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ABSTRACT
A dissolution test for darifenacin 15-mg extended-release tablets was developed and validated according to current FDA 

and USP guidelines. The sink condition was evaluated, and a 24–1 factorial design was employed for method development. 
In vivo data were obtained from the literature, and the fraction and percentage of dose absorbed (FA) was calculated using 
the Wagner–Nelson method. The best dissolution conditions were achieved using USP Apparatus 1 (basket) with 900 mL of 
dissolution medium containing 2% SDS at 50 rpm. A successful linear regression model of fraction of drug absorbed versus 
dissolved was achieved (R2 = 0.9997, p < 0.05). The best fit for drug release kinetics was provided by the Korsmeyer–Peppas 
model. The validation was performed with an HPLC–UV method, and results for specificity, linearity, precision, and accuracy 
were in accordance with guidelines. The proposed method achieved a Level A correlation with the fraction of dose absorbed. 
Additionally, the discriminatory power of the method was challenged. The results show that the proposed test is adequate to 
evaluate the in vitro profile for extended-release darifenacin tablets.
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INTRODUCTION

Recent years have seen great advances focused in-
creasingly on dissolution testing involving in vitro–
in vivo correlation (IVIVC) (1). This is due to its use-

fulness as a potential surrogate for in vivo performance, 
assisting in decisions concerning the need for bioavailabil-
ity studies, rendering detection feasible when biopharma-
ceutical problems occur due to changes in drug product 
storage conditions and the manufacturing process (2). 
There are different levels of correlations, and Level A is the 
highest category of IVIVC. It represents a point-to-point 
relationship between the in vitro dissolution rate and 
the in vivo input rate of the drug in the dosage form. The 
Biopharmaceutics Classification System (BCS) deals with 
drug solubility and permeability and their influence on the 
dissolution profile of a drug product, working as a guide 
to determine the most adequate correlation level that can 
be established (3–6).

Anticholinergic drugs are commonly used in patients 
with an overactive bladder for whom conservative man-
agement is not applicable (7). Several antimuscarinic 
drugs are on the market. One such drug is darifenacin, 
chemically (S)-2-{1-[2-(2,3-dihydrobenzofuran-5-yl)ethyl]-
3-pyrrolidinyl}-2,2-diphenylacetamide hydrobromide, with 
a molecular weight of 507.5 (Figure 1). It is a potent mus-
carinic receptor antagonist, available as a hydrobromide 

salt in Enablex, an extended-release tablet that contains 
7.5 mg or 15 mg of the drug (8). Pharmacokinetic studies 
have shown that the drug is rapidly and completely (  97%) 
absorbed following oral administration; it is lipophilic and 
has a large volume of distribution. The absorption from 
drug product is limited by the rate of drug release from the 
tablet matrix, resulting in delayed absorption (9).

The aim of this work was to develop and validate a 
dissolution test for the Enablex extended-release tablet 
based on in vivo data. Furthermore, the method was eval-
uated with expired drug product, and model-dependent 
approaches were used to explain the dissolution kinetics.

MATERIALS AND METHODS
Materials

Darifenacin hydrobromide (99.70%) was purchased 
from Waterstone Technology (USA). Enablex 15 mg was 
purchased from the national market. The excipients used 
in the formulation (hypromellose, magnesium stearate, 
dibasic calcium phosphate, and Opadry white, yellow, 
and red) were purchased from different suppliers. Analyti-
cal grade sodium hydroxide, sodium phosphate, sodium 
acetate, orthophosphoric acid, acetic acid, and hydrochlo-
ric acid were obtained from Merck (Germany). Sodium 
dodecyl sulfate analytical grade was from Vetec (Brazil). 
Acetonitrile HPLC grade was from J.T. Baker (USA). The 
0.45-µm nylon filters were purchased from Millipore (USA), 
and probe filters (10 µm) were from Varian.*Corresponding author.
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Statistical Analysis and Mathematical Modeling
The fitted curves from in the vivo study and release 

kinetics evaluations were performed using Scientist v.2.01 
software (Micromath, St. Louis, MO). Design-Expert soft-
ware (v. 5.0, Stat-Ease, Inc., Minneapolis, MN) was used for 
factorial fractioned 24–1analysis. Minitab v.15.1.0.0 (Mini
tab, Inc., State College, PA) was used for statistical analysis 
in the validation stage.

In Vivo Study
A one-compartment open model was used to fit a curve 

using as inputs the average plasma concentration versus 
time:

where C is the plasma concentration at time t, ke is the 
elimination rate constant, ka is the absorption rate con-
stant, Vd is the volume of distribution, D is the dose, and 
F is the fraction of dose absorbed. In accordance with the 
guidelines, the in vivo absorption was estimated using the 
Wagner–Nelson method (10, 11).

In Vitro Study
Dissolution Test Conditions

The dissolution test was developed and validated using 
a VANKEL VK 8000 dissolution autosampling station con-
sisting of a VK type bidirectional peristaltic pump, VK 750D 
digitally controlled heater/circulator, VK 7010 dissolution 
testing station multi-bath (n = 8) with automated sam-
pling manifold. Dissolution was performed using 900 mL 
of dissolution medium preheated to 37 ± 0.5 °C. Sample 
aliquots were withdrawn at 2, 4, 6, 8, 10, 12, 17, and 24 h 
and replaced with an equal volume of fresh medium to 
maintain a constant total volume.

HPLC Analysis
The HPLC system consisted of a Shimadzu LC (Kyoto, Ja-

pan) composed of an LC–10AD pump, an SPD–M10ADVP 
photodiode array (PDA) detector, an SLA–10ADVP system 

controller, a DGU–14A degasser, a CTO–10AS thermostat-
ted column oven, and an SIL–10AD autoinjector. Data 
were acquired and processed using CLASS–VP software 
(version 6.1). Chromatographic analysis was done using 
a Merck C8 column (120 mm × 4.6 mm i.d., 5‑µm particle 
size). The mobile phase consisted of a mixture of sodium 
acetate buffer/acetonitrile (50:50, v/v), pH 5.60. The flow 
rate was 1.0 mL/min, the column was equilibrated at 
25 ± 2 °C, and the injection volume was 20 µL. Detection 
was carried out by ultraviolet absorption at 210 nm.

Solubility
Darifenacin hydrobromide solubility was investigated 

using BCS recommendations (4, 10, 12). For this purpose, 
the sink condition was determined using 0.01 M HCl, pH 6.8 
phosphate buffer, pH 4.5 acetate buffer, and 0.5% sodium 
dodecyl sulfate (SDS). An amount of darifenacin hydrobro-
mide equivalent to the highest dose strength was added to 
vessels containing 250 mL of aqueous media as previously 
described (n = 3). Media were preheated and maintained at 
37.0 ± 1.0 °C. Rotation speed was set at 100 rpm, and sam-
ples were collected after 1 and 2 h. Ten-milliliter samples 
were collected and filtered, neutralized when necessary, 
diluted with mobile phase, and analyzed by HPLC.

Method Development
An initial screening was performed using Apparatus 2 

(paddle) and different media. Later, a strategy of experi-
mentation using a 24–1 factorial fractioned design was 
applied to obtain better conditions to establish IVIVC with 
fewer experiments. For four or more factors, it is usually 
not necessary to run all possible combinations of factor 
levels (13). Thus, a fractional factorial design was per-
formed varying four factors in two levels with only one set 
of eight runs (instead of the original 16 runs of full factorial 
design 24). Here a run is considered a dissolution profile 
using the combination between factors and levels from 
the factorial design. Coefficient of determination (R2) and 
model-independent evaluation were used as responses in 
statistical analysis. 

In Vitro–In Vivo Correlation
The degree of linear relationship between the mean 

percentage of dose absorbed (FA%) and the mean per-
centage of drug dissolved (FD%) was measured by the 
Pearson product-moment correlation coefficient (14). For 
this analysis, a linear mathematical model was considered.

Validation of the Dissolution Procedure
The most adequate method obtained in the develop-

ment stage was validated according to current guidelines 
(11, 15).

Specificity
Specificity was evaluated by preparing samples of 

placebo. The placebo consisted of all the excipients in 

Figure 1.  Chemical structure of darifenacin hydrobromide (molecular 
weight 507.5).
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appropriate proportions (hypromellose, magnesium 
stearate, dibasic calcium phosphate, and Opadry white, 
yellow, and red) calculated for a medium tablet content 
weight ( 215 mg). The placebo samples were transferred 
to separate vessels (n = 3), filled with 900 mL of dissolu-
tion medium at 37 ± 0.5 °C and stirred for 24 h at 150 rpm 
using a basket (Apparatus 1). Aliquots were withdrawn 
and analyzed by HPLC.

Linearity
A stock solution containing 200 µg/mL of darifenacin was 

prepared in methanol and diluted with dissolution medium 
to prepare solutions at seven concentrations ranging from 
1.00 to 26.00 µg/mL. Ordinary least squares analysis was ap-
plied to calibration curve construction y = mx ± b, where y is 
the response (peak area), x is the concentration, and m and 
b are the slope and intercept, respectively. The linear model 
was evaluated by significance of the coefficient of determi-
nation (R2), lack-of-fit, and residual analysis. The solutions 
were injected in triplicate every day for three consecutive 
days. Additionally, the limit of quantification (LOQ) was de-
termined based on the signal-to-noise ratio (RS/N with 10:1 
ratio) from a blank injection.

Accuracy and Precision
Method accuracy was evaluated by the recovery of 

known amounts of reference substance added to pla-
cebo. Aliquots of 0.450, 2.70, and 4.50 mL of a 4 mg/mL 
standard solution dissolved in methanol were added to 
vessels containing dissolution medium for a final volume 
of 900 mL (final concentrations were 2.00, 12.00, and 20 
mg/mL, respectively), preheated at 37 °C and rotated for 
24 h at 150 rpm using a basket (Apparatus 1). To evaluate 
the precision, the recovery of the added drug substance 
was determined on three different days (n = 3 for each 
concentration). The intra- and interday precision was 
established based on the relative standard deviation (RSD) 
of the results. Placebo samples were prepared in the same 
way described in the specificity test.

Stability Study
A stability study was performed using drug substance 

and drug product. The solutions were kept at 37 ± 2 °C for 
24 h under light shaking and were then left at room tem-
perature, tightly closed, for 24 h (overall assay time 48 h) . 

Aliquots of the samples were tested at time 0 and after 
24 and 48 h. The responses for aged solutions were evalu-
ated using a freshly prepared standard. The assay was 
performed in triplicate.

Evaluation of Release Kinetics 
The release kinetics was evaluated using the experimen-

tal dissolution profile according to five different models 
(Table 1): zero-order, first-order, Higuchi, Hixson–Crowell, 
and Korsmeyer–Peppas (16). The most appropriate model 
was selected based on the coefficient of determination 

(R2) and model selection criteria (MSC). The latter is a 
modified Akaike Information Criterion; the most appropri-
ate model will be that with the largest MSC value.

Evaluation of Dissolution Profiles
The discriminatory power of the proposed dissolution 

test was evaluated. For this, a model-independent ap-
proach was used for comparison with expired darifenacin 
hydrobromide tablets. This analysis includes the differ-
ence factor (f1) and the similarity factor (f2).

The f1 measures the percent significant difference be-
tween two curves over all time points:
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where n is the number of time points and Rt and Tt are 
the percent dissolved of the reference and test products, 
respectively, at each time point. The percent error is zero 
when the test and drug reference profiles are identical 
and increases proportionally with the dissimilarity be-
tween the two dissolution profiles (17). The f2 factor is a 
logarithmic transformation of the sum-squared error of 
differences between the test and the reference products 
over all time points:

This factor is 100 when the test and reference profiles are 
identical and moves toward 0 as the similarity decreases 
(17). According to the FDA, two dissolution profiles are de-
clared similar if f1 is between 0 and 15 and if f2 is between 
50 and 100 (10).

Table 1. Models Used in the Assessment for Release Kinetics

Model Equation

Zero-order kinetics Qt = Q0 + K0t

First-order kinetics log Qt = log Q0 + (K1t)/2.303

Higuchi ft = KHt1/2

Hixson–Crowell W0
1/3 – Wt

1/3 = Kst

Korsmeyer–Peppas Mt/M∞ = atn

Qt: amount of drug dissolved in time t
Q0: initial amount of drug in the solution
K0 and K1: zero-order and first-order release constants
ft: amount of drug released in time t by surface unity
KH: Higuchi dissolution constant
W0: initial amount of drug in the pharmaceutical dosage form
Wt: remaining amount of drug in the pharmaceutical dosage form at time t
Ks: constant incorporating the surface–volume relation
Mt/M∞: fractional release of drug as a function of time t
a: constant incorporating structural and geometrical characteristics of drug 

dosage form
n: release exponent
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RESULTS AND DISCUSSION
Solubility Determination

The results for the darifenacin solubility evaluation 
demonstrate that drug product is soluble in 0.01 M HCl, 
pH 6.8 phosphate buffer, pH 4.5 acetate buffer, and 0.5% 
sodium dodecyl sulfate. According to the BCS and the lit-
erature about the permeability study (9, 17), the drug can 
be classified as Class 1 (high solubility–high permeability). 
In addition, the sink condition is necessary to provide ap-
propriate media without the interference of drug solvent 
saturation phenomena. Dissolution method development 
was accomplished considering these features.

Method Development
The plasma concentration-versus-time profile obtained 

from the literature (9) was transformed into percentage of 
drug absorbed (FA) versus time using the Wagner–Nelson 
method (Figure 2). The estimation of the in vivo absorp-
tion or dissolution time using an appropriate deconvolu-
tion technique (e.g., Wagner–Nelson, Loo–Riegelman, 

numerical deconvolution) is recommended in guidelines 
for IVIVC studies (10, 11).

The initial screening was attempted with 0.01 M hydro-
chloric acid, pH 4.5 acetate buffer, and pH 6.8 phosphate 
buffer (900 mL) using Apparatus 2 with a 50-rpm rotation 
speed (Figure 3). The regression analysis of FD versus 
FA did not show an adequate determination coefficient 
(about 0.90 for all media; information not shown). Sub-
sequently a thorough evaluation was carried out with 
a fractioned factorial design (Table 2, Figure 4) using 
apparatus type, medium type, medium concentration, 
and rotation speed as factors. Coefficient of determina-
tion (R2) and model-independent evaluations (by f1 and 
f2) were used as responses to choose the most adequate 
dissolution conditions for IVIVC evaluations. Here, a 
model-independent approach was applied to estimate 
the similarity between dissolution FA profile and FD 
profiles (runs). 

The results demonstrate that the conditions used in run 7 
(Figures 4b and 5) were the most satisfactory. Furthermore, 

Figure 3.  Dissolution profiles performed with 900 mL medium volume, 
Apparatus 2 (paddle), at 50 rpm.

Figure 2.  Percentage of dose absorbed vs. time of darifenacin extended-
release tablet 15 mg using the Wagner–Nelson method.

Table 2. Experimental Matrix Used in Fractioned Factorial Design 24–1

Run Apparatus Medium Concentration (%) Rotation (rpm) R2 f1 f2

1 Basket 0.1 M HCl 50 50 0.9417 45.74 27.64

2 Paddle 0.1 M HCl 50 75 0.8913 36.51 32.44

3 Basket 2% SDS 50 75 0.9802 17.71 48.28

4 Paddle 2% SDS 50 50 0.9764 17.09 47.80

5 Basket 0.1 M HCl 100 75 0.9207 43.67 28.38

6 Paddle 0.1 M HCl 100 50 0.9170 36.45 32.71

7 Basket 2% SDS 100 50 0.9997 0.48 96.71

8 Paddle 2% SDS 100 75 0.9079 14.57 51.46
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the dissolution profiles with Apparatus 2 presented higher 
RSD values than those using Apparatus 1 (about 20% and 
2% for paddle and basket, respectively; information not 
shown) in all design runs. Medium composition is the main 
factor (B) influencing the R2 and f2 (f1 presented the same 
result; information not shown) dissolution profile by Pareto 
chart analysis (Figure 5), with better results when SDS is 
used. In addition, apparatus type influences regression 
analysis with higher values for R2 using the basket. 

Although this kind of experimental strategy presents 
many advantages for the dissolution study (18, 19), some-
times a typical factorial design statistic is not able to detect 
low magnitude levels of model variance (20, 21). Thus, the 
use of 2% SDS is more suitable than 1% SDS although statis-
tical analysis has not been considered a significant factor. 

The critical micelle concentration remained above its 
critical limit at both levels of SDS concentration; the occur-
rence of some type of phenomenon with a hypromellose 
structure in the tablet is possible. When the SDS concen-
tration was increased to 2%, the increasing number of 
micelles possibly modified the polymer structure in the 
solvated state (involving the transport process, diffu-
sion, and chain disentanglement), decreasing resistance 
to mass transfer of the drug from a matrix structure to 
dissolution medium (22–24). In this way, the method was 
adjusted to increase the tablet release velocity to obtain a 
profile closer to that of the FA (Figure 4b). Considering the 
aim of this work, run 7 was designated to be used at later 
stages because at a higher R2, the model will probably be 
more predictive and biorelevant.

IVIVC 
Table 3 and Figure 6 show results for the comparison 

between the better profiles from factorial design. These 
results confirm that dissolution conditions for run 7 

Figure 4.  Dissolution profiles (runs) obtained in the conditions from 24–1 
experimental design matrix and FA profile (in vivo study; ordinate axis is 
absorbed percentage).

Figure 5.  Pareto charts showing statistical analysis (α = 0.05) for the 
responses (a) similarity factor, f2, and (b) determination coefficient, R2; fac-
tors are presented as A, B, C, D for apparatus type, medium type, medium 
concentration, and speed rotation, respectively. The interaction between 
the factors is presented as AB, AC, and AD.

Table 3. Statistical Analysis for IVIVC Regression

Conditions Run Slope (m)a Intercept (b)a R2

value p valueb value p valueb

Basket, 75 rpm, 1% SDS 3 0.89 <0.001 14.95 0.004 0.9822

Basket, 50 rpm, 2% SDS 7c 0.99 <0.001 0.99 0.91 0.9997

Paddle, 50 rpm, 1% SDS 4 0.86 <0.001 16.79 0.003 0.9764

a y = mx + b
b p < 0.05
c Dissolution test validated

Figure 6.  Plot of mean percentage of dose absorbed (FA) versus mean per-
centage of dose dissolved (FD) for Enablex. The line of best fit is shown for 
each dissolution medium.
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(basket, 50 rpm, 2% SDS) are the most adequate for IVIVC 
establishment.

Validation of Dissolution Method
The results of the dissolution method validation are 

shown in Table 4 and Figure 7. Darifenacin was stable 
under dissolution test conditions. The results demon-
strate that sample and standard solutions remained at 
100.0 ± 2.0% over a period of 48 h. 

Specificity was assessed by photodiode array using 
the purity computation method (CLASS–VP V6.1 algo-
rithm). The total peak purity mode was selected, and peak 
overlapping was not detected in the retention time of 
darifenacin. As shown in Figure 7, no medium or placebo-
related peaks were detected at the same retention time as 
darifenacin. These results demonstrate the specificity of 
the method.

Figure 7.  Representative chromatograms showing (A) samples of drug 
substance, (B) drug product, (C) placebo, and (D) dissolution medium.

Table 4. Requirements Assessed for Method Validation

Linearity Accuracy

Parameter Value Confidence Limit p value Concentration (µg/mL) Recovery (%)

R2 0.999 - - 2.00 99.49

ma 53202 ±828 0.55 12.00 100.48

ba -3902 ±13342 <0.01 20.00 101.35

LQb 0.24 - -

Precision

Model assessment Intraday

Values Level  
(µg/mL)

Day Meanc  
(µg/mL)

RSD  
(%)

Parameter Statistical test Critical Calculated 2.00 1 99.26 1.15

2 98.71 1.22

3 100.49 1.51

Regression ANOVA F value 3.87 18081 12.00 1 99.85 0.64

2 100.50 0.72

3 101.10 0.47

Lack-of-fit ANOVA p value 0.05 0.73 20.00 1 100.85 0.85

2 101.19 0.58

3 102.01 0.68

Autocorrelation Dd – W dL=1.22 2.28

D value dU=1.42 Intraday

Level 
(µg/mL)

Meanc  
(µg/mL)

RSD  
(%)

Homoscedasticity Levene p value 0.05 0.55 2.00 99.49 0.92

Normality test Ae – D p value 0.05 0.43 12.00 100.48 0.62

20.00 101.35 0.59

a y = mx + b
b Limit of Quantification
c n = 3
d Durbin–Watson statistic
e Anderson–Darling statistic



24 Dissolution Technologies | NOVEMBER 2013

Other relevant elements of the validation study (Table 
4) show that the method presents low variability and high 
accuracy and precision in accordance with the literature 
(11).

Evaluation of Release Kinetics 
Mathematical models describing polymer behavior like 

that of hypromellose in solution have been studied exten-
sively using various mechanisms and models to character-
ize dissolution behavior (25). Table 5 shows the evaluation 
of release kinetics comparing R2 and MSC among various 
mathematical models. The Korsmeyer–Peppas model 
proved the most adequate. This model presents an expo-
nential equation where the n exponent depends on the 
polymer swelling characteristics and relaxation rate at the 
swelling front, as demonstrated in Table 6. The dissolu-
tion data fit according to the model results in n = 0.7344, 
indicating superposition of two phenomena: diffusion 

(Fickian behavior) and swelling-controlled drug release 
(26). This result corroborates other studies (27) dealing 
with extended-release systems containing water-soluble 
drugs.

Discriminating Power of the Test
When the intention is to perform a dissolution test with 

IVIV, dosage form modifications should be detected in 
the dissolution profile because functional modification 
in a formulation may alter drug bioavailability (28, 29). 
Figure 8 shows comparative dissolution profiles between 
a time-expired tablet and non-expired tablet. The model-
independent analysis supplied the values of 17.67 and 
48.67 for f1 and f2, respectively. These measurements 
indicate that the dissolution profiles were not similar, and 
the dissolution test proposed could point to a difference 
in the expiration date of the formulation.

CONCLUSIONS
A Level A in vitro correlation was established for dar

ifenacin hydrobromide. The in vitro dissolution profile 
was obtained using Apparatus 1 (basket) with 900 mL of 
dissolution medium containing 2% SDS at 50 rpm and 
37 ± 0.5 °C. Adequate specificity, linearity, precision, and 
accuracy were obtained in the validation stage. In vitro 
profiles for darifenacin tablets were successfully evaluated 
by the dissolution method proposed.
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