimental data, these

Fig. 10. Relationship between kd and stirring rate. Each value
represents the mean9S.D.

dissolution mechanism and rate equations can be
used for the estimation of dissolution rate of SD
particles.

Finally, the dependency of kd on the stirring
rate calculated from Fig. 7 is shown in Fig. 10.
The reason why kd value increases with increase in
stirring rate will be considered that the thickness
of diffusion layer adhered at the outside of gela-
tinized SD particles decreases with the increase of
stirring rate and the acceleration of erosion of
gelatinized SD.

4. Conclusions

The SD particles composed of NiD and HPMC
instantaneously adsorbed water of 84.6% w/w af-
ter dipping into stagnant distilled water and dis-
solved slowly. When the SD particles were
suspended in stirring-distilled water, the dissolu-
tion of SD particles proceeded and corresponded
to the stirring rate after quick gelatinization. NiD
and HPMC diffused to the bulk solution at the
same transfer rate. Assuming that finely crushed
gelatinized SD are produced by the erosion of SD
particles and the concentration of the crushed
particles is the same as the concentration of NiD

Fig. 9. Measured and simulated dissolution rates of NiD from
various amount of SD with elapsed time at 37°C and 100 rpm;
(�) measured and (- - -) simulated values.
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and HPMC in gelatinized SD, the dissolution rate
was estimated under the experimental conditions,
in which SD particles were less than 20 mg, as for
NiD dissolved without nucleation and growth. As
the results of dissolution experiments, a good
coincidence was obtained between experimental
data and simulation.

Acknowledgements

The authors would like to thank Mr K. Naka-
mura and Mr K. Hayashi (Fujisawa Pharm.) for
their kind advice and support for this study.

References

Catellani, P., Vanoma, G., Plazanni, P., Colombo, P., 1988.
Compressed matrices formulation and drug release kinet-
ics. Acta Pharm. Technol. 34, 38–41.

Ford, J.L., Rubinstain, M.H., Mccaul, F., Hogan, J.E.,
Edgar, P.E., 1987. Importance of drug type, tablet shape
and added diluents on drug release kinetics from hydrox-
ypropylmedhylcellulose matrix tablets. Int. J. Pharm. 40,
223–234.

Harland, R.S., Gazzaniga, A., Sangalli, M.E., Colombo, P.,
Peppas, N.A., 1988. Drug/polymer matrix swelling and
dissolution. Pharm. Res. 5, 488–494.

Higuchi, T., 1961. Rate of release of medicaments from
ointment bases containing drugs in suspension. J. Pharm.
Sci. 50, 874–875.

Lu, A.T.K., Frisella, M.E., Jhonson, K.C., 1993. Dissolution
modeling: factors affecting the dissolution rates of poly-
disperese powder. Pharm. Res. 10, 1308–1314.

Maclaren, D.D., Hollenbeck, R.G., 1987. A High perfor-
mance liquid chromatographic method for the determina-
tion of the amount of hydroxypropylmethylcellulose
applied to tablets during an aqueous film coating opera-
tion. Drug. Dev. Ind. Pharm. 13, 2179–2197.

Matsumaru, H., Tsuchiya, S., Hosono, T., 1977. Interaction
and dissolution characteristics of ajmaline-PVP coprecipi-
tate. Chem. Pharm. Bull. 22, 2504–2509.

Nogami, H., Nagai, T., Suzuki, A., 1966. Studies on pow-
dered preparations. XVII. Dissolution rate of sulfon-
amides by rotating disk method. Chem. Pharm. Bull. 14,
329–338.

Nogami, K., Nagai, T., Fukuoka, E., Yotuyanagi, T., 1969.
Dissolution kinetic of barbital polymorphs. Chem.
Pharm. Bull. 17, 23–31.

Noyes, A.A., Whitney, R.W., 1897. The rate of solution of
solid substances in their own solutions. J. Am. Chem.
Soc. 19, 930–934.

Okuda, K., Aoi, R., 1987. US patent, Patent No. 4 (654),
206.

Peppas, N.A., Sahlin, J.J., 1989. A simple equation for the
description of solute release. III. Coupling of diffusion
and relaxation. Int. J. Pharm. 57, 169–172.

Sekikawa, H., Nakano, M., Arita, T., 1979. Dissolution
mechanism of drug-polyvinylpyrrolidone coprecipitates in
aqueous solution. Chem. Pharm. Bull. 27, 1223–1230.

Sugimoto, H., Sasaki, K., Kuchiki, A., Ishihara, T., Naka-
gawa, H., 1982. Stability and bioavailability of nifedipine
in fine granules. Chem. Pharm. Bull. 30, 4479–4488.

Takayama, K., Nambu, N., Ngai, T., 1980. Dissolution ki-
netics for coprecipitates of indomethacin with polyvinyl-
pyrrolidone. Chem. Pharm. Bull. 28, 3304–3309.

.


