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ABSTRACT

Reaching nearly perfect sink conditions is very important in the determination of
drug dissolution rates. Many times, the only factor that is taken into considera-
tion in achieving sink conditions is the relation between the drug concentration
and its solubility. The analytical conditions of the dissolution assay, as well as the
dissolution apparatus, stirring speed, and nature and volume of the dissolution
fluid may also influence the dissolution results. The main objective of this work
was to study the influence of the stirring rate conditions and of the dissolution
apparatus in the diltiazem hydrochloride release from tablets. Diltiazem hydro-
chloride sustained-release (SR) tablets were tested and the following dissolution
parameters were evaluated: t10%, t25%, t50%, dissolution time, mean dissolution
time (MDT), and dissolution efficiency (DE) at t120, and at t360. To analyze the
release mechanism, several release models were tested, such as Higuchi, zero
order, first order, Baker-Lonsdale, Hixson-Crowell, Weibull, and Korsmeyer-
Peppas. The similarities between two in vitro dissolution profiles were assessed
by the similarity factor f2. The in vitro release kinetics of diltiazem hydrochloride
sustained-release tablets were evaluated using the USP 2 (paddle) and USP 4
(flow-through) apparatus.
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INTRODUCTION

Dissolution is the process by which a solid of
only fair solubility characteristics enters into solu-
tion (1). The earliest reference to dissolution was
made by Noyes-Whitney (1817), and it was sug-
gested that the dissolution rate of solid substances
was determined by the diffusion rate of a very thin
layer of saturated solution that forms instanta-
neously around the solid particle.

To explain the mechanism of dissolution, Nernst
proposed the film-model theory. A solid particle
immersed in a liquid undergoes two consecutive
steps. In the first step, the dissolution of the solid at
the interface occurs, forming a thin stagnant layer
(or film) with thickness h around the particle. The
second step consists of the diffusion of the solute
molecules from this layer to the bulk of the dissolu-
tion fluid. The first step is almost instantaneous, but
the second is much slower and becomes the rate-
limiting step. The drug flux across this film dC/dt
can be described by the equation proposed by
Noyes-Whitney and modified by Brunner (1904):

dC

dt
¼ k

DS

vh
Cs � Ctð Þ

where k is the intrinsic dissolution rate of the drug, D
is the diffusion coefficient, S is the surface area, Cs is
the saturation concentration (maximum solubility),
Ct is the concentration at time t, and v is the volume
of the dissolution medium.

To simulate the in vivo sink conditions, in vitro
dissolution testing is conducted using either a large
volume of dissolution medium or a mechanism by
which the dissolution medium is replenished con-
stantly with fresh solvent. In these conditions, Cs �
Ct, and the previous equation becomes

dC

dt
¼ k

DS

vh
Cs

In these conditions, usually known as sink condi-
tions, the driving force of the whole dissolution pro-
cess is the drug solubility in the dissolution
medium. In this way, it is not or should not be
affected by operational conditions. To be considered
as sink conditions, the Ct value, or the drug concen-
tration limit, should be lower than 10%–20% or
even 30% (2) of its maximum solubility. This
theory states that the dissolution rate is directly
proportional to the diffusion coefficient and inverse-
ly proportional to the film thickness h.

One of the main principles of in vitro dissolution
testing is that it should be conducted under sink
conditions (3). Consequently, a main priority is to
know the maximum drug solubility, especially if it
is slightly or very slightly soluble in the dissolution
media. In these cases, concentration at the bound-
ary layer can get close to the maximum solubility,
delaying or even stopping drug dissolution. The
analytical conditions of the dissolution assay, as
well as the dissolution apparatus used, and the stir-
ring speed of the dissolution liquid may influence
the results. If the liquid is not well stirred, the
boundary layer will increase, and drug dissolution
and diffusion will become slower and slower. So, in
this case, the measured drug release rate of that
pharmaceutical dosage form will vary with different
stirring rates or with different dissolution apparatus.

The main advantage of a sustained-release (SR)
dosage form is the maintenance of the drug blood
concentration at therapeutic levels by means of con-
trolled release of the drug during a long period of
time and using only one administration. The knowl-
edge of the drug release rate of a SR dosage form is
a very important parameter as its variation could
lead to a lack of therapeutic effect or to toxicity
levels within the body. If perfect sink conditions are
not maintained, the determination of this release
rate will be compromised.

The SR dosage forms studied were polymeric
matrix tablets. The drug release with different stir-
ring speeds (USP apparatus 2) and with different
dissolution apparatus (USP apparatus 2 and 4) were
compared to verify if they were identical using the
following dissolution parameters: t10% dissolution
time, t25% dissolution time, t50% dissolution time,
mean dissolution time (MDT), and dissolution effi-
ciency (DE) (4,5) at t120 and at t360 (also dissolution
efficiency at t1440, but only for USP dissolution
apparatus 2). To analyze the release mechanism,
several release models (Table 1) were tested such as
Higuchi (6–8), zero order, first order (9,10), Baker-
Lonsdale (11), Hixson-Crowell (12), Weibull (13–16)
and Korsmeyer-Peppas (17–19). The differences for
t10%, t25%, and t50% dissolution times were statisti-
cally examined by a one-way analysis of variance
(ANOVA). The similarity factor (20) was evaluated
to compare diltiazem release profiles.

f2 ¼ 50� log 1þ 1=n
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This similarity factor is a logarithmic reciprocal
square root transformation of one plus the average
mean squared differences in percentage dissolved
between the test Tj and reference Rj products over
all time points n. The FDA suggests that two disso-
lution profiles are declared similar if f2 is between
50 and 100 (21).

The objective of this work was to study the
influence of the stirring conditions and of the disso-
lution apparatus in the drug release of SR tablets.
Diltiazem (hydrochloride) is a calcium channel
blocker used as an antianginal and antihypertensive
drug. Its classical oral adult dose is initially 30mg
four times a day before meals and at bedtime,
which can be increased to 360mg/day when
necessary (22).

EXPERIMENTAL

Diltiazem hydrochloride SR tablets were from a
commercial formulation marketed in Portugal.
Diltiazem hydrochloride was obtained from Sigma
(Germany); acetonitrile Lichrosolv and disodium
phosphate were obtained from Merck (Germany);
and triethanolamine was obtained from JMVP
(Portugal). The weight of the tablets was deter-
mined using a Mettler AG 245. We weighed 20
tablets, and the mean value was determined (23).
The hardness of the tablets was determined using
an Erweka TBH 28. The friability was determined
using an Erweka TAP. The hardness friabrasion
ratio (HFR), as described by Mendes (24), was
determined. The dissolution testing of diltiazem
hydrochloride SR tablets was performed on USP
apparatus 2 (n¼ 6) (Sotax AT 7) and USP appara-
tus 4 (n¼ 3) (Sotax CE 1). Although there is a

monograph of diltiazem hydrochloride extended-
release capsules in the USP 23 (25), it does not
make reference to the release assay.

With USP apparatus 2 experiments, 1000ml of
dissolution fluid (water) were used with a stirring
speed of 50, 100, or 150 rpm. The dissolution fluid
used was the one indicated in the USP monograph
for diltiazem hydrochloride tablets at 37�C	 0.5�C
(26). At predetermined time intervals, the dissolu-
tion fluid was collected for analysis and replaced by
an equal volume of fresh dissolution fluid. With
USP apparatus 4, the same dissolution fluid was
used; it was maintained at 37�C	 0.5�C and with a
flow rate of 10ml/min.

The high-performance liquid chromatography
(HPLC) system consisted of a pump (Varian model
9012), a 20 ml loop, a variable-wavelength detector
(Varian model 9050) set to 235 nm, and a C8
column (LiChrospher 100 RP8 5 mm 100� 4mm).
The mobile phase was acetonitrile/disodium phos-
phate 0.01M solution (Na2HPO4) (50 : 50) with
triethanolamine 0.01% with a flow rate of
2.0ml/min.

RESULTS

The hardness and friability of the tablets were
10 kp and 0.23% (HFR 10.8), respectively. After
contacting with the dissolution fluids, the diltiazem
matrix tablets swelled, forming a jelly mass that
practically did not change for more than 4–6 h. The
dimensions of the diltiazem tablets increased after
swelling. The influence of the stirring speed (USP
apparatus 2) and of the type of dissolution appara-
tus in the release profile of the tablets can be seen
in Figs. 1 and 2, respectively. A large influence of

Table 1

Release Models Tested

Higuchi Qt ¼ KH
ffiffi
t

p

Zero order Qt ¼ Q0 þK0t

First order lnQt ¼ lnQ0eþK1t

Baker-Lonsdale 3=2ð Þ 1� 1� Qt=Q1ð Þð Þ
2=3� �

� Qt=Q1ð Þ ¼ Kt

Hixson-Crowell Q1=3
0 � Q1=3

t ¼ Kst

Weibull log � ln 1� Qt=Q1ð Þð Þ½ 
 ¼ �� log t� log �

Korsmeyer-Peppas Qt=Q1 ¼ Kkt
n
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the stirring speed and of the type dissolution appara-
tus in the release profiles was noticed. It can be con-
cluded that USP apparatus 2, mainly with lower
stirring speeds, does not follow sink conditions; the
real release profile hardly can be determined this way.

There were differences among the dissolution
parameters used in the four dissolution conditions
studied, especially for the 50-rpm stirring rate (Fig. 3
and Table 2). The t10%, t25%, and t50% dissolution
times and the mean dissolution time decreased as
the stirring speed increase. The dissolution efficien-
cies increased as long as the stirring rates increased.
Using one-way ANOVA (a¼ 0.05), statistically sig-
nificant differences were found for t10%, t25%, and
t50% dissolution times between the 50 rpm stirring
rate and the other stirring conditions. Between
100 rpm and 150 rpm, the differences were statisti-
cally significant only for the t50% dissolution time.
The differences between USP apparatus 2 (150 rpm)
and USP apparatus 4 were statistically significant
for t10%, t25%, and t50% dissolution times.

Table 3 summarizes release rate constants K cal-
culated by the above-mentioned mathematical
release models and determination coefficients R2 of
the observed release data and the simulated profiles.
The results show that rate constant values are sig-
nificantly smaller in the case of the 50-rpm stirring
rate. For each of the examined samples, the best fit
was achieved with the application of Higuchi,
Weibull, and Korsmeyer-Peppas (n� 0.6) models
for both USP apparatus 2 and USP apparatus 4.
The Weibull shape parameter (13) b characterizes
the dissolution profile as exponential (b¼ 1); as
sigmoid, S shaped, with upward curvature followed
by a turning point (b>1); or as parabolic, with
steeper initial slope than consistent with the expo-
nential (b<1). This shape parameter showed no
significant variation (b<1).
Td represents the time interval necessary to dis-

solve or release 63.2% of the drug present in the
pharmaceutical dosage form. The Td values were
tendencially smaller (fast dissolution process) when

Figure 1. Influence of the stirring speed on the diltiazem

release profile.

Table 2

Comparison of the Dissolution Parameters

50 rpm 100 rpm 150 rpm USP 4

t10% 42.8 26.9 28.7 22.0
t25% 139.1 97.8 90.7 77.2

t50% 353.0 282.8 234.7 213.0
MDT 318.2 215.6 193.7 140.8
DE t120 12.5 17.0 17.4 19.9

DE t360 29.3 35.2 39.3 41.9
DE t1440 54.7 57.8 62.3 —

Figure 2. Influence of dissolution apparatus on the diltia-
zem release profile.

Figure 3. Influence of stirring rate on the diltiazem release
from sustained-release tablets.
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the stirring rate was increased following a linear
relation, as shown by the 0.999 determination coeffi-
cient obtained for the USP apparatus 2 (Fig. 3).

The diltiazem release rate from this pharmaceuti-
cal system was not constant and diminished with
the square root of time, indicating that diffusion
occurring inside the matrix was the rate-limiting
step in the control of the drug release. This fact can
best be seen for analytical conditions in which
the dissolution medium is more rapidly replenished
with fresh solvent (higher stirring rates or USP
apparatus 4).

DISCUSSION

When the dissolution assay, described in any
monograph of any pharmacopoeia, is performed, it
should occur under perfect sink conditions. Many

times, the only factor taken into consideration in
achieving sink conditions is the relation between the
drug concentration and its solubility, with a limit of
30%. Under sink conditions, no influence of the
concentration gradient should occur; then, it is
necessary also to study the dissolution liquid stirring
rate, which in many cases is disregarded and empiri-
cally chosen. With low stirring rates, small differ-
ences in the drug release may not be verified,
leading to a similar release profile of pharmaceutical
formulas with different release characteristics.
Higher stirring rates, or better dissolution liquid
renewal conditions, allow distinguishing those, even
small, differences. With very high stirring rates, tur-
bulent fluxes can appear inside the dissolution cell,
originating a large variation in the amount of the
drug released.

The f2 similarity factor among the stirring speeds
of 50–100 rpm, 50–150 rpm, and 100–150 rpm were

Table 3

Linearization of the Diltiazem Release Profiles (Q Expressed in mg)

Release Models 50 rpm 100 rpm 150 rpm USP 4

Higuchi
K 5.8250 6.4435 7.4424 7.3687

R2 0.9954 0.9951 0.9980 0.9988

Zero order
K 0.2487 0.2603 0.2603 0.3282
R2 0.9854 0.9910 0.9910 0.9782

First order

K 0.0054 0.0046 0.0052 0.0064
R2 0.8934 0.8980 0.8807 0.8199

Baker-Lonsdale
K 0.0002 0.0002 0.0003 0.0003

R2 0.9760 0.9707 0.9724 0.9787

Hixson-Crowell
K 0.0061 0.0058 0.0065 0.0076
R2 0.9389 0.9409 0.9294 0.8923

Weibull

� 0.8837 0.8023 0.9145 0.8505
R2 0.9990 0.9955 0.9987 0.9993
Td 440.1647 376.8107 320.9218 302.1661

Korsmeyer-Peppas

K 0.1519 0.1688 0.2233 0.2765
n 0.697 0.695 0.638 0.560
R2 0.9994 0.9989 0.9999 0.9999

K, release rate constants; n, exponent release; b, shape parameter.
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61.8, 49.7, and 65.3, respectively. The diltiazem
dissolution profiles obtained with the 50–150-rpm
stirring rate were not considered similar ( f2<50).
The differences between 50–100 and 100–150 rpm
were smaller, and the diltiazem dissolution profile
could be considered similar ( f2>50). The f2 simi-
larity factor between USP 4 and USP 2 at stirring
speeds of 50, 100, and 150 rpm were 43.2, 55.9, and
76.9, respectively. Again, the diltiazem dissolution
profiles obtained with USP 2 at 50 rpm were not
considered similar ( f2<50), this time when com-
pared with the USP 4 dissolution profile. The f2
value was the highest for the comparison of the
150 rpm and USP 4 dissolution results, confirming
the similarity of these two profiles (Fig. 4). This
similarity factor is a sample statistic that cannot be
used to formulate a statistical hypothesis for assess-
ment of dissolution similarity. It is, therefore,
impossible to evaluate false-positive and false-nega-
tive rates of decisions for approval of drug products
based on f2. Simulation results also indicate that the
similarity factor is too liberal in concluding similar-
ity between dissolution profiles (27,28).

Shah et al. (29) used a three-dimensional topo-
graphical plotting technique to characterize immedi-
ate-release preparations. This procedure was useful
in delineating the properties of drug release rates
associated with the agitation rate of the dissolution
assay. An increase in the dissolution rate following
an increase in the agitation rate from 50 to 100 rpm
was observed. This result supports the idea that
paddle speed for SR dosage forms should be
100 rpm or higher for normal characterization of the
dissolution profile and for drug quality assurance.

The results obtained with these tablets permit us
to conclude that the stirring rate and the dissolution

apparatus chosen affected the dissolution character-
istics, as can be seen by the dissolution parameters
used. It can be concluded that USP apparatus 2,
mainly with lower stirring rates, does not follow
sink conditions, and the real release profile can
hardly be evaluated in this way. The choice of the
type of dissolution apparatus and of the stirring
conditions must be made with care to allow the cor-
rect determination of the real release profile from
the pharmaceuticals forms. With USP apparatus 2
using low stirring rates, the drug release profiles of
pharmaceutical formulas with different release char-
acteristics may be misunderstood.

The diltiazem release rate from this pharmaceuti-
cal system was not constant and diminished with
the square root of time (as stated by the Higuchi
model). It is possible to conclude that the phenom-
enon controlling drug release was the diffusion
occurring inside the swelled polymeric matrix.

ACKNOWLEDGMENT

We thank Junta Nacional de Investigação
Cientı́fica (JNICT) for financial support through
project Prodep 5.2/264/1/94.

REFERENCES

1. Abdou, H.M. Dissolution. In Remington’s Pharmaceu-
tical Sciences, 18th Ed.; Mack Publishing Company;

1990.
2. International Conference on Harmonization. Quality of

Prolonged Release Oral Solid Dosage Forms, Guidelines

Eudra/Q/91/025, 89–93; 1991.
3. Gibaldi, M.; Feldman, S. Establishment of Sink

Conditions in Dissolution Rate Determinations—

Theoretical Considerations and Application to
Nondisintegrating Dosage Forms. J. Pharm. Sci.
1967, 56, 1238–1242.

4. Khan, K.A.; Rhodes, C.T. Effect of Compaction
Pressure on the Dissolution Efficiency of Some Direct
Compression Systems. Pharm. Act. Helv. 1972, 47,
594–607.

5. Khan, K.A. The Concept of Dissolution Efficiency. J.
Pharm. Pharm. 1975, 27, 48–49.

6. Higuchi, T. Rate of Release of Medicaments from

Ointment Bases Containing Drugs in Suspension. J.
Pharm. Sci. 1961, 50, 874–875.

7. Higuchi, T. Mechanism of Sustained-Action Medica-

tion. Theoretical Analysis of Rate of Release of Solid
Drugs Dispersed in Solid Matrices. J. Pharm. Sci. 1963,
52, 1145–1149.

Figure 4. Topographical dissolution characterization of
diltiazem.

816 Costa and Sousa Lobo



8. Cobby, J.; Mayersohn, M.; Walker, G.C. Influence of
Shape Factors on Kinetics of Drug Release from
Matrix Tablets. II: Experimental. J. Pharm Sci.

1974, 63, 732–737.
9. Gibaldi, M.; Feldman, S. Establishment of Sink

Conditions in Dissolution Rate Determinations—

Theoretical Considerations and Application to
Nondisintegrating Dosage Forms. J. Pharm Sci.
1967, 56, 1238–1242.

10. Wagner, J.G. Interpretation of Percent Dissolved-
Time Plots Derived from In Vitro Testing of
Conventional Tablets and Capsules. J. Pharm Sci.
1969, 58, 1253–1257.

11. Baker, R.W.; Lonsdale, H.S. Controlled Release:
Mechanisms and Rates. In Controlled Release of
Biologically Active Agents; Taquary, A.C., Lacey,

R.E., Eds.; Plenum Press: New York, 1974; 15–71.
12. Hixson, A.W.; Crowell, J.H. Dependence of Reaction

Velocity upon Surface and Agitation. Ind. Eng.

Chem. 1931, 23, 923–931.
13. Langenbucher, F. Linearization of Dissolution Rate

Curves by the Weibull Distribution. J. Pharm. Pharm.

1972, 24, 979–981.
14. Goldsmith, J.A.; Randall, N.; Ross, S.D. On Methods

of Expressing Dissolution Rate Data. J. Pharm.
Pharm. 1978, 30, 347–349.

15. Romero, P.; Costa, J.B.; Castel-Maroteaux; Chulia, D.
Statistical Optimization of a Controlled Release For-
mulation Obtained by a Double Compression Process:

Application of a Hadamard Matrix and a Factorial
Design. In Pharmaceutical Technology, Controlled
Drug Release; Wells, J.I., Rubinstein, M.H., Eds.;

Ellis Horwood: New York, 1991; Vol. 2, 44–58.
16. Vudathala, G.K.; Rogers, J.A. Dissolution of

Fludrocortisone from Phospholipid Coprecipitates.

J. Pharm. Sci. 1992, 82, 282–286.
17. Korsmeyer, R.W.; Gurny, R.; Doelker, E.M.; Buri,

P.; Peppas, N.A. Mechanism of Solute Release from
Porous Hydrophilic Polymers. Int. J. Pharm. 1983, 15,

25–35.
18. Peppas, N.A. Analysis of Fickian and Non-Fickian

Drug Release from Polymers. Pharm. Acta Helv.

1985, 60, 110–111.

19. Harland, R.S.; Gazzaniga, A.; Sangalli, M.E.;
Colombo, P.; Peppas, N.A. Drug/Polymer Matrix
Swelling and Dissolution. Pharm. Res. 1988, 5,

488–494.

20. Moore, J.W.; Flanner, H.H. Mathematical Compari-

son of Dissolution Profiles. Pharm. Tech. 1996, 20,
64–74.

21. Center for Drug Evaluation and Research. Guidance
for Industry Immediate Release Solid Oral Dosage
Forms Scale-Up and Postapproval Changes:

Chemistry, Manufacturing, and Controls, In Vitro Dis-
solution Testing and In Vivo Bioequivalence Documen-
tation, CMC 6; Center for Drug Evaluation and
Research: November 1995.

22. Remington’s Pharmaceutical Sciences, 18th Ed.; Mack
Publishing Company: 1990; 854–855.

23. Uniformity of Mass of Single-Dose Preparations. In
European Pharmacopoeia, 3rd Ed.; Council of Europe:

France, 1997; 133.

24. Mendes, R.W. Tablet Binders. Drug Cosmet. Chem.

1968, 103, 46–49.

25. U.S. Pharmacopeial Convention. Diltiazem

Hydrochloride Extended-Release Capsules. In United
States Pharmacopoeia 23/National Formulary 18; U.S.
Pharmacopeial Convention: Rockville, MD, 1995;
525–526.

26. U.S. Pharmacopeial Convention. Diltiazem Hydro-
chloride Tablets. In United States Pharmacopoeia 23/

National Formulary 18; U.S. Pharmacopeial Conven-
tion: Rockville, MD, 1995; 526.

27. Liu, J.P.; Chow, S.C. Statistical Issues on the FDA
Conjugated Estrogen Tablets Bioequivalence
Guidance. Drug Inf. J. 1996, 30, 881–889.

28. Liu, J.P.; Ma, M.C.; Chow, S.C. Statistical Evaluation
of Similarity Factor f2 as a Criterion for Assessment
of Similarity Between Dissolution Profiles. Drug Inf.

J. 1997, 31, 1255–1271.

29. Shah, V.P.; Gurbarg, M.; Noory, A.; Dighe,

S.; Skelly, J.P. Influence of Higher Rates of
Agitation on Release Patterns of Immediate-
Release Drug Products. J. Pharm. Sci. 1992, 81,

500–503.

Influence of Dissolution Medium Agitation 817







Copyright of Drug Development & Industrial Pharmacy is the property of Taylor & Francis Ltd and its content

may not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express

written permission. However, users may print, download, or email articles for individual use.


