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Abstract. Dissolution testing is a performance test for many dosage forms including tablets and capsules.
The objective of this study was to evaluate if computer simulations can predict the in vitro dissolution of
two model drugs for which different dissolution data were available. Published montelukast sodium and
glyburide dissolution data was used for the simulations. Different pharmacopeial and biorelevant buffers,
volumes, and rotations speeds were evaluated. Additionally, a pH change protocol was evaluated using
these buffers. DDDPlus™ 3, Beta version (Simulation Plus, Inc.), was used to simulate the in vitro
dissolution data. The simulated data were compared with the in vitro data. A regression coefficient
between predicted and observed data was used to assess the simulations. The statistical analysis of
Montelukast sodium showed that there was a significant correlation between the in vitro release data
and the predicted data for all cases except for one buffer. For glyburide, there was also a significant
correlation between the experimental data and the predicted data using single pH conditions. Using the
dynamic pH protocol, a correlation was significant for one biorelevant media. The simulations showed
that both in vitro drug releases were sensitive to solubility effects which confirmed their BCS class II
category. Computer simulations of the in vitro release using DDDPlus™ have the potential to estimate the
in vivo dissolution at an early stage in the drug development process. This might be used to choose the
most appropriate dissolution condition to establish IVIVC and to develop biorelevant in vitro perfor-
mance tests to capture critical product attributes for quality control procedures in quality by design
environments.
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INTRODUCTION

Drug absorption depends on physiological factors and a
drug’s physiochemical properties to dissolve and to get absorbed.
Dissolution from a dosage form depends both on the solubility of
the drug by itself and the release pattern of the dosage form in
which it is administered (1). A drug’s solubility is determined by
many factors, such as molecular weight, lipophilicity, crystal or
amorphous state, and pKa (2–4). Studies showed that a poor drug
solubility might lead to limited drug absorption, but formulation
processes can overcome such issues if the dissolution mechanism
is understood (5–8). The Biopharmaceutics Classification System
(BCS) classifies drugs according to their solubility and permeabil-
ity to four classes. Class 1 and 3 drugs have high solubility,
whereas class 2 and 4 have low solubility (8).

Drug dissolution testing is used both in the early and the late
stages of drug development for many dosage forms, including
tablets and capsules (9). In the early drug development stage,
dissolution test helps researchers to find the best formulation to

tailor the in vitro behavior of oral dosage form to the desired
profile (1,6–8,10). Later, dissolution profiles can be used to estab-
lish an in vitro/in vivo correlation (IVIVC) which can reduce the
need for costly bioequivalence studies (6,11).

In the final stage of drug development, the dissolution testing
is used for quality control, that is, to test batch to batch consis-
tency, stability, and to detect manufacturing defects which might
lead to the rejection of an entire lot. Dissolution tests are required
by the US Food and Drug Administration (FDA) and listed in
the US Pharmacopeia (USP) as an in vitro performance test. The
dissolution test was introduced into the USP over 50 years ago
and is described in detail in chapter <711> (6,12,13).

Early estimation of dissolution behavior and investigation
of the influence of formulation factors on solubility is essential
for pharmaceutical formulation development (1,2,13). Using
In silico methods in the drug discovery stage to estimate drug
dissolution can eliminate many trial and error experiments
and save time and money (2–5). The objective of this study
was to evaluate the performance of computer simulations that
predict the in vitro dissolution of two model drugs.

METHOD

Montelukast. Published montelukast dissolution data was
used for the simulations (14). In vitro tests were performed in
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the USP apparatus II (paddle) at 37±0.5°C in 900 mL with a
rotation of 75 or 100 rpm. Four different biorelevant media
were used for the test: USP simulated intestinal fluid (SIF),
pH 6.8 buffer, blank fasted state simulated intestinal fluid
(BFaSSIF), and fasted state simulated intestinal fluid
(FaSSIF) (14). The FaSSIF was used in volumes of 500 and
900 mL. Blank FaSSIF did not contain lecithin or sodium
taurocholate. The composition of the media is presented in
Table I. DDDPlus™ 3 (Dose Disintegration and Dissolution
Plus), beta version (Simulation Plus, Inc.) was used to simulate
the in vitro release of the drugs using the above mentioned
dissolution test conditions. DDDPlus™ is a computer pro-
gram that models and simulates the in vitro dissolution of
Active Pharmaceutical Ingredients (API) or its preparations.
The software has three main tabs: formulation, experimental
setup, and simulation. In the Formulation tab, a drug’s phys-
iochemical parameters are used to define key parameters for
the simulation as presented in Table II. In the experimental
setup tab, the apparatus type, instrument speed, medium vol-
ume, and medium type is specified. In this study, a separate
database record was generated for each medium. In blank
FaSSIF, the solubility enhancement factor (SEF) of the leci-
thin and sodium taurocholate was set to 1 since this medium
contains no solubilization enhancers. In 500 mL FaSSIF at 75
rpm, the SEF was optimized, so the software model fitted the
experimental data: lecithin SEF=36702.14; sodium
taurocholate SEF=96200.54. The same SEF values were used
in the remaining FaSSIF media (500 mL at 100 rpm and 900
mL at 75 rpm). The particle size distribution of the API
experimental data used was listed in Fig. 1. This distribution
was used as an input parameter in DDDPlus™ to perform the
simulations.

Glyburide. Published glyburide in vitro dissolution data
was used for the simulations (15,16). For the purpose of this
study, the reference product of the study was chosen because
more information was available about this product. The study
was performed in three different media: SIF, BFaSSIF, and
FaSSIF using the USP apparatus II (paddle). The experiments
were carried out at 37±0.5°C in 900 mL at 75 rpm at a single

pH of 6.5 and at a dynamic pH range from 6.0, 6.5, 7.0, 7.5, and
5.0. The pH conditions were changed over time to simulate the
intestinal passage of the dosage form. As presented in
Table III, FaSSIF contained 3 mM sodium taurocholate and
0.75 mM lecithin. In the experimental study, two chemical
grades of sodium taurocholate and lecithin were used: low
quality (crude sodium taurocholate and 60% lecithin) and
high quality (97% sodium taurocholate and 99% lecithin). In
the program, no option was available for changing the chem-
ical grade of the sodium taurocholate and lecithin. Therefore,
the inputs to estimate the dissolution in LQ FaSSIF and HQ
FaSSIF were identical.

Input parameters were applied in the same manner as for
montelukast sodium using the Formulation tab (Table II).
Apparatus type, instrument speed, medium volume, and me-
dium type were used as specified from the study (15,16). In
blank FaSSIF the solubility enhancement factor (SEF) of
lecithin and sodium taurocholate was equal to 1; however, in
FaSSIF the SEF was optimized for low quality FaSSIF and the
dynamic pH change protocol as following: Lecithin
SEF=1374.91; sodium taurocholate SEF=96200.54. The same
values were applied to the remaining FaSSIF media. To sim-
ulate the constant pH conditions the experiment phase was set
to pH 6.5 throughout the simulation. To simulate the dynamic
pH change protocol, the experimental phase was divided into
5 phases to represent the five different pH values (6.0, 6.5, 7.0,
7.5 and 5.0) as shown in Table III.

After running the simulations, a regression coefficient
between predicted and observed data was calculated to assess
the predictive power of the simulations using the statistical
program SPSS 17.

RESULTS

Montelukast Sodium. The statistical analysis showed that
there was a correlation between the in vitro release data and
the predicted release data in all cases except for BFaSSIF.
Figures 2 and 3, and Table IV show the correlation. In the

Table I. Media Composition Used In the Simulation

Media USP SIF (FaSSIF) (BFaSSIF)

Composition (14) (0.023 M) sodium hydroxide
(0.005 M) potassium
phosphate monobasic

(0.029 M) sodium phosphate monobasic
(0.0095 M) sodium hydroxide (0.105 M)
sodium chloride (0.0035 M) sodium
taurocholate. (0.00075 M) lecithin.

Same composition as for FaSSIF but without
bile salt (lecithin or sodium taurocholate)

Table II. Input Data Used for the Simulations

Drug Glyburide Montelukast

Dose (mg) 3.5 (15) 10 (14)
Dosage form Immediate release (15) Immediate release (14)
Solubility (mg/mL) 0.043 at pH 7.4 (15) 0.0007 at pH 6.5 (16)
Mean particle radius (μm) 6.28 (15) 6.572 (14)
Particle density (g/mL) 1.38 (15) 1.2 (ADMET 5 default setting)
Diffusion coefficient (cm2/s×10−5) 0.5878 (15) 0.54 (ADMET 5)
pKa 5.5, (ADMET 5) 11.62,10.64 2.8, 5.7 (16)
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experimental study, the measured drug release was zero for
the BFaSSIF, and the predicted data was 5.9%; therefore, no
correlation was found for this media. The correlations be-
tween in vitro release in the experimental data and the pre-
dicted values including the P values are presented in Table IV.

Glyburide. There was a statistically significant correla-
tion between the experimental data and predicted release
profiles when using a single pH condition (Table IV, Fig. 4).
However, a dynamic pH changes protocol increased the
correlation significantly using FaSSIF media. The best
correlation was found when low quality lecithin and sodi-
um taurocholate were used as shown in Fig. 5 and Table IV.
In contrast, the correlations were insignificant in SIF and
BFaSSIF.

DISCUSSION

Simulations and computer modeling in drug development
have gained interest and importance throughout the pharma-
ceutical industry. In slico tools are used in all phases of the
drug development process from the synthesis of the active
molecule to the optimization of the drug delivery system.
The evaluation of the performance of such software programs
is crucial to establish their suitability and acceptance for reg-
ulatory environment. FDA for example has licenses for dif-
ferent simulation software packages, and DDDPlus™ is one
of them. DDDPlus™ is a commercially available program that
can mimic in vitro dissolution of drug molecules using phar-
macopeial apparatuses (21) However, there are limited data
published, which validate its performance.

Dissolution testing is a valuable performance test for
pharmaceutical preparations. Dissolution testing utilizes
different media, such as water, or more sophisticated me-
dia, such as biorelevant media to test the performance of dosage
forms (6,20).

Montelukast sodium is a lipophilic drug; hence, using
solubilizing agents such as bile salts in FaSSIF media improve
its solubility. In contrast, this drug did not dissolve in blank-
SIF where no solubilizing agents are present. The predicted
data using DDDPlus™ forecasted good and limited drug sol-
ubility in media, which indicates that the software uses solid
prediction models.

In the experimental study, the highest percent of dissolved
drug was found in FaSSIF-500 ml at 100 rpm (14). These exper-
imental data were used to correlate the in vitro dissolution with
an in vivo profile observed in a clinical study using
GastroPlus™. This software can estimate drug plasma concen-
trations by using physiochemical properties or dissolution data
for its calculations. In the study, the best correlation (r2=0.83)
was shown in FaSSIF-500 ml at 100 rpm. In the current study,
the correlation between the observed and the predicted in vitro
dissolution profiles for this media was r2=0.99. DDDPlus™ was
able to simulate the in vitro dissolution of the drug in FaSSIF.
Such predictions can then be used by other software programs,
such as Gastroplus, to estimate the in vivo performance of new
drug molecules.

Glyburide is a weakly acidic drug. The experimental data
showed that increasing the pH increased the drug’s solubility
(16). Also, using solubilizing agent in the dissolution media
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Fig. 1. Particle size distribution of montelukast sodium used in the
simulation (adopted from Okumu et al. 2008 (14))

Table III. Glyburide Input Data for Dynamic pH Changes

Experiment Phase Start time End time Medium pH

1 0 30 6
2 30 90 6.5
3 90 150 7.5
4 150 270 7
5 270 300 5
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Fig. 2. Observed (obs.) and predicted (pre.) dissolution release pro-
files (Diss) for montelukast sodium using USP simulated intestinal
fluid (SIF) and blank fasted simulated intestinal fluid (BFaSSIF) in
900 mL at 75 rpm using USP apparatus II at 37°C
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Fig. 3. Observed (obs.) and predicted (pre.) dissolution profiles for
montelukast sodium using fasted state simulated intestinal fluid
(FaSSIF) using USP apparatus II at 37°C in the following condition:
500 mL at 75 rpm, 500 mL at 100 rpm, and 900 mL at 75 rpm
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(such as bile salts) increased the drug’s dissolution. Therefore,
the highest percentage of dissolved drug was found in exper-
imental media LQ-FaSSIF at pH 6.5 using DDDPlus™. The
regression coefficients between the predicted dissolution pro-
files for LQ-FaSSIF and HQ-FaSSIF were quite high, 0.87 and
0.83, respectively. However, DDDPlus™ does not give an
option to change the chemical grades of lecithin and sodium
taurocholate. As mentioned in the “Method” section, the
input value was the same for the LQ and HQ FaSSIF media,
and the results represent the setting in DDDPlus™ using the
LQ-chemical grades of lecithin and sodium taurocholate. The
experimental data for glyburide had shown that low quality
FaSSIF was the best media to establish an in vivo/in vitro
correlation (IVIVC) and was, therefore, used in this study
only (15,16).

In a quality by design (QbD) approach, dissolution
should reflect ideally the in vivo product performance (17-
19). Starting out with simulated in vitro dissolution data as
an input to an in vivo prediction software such as
GastroPlus™ may help to establish IVIVC in the later stages
of the drug development process. The formulation scientists
can use such data for the proper formulation design and
selection of biorelevant performance testing.

The simulations in this study showed that in vitro release
of both drugs was sensitive to solubility effects, which con-
firmed the API’s BCS class II classification (8). IVIVCs can be
established for BCS class II drugs when the in vitro dissolution
represents the in vivo dissolution (7,15,16). Using computer
programs to predict the in vitro drug release can assist in
choosing a suitable dissolution set-up for IVIVC and presum-
ably link critical product attributes to meaningful quality con-
trol and performance testing procedures (20-22). By
comparing the predictions of DDDPlus™ with those of exper-
imental studies, the study showed that DDDPlus™ can pre-
dict API dissolution of poorly soluble drugs in a variety of
media and apparatuses. Being able to predict dissolution pro-
files for BCS class II drugs indicates that DDDPlus™ is a

Table IV. P values and Regression Coefficients for Predicted vs.
Experimental Data of Montelukast Sodium and Glyburide

Drug Media P values Regression

Montelukast USP-SIf P<.001 0.92
BFaSSIF NA NA

FaSSIS 500 mL at 75 rpm P<.001 0.99
FaSSIF 500 mL at 100 rpm P<.001 0.99
FaSSIF 900 mL at 75 rpm P<.001 0.99

Glyburide USP-SIf at pH 6.5 P=.003 0.69
BFaSSIF at pH 6.5 P=.005 0.64

FaSSIF-LQ at pH 6.5 P<.001 0.93
FaSSIF-HQ at pH 6.5 P=.001 0.83
USP-SIf at dynamic pH P=.19 0.38
BFaSSIF at dynamic pH P=.19 0.38

FaSSIF-LQ at dynamic pH P<.001 0.99
FaSSIF-HQ at dynamic pH P=.06 0.79

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100

%
 R

el
ea

se

Time in min

pre.% Diss of USP-SIF@
pH6.5

obs.% Diss of USP-
SIF@pH6.5

obs.% Diss of LQ-
fSSIf@pH6.5

pre.% Diss of LQ-
fSSIf@pH6.5

6.5

pre.% Diss of HQ-
fSSIf@pH6.5

obs. % Diss of  HQ-
FaSSIF @pH6.5

obs.% Diss of BFaSSIF
@pH6.5

pre.% Diss of BFaSSIF 
@pH6.5

obs.% Diss of  LQ- FaSSIF 
@pH6.5

pre. % Diss of  LQ- FaSSIF 
@pH6.5

pre. % Diss of  HQ- FaSSIF 
@pH6.5

Fig. 4. Observed (obs.) and predicted (pred.) dissolution release profiles
(Diss) for glyburide at pH 6.5 using USP apparatus II at 37°C in 900 ml at
75 rpm and the followingmedia:USP simulated intestinal fluid (USP-SIF),
blank fasted state simulated intestinal fluid (BFaSSIF), low quality fasted
state simulated intestinal fluid (LQ-FaSSIF), and high quality fasted state
simulated intestinal fluid (HQ-FaSSIF)
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Fig. 5. Observed (obs.) and predicted (pre.) dissolution release profiles (Diss) for glyburide
at dynamic pH changes (6.0, 6.5, 7.0, 7.5, and 5.0) using USP apparatus II at 37°C in 900 ml at
75 rpm in the following media: USP simulated intestinal fluid (USP-SIF), blank fasted state
simulated intestinal fluid (BFaSSIF), low quality fasted state simulated intestinal fluid
(LQ-FaSSIF), and high quality fasted state simulated intestinal fluid (HQ-FaSSIF)
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suitable tool for estimating dissolution profiles of APIs, espe-
cially in the early discovery phase.

CONCLUSION

DDDPlus™ was capable in predicting the in vitro release
pattern of montelukast sodium and glyburide under different
experimental conditions. Computer simulations of in vitro re-
lease pattern using DDDPlus™ have the potential to estimate
in vitro dissolution behaviors at an early stage in the drug
development process. This might be used to choose the most
appropriate dissolution condition to establish on the one hand
IVIVC and to develop biorelevant in vitro performance tests
which capture critical product attributes or proper quality
control procedures in Quality by Design approaches.
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