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a b s t r a c t

The objective of the present study was to develop a novel in vitro system to simulate the process of dis-
solution and permeation of oral solid dosage forms in vivo, and to establish a correlation between in vitro
permeation and in vivo absorption that could predict the bioavailability (BA) and bioequivalence (BE) of
congeneric products. The in vitro dissolution and absorption kinetics of four dosage forms of isosorbide
mononitrate (ISMN) were evaluated by the USP basket/paddle system and drug dissolution/absorption
simulating system (DDASS). The corresponding pharmacokinetic study was performed in beagle dogs.
A comparative study was carried out between the classical and the novel method to estimate the effec-
tiveness of the modified DDASS in simulating the course of dissolution and absorption in vivo. Indeed, the
correlation coefficients of in vitro dissolution and in vivo absorption obtained from DDASS and dogs were
higher. Moreover, a higher level A in vitro–in vivo correlation (IVIVC) between DDASS permeation and dog
absorption was established, with correlation coefficients of 0.9968, 0.9872, 0.9921, and 0.9728. The
DDASS method was more accurate at modeling the process of dissolution and absorption in vivo for both
immediate-release (IR) and sustained-release (SR) dosage forms of ISMN.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

A comprehensive guide for applying in vitro–in vivo correlation
(IVIVC) models as a surrogate for in vivo bioequivalence (BE) test-
ing during the initial drug approval process (or certain pre- or post-
approval changes) was recently presented [1]. In addition, based on
drug solubility and permeability, the Biopharmaceutics Classifica-
tion System (BCS) was recommended [2]. The BCS provides a basis
for predicting the likelihood of achieving a successful IVIVC. The
term IVIVC previously appeared in the pharmaceutical literature
[3–5] as a result of the awareness of the concepts of bioavailability
(BA) and of in vitro dissolution rate determinations.

Many groups have developed methods for predicting intestinal
absorption of drugs using artificial membranes, cultured cells,
isolated tissues, and organ perfusion [6]. However, these transport
studies used completely dissolved drug solutions, not oral solid
formulations. Therefore, Ginski and co-workers [7] reported a con-
tinuous dissolution/Caco-2 system to predict the dissolution and
absorption of solid formulations prior to human studies. Nonethe-
less, the method did not model the drastic pH changes in gastroin-
ll rights reserved.
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testinal (GI) tract. Hence, Kobayashi et al. [8] developed an in vitro
system for the prediction of drug absorption that took into account
the dissolution of solid drugs and pH changes in the GI tract. More-
over, He et al. [9–12] established six models with different gastric
acidities and applied rat intestines to the in vitro system to
evaluate the absorption of powders or grinded tablets. Meanwhile,
Kataoka et al. [13,14] invented a dissolution/permeation system to
which they applied an amount of drug corresponding to the clinical
dose. Motz et al. [15,16] used a flow through cell to determine
dissolution and permeation concomitantly. Those studies and de-
vices have generated the useful information in considering the dis-
solution–permeation relationship in oral drug absorption.
However, only a few of them allow the analysis of complete oral
dosage forms rather than only non-formulated compounds. Conse-
quently, we made some modifications [17] to the classical model
system of Kobayashi et al. [8], with a basket installed in the
drug-dissolving vessel and a two-stage filtering system.

The modified system is called drug dissolution/absorption sim-
ulating system (DDASS) and is presented schematically in Fig. 1.
The work had been done in our previous research to investigate
the necessity to modify the DDASS, and the results have been pub-
lished [18]. In the research, salvianolic acid B sustained-release
tablet was chosen as a model dosage form. A comparative study
was carried out between the USP II method and DDASS method
with and without modification. The results showed a better
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mailto:hexintn@yahoo.com
http://dx.doi.org/10.1016/j.ejpb.2011.04.015
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb


Fig. 1. Scheme of the modified drug dissolution/absorption simulating system
(DDASS). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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correlation between USP II method and DDASS method with mod-
ification. Therefore, in the present research, four commercial dos-
age forms of isosorbide mononitrate (ISMN) (Xinkang� tablets,
Shansu� capsules, Imdur� sustained-release tablets, and Elantan�

sustained-release capsules) were chosen. Isosorbide mononitrate
is an organic nitrate used in the prophylaxis of angina pectoris
[19]. As DDASS is expected to imitate the process of dissolution
and permeation of solid formulation simultaneously [8], we expect
to make a provisional biopharmaceutical classification of ISMN. A
comparative study was carried out between the classical and the
novel method to estimate the efficacy of the modified DDASS in
simulating the continuous dynamic characteristics and the stress
state of dosage forms in the process of dissolution and absorption
in vivo. In addition, the BE of each ISMN dosage form was evaluated
and compared between DDASS and beagle dogs. It is expected that
we can establish a better level A IVIVC between DDASS permeation
and dog absorption than between USP basket/paddle dissolution
and dog absorption for each formulation.
Table 1
Dissolution conditions of four different dosage forms of ISMN.

Drugs Apparatus Rotation speed
(r/min)

Time intervals
(h)

ISMN-T Paddle 50 0.08, 0.17, 0.25, 0.33, 0.42, 0.5
ISMN-C Basket 100 0.08, 0.17, 0.25, 0.33, 0.42, 0.5
ISMN-SRT Paddle 50 1, 2, 3, 4, 5, 6, 8, 10, 12
ISMN-SRC Basket 100 1, 2, 3, 4, 5, 6, 8, 10, 12
2. Materials and methods

2.1. Chemicals and drug dosage forms

Isosorbide mononitrate and Isosorbide-2-nitrate were obtained
from the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). Isosorbide Mononitrate Tablets
(ISMN-T, 20 mg, Xinkang�), Isosorbide Mononitrate Capsules
(ISMN-C, 20 mg, Shansu�), Isosorbide Mononitrate Sustained-Re-
lease Tablets (ISMN-SRT, 60 mg, Imdur�), and Isosorbide Mononi-
trate Sustained-Release Capsules (ISMN-SRC, 50 mg, Elantan�)
were provided by Lunan Pharma Group (Shandong, China), Yangtze
River Pharma Group (Jiangsu, China), Astrazeneca Co., Ltd. (UK),
and Schwarz Pharma Co., Ltd. (Germany), respectively. HPLC-grade
acetonitrile was provided by Concord Co., Ltd. (Tianjin, China). Ul-
tra-pure water was prepared using a Milli-Q Synthesis system
(Millipore, Billerica, MA); MES hydrate, HEPES, and D-(+)-glucose
were purchased from Sigma Co., Ltd. (USA). All other chemicals
used in the study were of analytical grade.

2.2. Animals

Male Wistar rats, weighing 280–320 g, were provided by
Chinese Academy of Medical Sciences Institute of Radiation
Medicine (Tianjin, China). Rats were fasted for 12 h before experi-
ments but had free access to water. During experiments, rats were
anesthetized with ether and the jejunum of each rat (2.0–2.5 cm)
was removed.
Male purebred beagle dogs, weighing 8.5 ± 0.5 kg, were ob-
tained from the Chinese PLA Academy of Military Medical Science
Laboratory Animal Center (Beijing, China). Throughout the experi-
ments, dogs were housed one per cage for at least 10 days before
experiments and the kennel temperature was maintained at
25 ± 2 �C. Expanded feed for dogs was purchased from KeAoXieLi
Food Co., Ltd. (Beijing, China). The Academy of Military Medical
Science Institutional Animal Care and Use Committee (Certificate
No. SCXK-2007-004) approved this animal study.

2.3. Drug dissolution using apparatus basket/paddle

The drug dissolution characteristics were investigated with a
dissolution apparatus (SOTAX AT7, Switzerland) according to the
procedure described in USP [20]. Dissolution testing apparatus
for different ISMN dosage forms are listed in Table 1. The dissolu-
tion medium (900 mL) was deaerated and maintained at
37.0 ± 0.5 �C. At different time intervals, 2 mL samples were with-
drawn and filtered through 0.45 lm Millipore filters. After each
sampling, an equivalent volume of fresh medium was replaced.
Each dissolution profile was obtained from six replications.

2.4. Drug dissolution and permeation using DDASS

As shown in Fig. 1, our system for predicting drug absorption
modeled drug dissolution and pH changes in GI tract [17], with
some modification. The modified DDASS has broader application
for tablets and capsules. First, we installed a basket in the drug-dis-
solving vessel (DDV; modeled stomach) to carry the complete oral
dosage forms. The vertical center line of the basket passes through
the axis of the vessel so that drug dosage forms will be in the mid-
dle of the DDV. On the one hand, the eccentricity ratio of the mag-
netic stir bar will not be changed since it does not collide with a
dosage form, so the hydrodynamic effects of dissolution medium
will not vary. On the other hand, the complete oral dosage forms
will stay at the same position and maintain the same solid–liquid
interface dynamic effects. Secondly, we added a wire-steel strainer
on the top of the pH-adjustment vessel (PAV; model stomach) as a
first filtering system to prevent escape of undissolved particles
from the PAV. A Millipore filter was installed between the PAV
and side-by-side diffusion champer as a second filtering system
to further purify the drug solution. The compositions of the drug-
dissolving solution, pH-adjustment solution, and receiver solution
are shown in Table 2. The flow rate of each solution (0.5 mL/min)
was controlled using a peristaltic pump. Though the volume of
each vessel was fixed (10 mL), the flow rate of the solution had
been justified as reported in our previous study [9].

For ISMN-SR dosage forms, we first collected eluted solutions of
the donor compartment every 10 min over a period of 12 h. In the
study of the permeation properties of four commercial ISMN dos-
age forms, a jejunum removed from a rat was mounted between
the donor and the receiver compartments. Under the condition of
bubbling with O2–CO2 (95:5) mixture gas, solutions eluted into
the donor compartment and to the receiver compartment were
collected every 10 min over a period of 5 h. Each dissolution profile
was obtained from three trials.



Table 2
Composition of flowing solutions (mM) [9].

Component Drug-dissolving
solution

pH-adjustment
solutiona

Acceptor
solutionb

KCl – 10.7 5.37
KH2PO4 – 0.88 0.44
NaCl 61.4 199.2 137.0
Na2HPO4 – 0.68 0.34

D-Glucose 50.0 – 25.0

CaCl2 2.52 – 1.26
MgSO4 0.81 – 0.41
MES – 40.0 –
HEPES – – 10.0
HCl 13.6 – –
NaOH – 13.6 –

a pH adjusted to 6.0 with Tris before addition of NaOH.
b pH adjusted to 7.4 with Tris.
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2.5. HPLC analysis of dissolution and permeation in vitro

The concentrations of ISMN samples in vitro were determined
with a validated HPLC method. A TC–C18 column (5 lm, 4.6 �
150 mm, Agilent, USA) with an analytical TC–C18 guard column
(5 lm, 4.6 � 12.5 mm, Agilent, USA) was maintained at 30 �C. The
analytical mobile phase consisted of water and acetonitrile in an
80:20 (v/v) ratio. The flow rate was 0.8 mL/min. The injection vol-
ume was 10 lL, and ISMN was detected by absorbance at 220 nm.

2.6. Kinetic analysis of dissolution characteristics

The dissolution test is one of the techniques most widely used
in the characterization of drugs and in quality control of drug dos-
age forms. In order to explore the drug release mechanism of the
commercial SR dosage forms, the dissolution data were processed
by zero-order, first-order, Higuchi, Hixson-Crowell, and Ritger–
Peppas models [21,22]. The value of r stands for the goodness-of-
fit of the corresponding model. The higher of the goodness, the clo-
ser the model fit the process of dissolution for solid dosage forms.
The release mechanism of ISMN-SR was evaluated by the optimal
mathematics model. The concentration of ISMN can also be
predicted by the mathematics model at any time. The correlation
between DDASS elution data and the classical dissolution
experiment was studied. A point-to-point relationship will be
established to evaluate the release characteristics of ISMN-SR dos-
age forms in DDASS method and classical dissolution methods.

2.7. Pharmacokinetic studies in beagle dogs

The four commercial ISMN dosage forms were divided into the
two groups IR and SR. We evaluated each group in six dogs accord-
ing to a single-dose randomized cross-over design. There was at
least a 7-day washout period between each dosing. The dogs were
fasted for at least 12 h prior to the experiment, with free access to
water and food 4 h after drug administration. Blood samples (2 mL)
were collected from the cephalic vein of the front leg at 0, 0.25, 0.5,
1, 1.5, 2, 3, 4, 6, 8, 10, 12, 24 h after IR doses and at 0, 0.5, 1, 1.5, 2, 3,
4, 5, 7, 9, 12, 18, 24, 36, 48 h after SR doses. These samples were
immediately centrifuged at 3500 rpm for 15 min and stored at
�20 �C until analysis.

To an aliquot of plasma sample (500 lL) in a glass centrifuge
tube, 100 lL of phosphate-buffered saline solution (pH 7.8) and
10 lL of 10 lg/mL isosorbide-2-nitrate (the internal standard)
were added. After vortex mixing for 30 s, 4 mL of ethyl acetate
was added and vortexed for 5 min. The organic layer was separated
by centrifugation at 3500 rpm for 10 min and evaporated to dry-
ness under a gentle stream of nitrogen at 40 �C. The residue was
dissolved with 100 lL of ethyl acetate and then centrifuged.
2.8. GC analysis of in vivo pharmacokinetics

An Agilent J&W Scientific 6890 N Network Gas Chromatograph
(GC) system (Agilent Technologies, USA) equipped with a 63 Ni-
Electron-Capture Detector (ECD) and an Agilent 7683 Series Injec-
tor (Agilent Technologies, USA) was used, together with a
30 m � 0.32 mm HP-5 Gas Chromatography Column with a film
thickness of 0.25 lm (Agilent Technologies, USA). High purity
nitrogen at a flow rate of 2 mL/min was used as the carrier gas.
The temperature of the inlet was set at 180 �C. The temperature
of ECD was set at 180 �C with a gas flow of 40 mL/min. The column
temperature was maintained for 8 min at 160 �C. A GC ChemSta-
tion (Agilent Technologies, USA) was used for controlling the GC
apparatus, and data acquisition and analysis.

2.9. In vitro–in vivo correlation

The term IVIVC refers to the establishment of a predictable rela-
tionship between some biological process (or a parameter derived
from a biological property produced by a dosage form) and a phys-
icochemical property or characteristic of the same dosage form.
The correlation between in vitro dissolution and in vivo absorption
was studied to evaluate the release characteristics of ISMN dosage
forms obtained from the DDASS and basket/paddle methods, and
to determine which more accurately modeled in vivo BA. A level
A IVIVC represents a point-to-point relationship between in vitro
dissolution and in vivo input rate of the drug, as prescribed in the
pharmacopoeia [23,24].

The percentage fraction absorbed (Fa) of the different dosage
forms was calculated by the Wagner–Nelson Eq. (1) or by the
Loo–Riegelman Eq. (2) for both a single compartment model and
the two-compartment model [25].

Fa ¼ ðCt þ k10 � AUC0�tÞ=ðk10 � AUC0�infÞ � 100% ð1Þ

Fa ¼ ðCt þ k10 � AUC0�t þ Xt=VcÞ=ðk10 � AUC0�infÞ � 100% ð2Þ

In both equations, Ct is the concentration at time point t, k10 is the
elimination rate of the dosage form, AUC0–t is the area under the
curve from zero to time t, and AUC0–inf is the area under the curve
from zero to infinity. In Eq. (2), Xt is the dosage of peripheral
compartment at the time t. The percentage of dissolution and Fa

at corresponding time points were fitted into a regression equation
by least square method. The regression coefficient was the index of
correlation between in vitro release and in vivo absorption.

The predicted concentrations obtained from the DDASS method
were compared with the in vivo observed concentrations of differ-
ent ISMN dosage forms. Parameter AUC at different time intervals
was calculated over a period of 5 h. We used the linear trapezoidal
rule to summate each pair of consecutive points in the data set. If a
selected partial area had an endpoint that was not in the data set,
then the Linear Trapezoidal Linear/Log Interpolation rule was used
to add a concentration value for that endpoint. The partial AUC0–t

values of in vitro prediction and in vivo observation at time intervals
were fitted to a regression equation by the least square method.

2.10. Data analysis and statistics

The dissolution and absorption kinetic parameters of ISMN dos-
age forms in DDASS and the pharmacokinetic parameters in beagle
dogs were determined using Phoenix WinNonlin version 6.1 (Phar-
sight Co., Ltd., USA), assuming a noncompartmental analysis mod-
el. Here, kz was first-order rate constant associated with the
terminal (log-linear) portion of the curve, Tmax was time of maxi-
mum observed concentration, and Cmax was the maximum ob-
served concentration at Tmax. The value of AUClast was the area
under the curve while MRTlast was mean residence time from the



Fig. 2. Dissolution profiles of ISMN-IR formulations (A) and ISMN-SR formulations (B) in basket/paddle methods. Each point represents the mean ± SD of six experiments.
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time of dosing to the time of the last measurable concentration.
The appropriate compartmental model was optimized by adopting
Akaike’s information criterion [26]. Data fitting of cumulative re-
lease was performed to estimate the most probable release kinetics
in SPSS 11.5. Independent measured t-test was used to analyze the
differences between the mean values. The p-value was considered
statistically significant when less than 0.05.
3. Results

3.1. Dissolution results using apparatus basket/paddle methods

The dissolution profiles of ISMN dosage forms obtained from
USP apparatus paddle/basket methods are shown in Fig. 2. Isosor-
bide mononitrate dissolved almost instantaneously with dissolu-
tion of more than 98% for ISMN-T and 91% for ISMN-C within
20 min (Fig. 2A). Release testing of ISMN-SRT and SRC yielded a re-
lease of 29.09%, 28.05% at 1 h and 96.59%, 82.82% at 12 h (Fig. 2B).
Isosorbide mononitrate SR dosage forms demonstrated slower re-
lease compared with IR dosage forms.
3.2. Dissolution and permeation results using DDASS methods

The time courses of ISMN-IR and ISMN-SR elution into the
donor compartment are shown in Fig. 3A and B, and their
corresponding cumulative elution profiles are given in Fig. 3C
and D. Cumulative elutions for ISMN-T and ISMN-C were 4.89%
and 5.01% at 20 min and plateaued at 91.29% and 95.83% in DDASS
after 2 h. In contrast, cumulative elutions reached similar levels of
91.43% and 98.99% in paddle/basket methods at 20 min. For ISMN-
SRT and ISMN-SRC, the DDASS method yielded a cumulative elu-
tion of 31.35% and 29.65% at 2 h, but reached lower endpoints of
86.63% and 50.39% at 12 h, while the conventional methods
yielded a cumulative elution of only 51.12% and 36.03% at 2 h.
The elution course of each ISMN dosage forms observed in DDASS
was characterized by a slower rise compared with conventional
methods.

Fig. 4 illustrates the time courses of cumulative permeation to
the receiver compartment for ISMN-IR and ISMN-SR dosage forms
in DDASS. Table 3 displays kinetic parameters of ISMN eluted into
the donor compartment and permeation to the receiver compart-
ment. Compared with ISMN-T, the average relative bioavailability
was 101.23% for ISMN-C, 56.52% for ISMN-SRT, and 40.07% for
ISMN-SRC in the donor side, and 114.79%, 57.45%, and 51.06% in
the receiver side within 5 h. For ISMN-SRT and ISMN-SRC, cumula-
tive elutions of 58.51% and 38.48% were observed in the donor
compartment at 5 h, whereas ISMN-IR dosage forms dissolved
completely within 4 h. With regard to Tmax and Cmax, ISMN-SR dos-
age forms did not show significant differences from ISMN-IR dos-
age forms (p > 0.05). The reasons were probably that the inter-
vessel transport of DDASS was rate-limiting and ISMN-SR con-
tained 30% IR.

3.3. Kinetic analysis of dissolution characteristics

The ISMN-SR dosage forms contained 30% IR, so we estimated
the elution kinetic characteristics of ISMN-SR dosage forms from
DDASS after 2 h. At 2 h, the cumulative elution of ISMN-SRT and
ISMN-SRC were 31.25% and 29.66% (Fig. 3D). The correlation
between data from DDASS and those from classical dissolution
experiment have been compared. As for ISMN-SR dosage forms,
the equation and coefficient of linear regression is Fd(DDASS) =
1.12Fd(paddle) � 21.57 (r = 0.9969) for ISMN-SRT, and Fd(DDASS) =
0.53Fd(basket) + 6.53 (r = 0.9469) for ISMN-SRC. Besides, based on
the value of n obtained by the Ritger–Peppas equation, the release
mechanisms for both ISMN-SR dosage forms were consistent with
Fickian diffusion (n < 0.5). Table 4 shows that the optimal elution
equation for each ISMN-SR dosage form best fits a first-order kinetic
model in the DDASS method, just like the basket/paddle method.

3.4. Pharmacokinetic characteristics in beagle dogs

Fig. 5 shows the mean plasma concentrations of ISMN after a
single oral administration of the ISMN-IR dosage forms (Fig. 5A)
and the ISMN-SR dosage forms (Fig. 5B) to beagle dogs. The phar-
macokinetic parameters are summarized in Table 5. As shown in
Fig. 5A and Table 4, the drug plasma concentrations after oral
administration of ISMN-IR dosage forms increased rapidly and
reached Cmax at 1 h. The results were consistent with the receiver
compartment permeation obtained from DDASS (Table 3), with a
Tmax value of 1.33 ± 0.19 h and 1.17 ± 0.24 h for ISMN-T and
ISMN-C, respectively. No significant differences (p > 0.05) were
observed for the Cmax values obtained for the four different ISMN
dosage forms, whether in dogs or in DDASS due to the 30%
immediate release of the ISMN-SR dosage forms.

Based on the two one-sided t-test procedure, the calculated con-
fidence interval should fall within a BE limit, usually 80–125% for
the ratio of the test dosage forms. Compared with ISMN-T, the rel-
ative BA values of ISMN-C, SRT, SRC were 108.33 ± 8.61%,
94.33 ± 4.12%, and 109.21 ± 16.11%, respectively, and they all met
the requirement of the guidance [27] mentioned above. Parameters
MRTlast and kz of obtained for ISMN-SR dosage forms showed signif-
icant differences (p < 0.05) in terms of their 70% SR contents com-
pared with ISMN-IR dosage forms.

3.5. In vitro–in vivo correlation

The optimization one compartment model was determined for
ISMN dosage forms after validation by Akaike’s information crite-
rion. The terminal elimination rate constants for ISMN-T, ISMN-C,
SRT, and SRC were 0.89 ± 0.03, 0.61 ± 0.04, 0.15 ± 0.01, and



Fig. 3. Time courses of elution into the donor compartment from ISMN-IR formulations (A) and ISMN-SR formulations (B) in DDASS, and corresponding cumulative elution
profiles (C) and (D). Each point represents the mean ± SD of three experiments.

Fig. 4. Time courses of permeation to the receiver compartment of ISMN-IR formulations (A) and ISMN-SR formulations (B) in DDASS methods. Each point represents the
mean ± SD of three experiments.
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0.25 ± 0.02 (Table 5). With the calculated Fa, the regression equa-
tion and coefficient of correlation between basket/paddle dissolu-
tion and dog absorption were summarized (Table 6), as well as
between DDASS elution and dog absorption. More than 90% was
dissolved within 20 min in vitro, so no correlation could be estab-
lished for IR dosage forms due to their rapid dissolution in the bas-
ket/paddle apparatus. However, a level A IVIVC was established
with correlation coefficients of 0.9903 and 0.9785 for ISMN-T
and ISMN-C, respectively, between DDASS and dogs. Furthermore,
a better goodness-of-fit could be obtained for ISMN-SRT and SRC
between DDASS and dogs than between basket/paddle and dogs
(Table 6).

The regression of AUC data obtained from the plot of ISMN plas-
ma concentration vs. time (Fig. 5) and that of permeated ISMN con-
centration vs. time (Fig. 4) for four different dosage forms at
predetermined time points are shown in Table 7. The correlation
coefficient (r) is a criterion to evaluate the fit of the linear regres-
sion equation with the data. The closer is r to 1, the better is the
correlation between DDASS permeation and dog absorption. A
better level A IVIVC could be obtained with a higher correlation
coefficient, r > r5,0.001 (r5,0.001 = 0.951), compared with the correla-
tion between in vitro dissolution and in vivo absorption (Table 6)
for each of the four ISMN dosage forms.

4. Discussion

4.1. Provisional BCS classification of ISMN

The BCS is a scientific framework [2] for classifying drug sub-
stances based on their aqueous solubility and intestinal permeabil-
ity. In this study, the maximal concentration of ISMN was
395.49 ± 29.05 lg/mL (Table 2) after undergoing drastic pH change
from 1.8 to 6.8 in DDASS. A 60 mg ISMN dose could be dissolved in
a dissolution media volume of 151.71 ± 11.14 mL. The FDA drug
evaluation and research center has reported that ISMN is freely sol-
uble in water. Therefore, these results suggest that ISMN is a drug
that has ‘‘high solubility.’’ The cumulative intestinal permeation
values for ISMN-T, ISMN-C, SRT, and SRC were 0.15 ± 0.03%,
0.17 ± 0.02%, 0.08 ± 0.003%, and 0.07 ± 0.003% in DDASS, respec-
tively. In addition, He et al. [9] reported that a cumulative



Table 3
Kinetic parameters of ISMN elution into the donor compartment and permeation to the receiver compartment for the different ISMN dosage forms.

Compartment Parameter ISMN-T ISMN-C ISMN-SRT ISMN-SRC

Donor side Tmax (h) 0.79 ± 0.08 0.75 ± 0.17 0.88 ± 0.08 0.67 ± 0.17
Cmax (lg/mL) 280.60 ± 59.91 395.49 ± 29.05* 216.04 ± 18.41 291.81 ± 37.53
AUClast/D (lg h/mL/mg) 16.17 ± 0.73 16.37 ± 0.10 9.14 ± 0.27* 6.48 ± 0.15*

Receiver side Tmax (h) 1.33 ± 0.19 1.17 ± 0.24 1.88 ± 0.25 1.11 ± 0.09
Cmax (lg/mL) 0.93 ± 0.50 1.04 ± 0.09 0.57 ± 0.04 0.82 ± 0.07
AUClast/D (lg h/mL/mg) 0.047 ± 0.025 0.054 ± 0.005 0.027 ± 0.001* 0.024 ± 0.001*

Each value is the mean ± SD of three experiments.
* p < 0.05: significantly different from ISMN-T.

Table 4
Release kinetic parameters and correlation coefficients of each equation for ISMN-SR formulations.

Release apparatus Release models ISMN-SRT ISMN-SRC

Equation R Equation R

Basket/ Zero-order Ft = 0.0541t + 0.3889 0.9474 Ft = 0.0513t + 0.2975 0.9533
Paddle First-order Ln(1 � Ft) = �0.2539t � 0.0595 0.9881 Ln(1 � Ft) = �0.1374t � 0.215 0.9953

Higuchi Ft = 0.2569t0.5 + 0.1165 0.9881 Ft = 0.2404t0.5 + 0.0458 0.9879
Ritger-Peppas Ln Ft = 0.4474Ln t � 1.0834 0.9818 Ln Ft = 0.47Ln t � 1.2914 0.9934
Hixson-Crowell (1 � Ft)1/3 = �0.0478t + 0.9031 0.9957 (1 � Ft)1/3 = �0.0325t + 0.9111 0.9816

DDASS Zero-order Ft = 0.0514t + 0.3077 0.9788 Ft = 0.0193t + 0.2834 0.9927
First-order Ln(1 � Ft) = �0.1586t � 0.0788 0.9998 Ln(1 � Ft) = �0.0331t � 0.3156 0.9991
Higuchi Ft = 0.2622t0.5 � 0.0152 0.9952 Ft = 0.0977t0.5 + 0.1667 0.9987
Ritger-Peppas Ln Ft = 0.4924Ln t � 1.3405 0.9965 Ln Ft = 0.2889Ln t � 1.4116 0.998
Hixson-Crowell (1 � Ft)1/3 = �0.0358t + 0.9314 0.9977 (1 � Ft)1/3 = �0.0092t + 0.8982 0.9958

Fig. 5. Profiles of plasma concentration after oral administration of ISMN-IR formulations (A) and ISMN-SR formulations (B) to beagle dogs. Each point represents the
mean ± SD of six experiments.

Table 5
Pharmacokinetic parameters of ISMN after a single oral administration of the four
tested ISMN dosage forms.

Parameters ISMN-T ISMN-C ISMN-SRT ISMN-SRC

Tmax (h) 1.00 ± 0.00 1.00 ± 0.00 2.67 ± 0.58 2.33 ± 0.58
Cmax (lg/mL) 1.15 ± 0.13 1.21 ± 0.24 0.98 ± 0.11 1.13 ± 0.16
AUClast (lg/mL h) 3.00 ± 0.34 3.25 ± 0.28 8.49 ± 0.35 8.19 ± 2.22
AUCinf (lg/mL h) 3.04 ± 0.33 3.76 ± 0.87 8.56 ± 0.36 8.49 ± 2.18
MRTlast (h) 2.49 ± 0.21 2.85 ± 0.37 7.74 ± 0.16* 7.46 ± 1.23*

kz (1/h) 0.79 ± 0.16 0.65 ± 0.18 0.14 ± 0.01* 0.25 ± 0.10*

Each value is the mean ± SD of six experiments.
* p < 0.05: significantly different from ISMN-T.
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permeation across a rat intestine of more than 0.04% signified the
drug was almost completely absorbed in humans. Therefore, ISMN
has ‘‘high permeability.’’ In general, the transport studies were per-
formed under sink conditions and the Papp coefficients were calcu-
lated from the equation

Papp ¼ ðDQ=DtÞ=ðA � CÞ ð3Þ

where DQ/Dt is the steady-state flux (mol/s), A is the effective sur-
face area of intestine (cm2), and C is the initial concentration in the
donor compartment at each time interval (mol/mL). The average
Papp of ISMN, obtained from DDASS, was (28.36 ± 12.04)�10�6 cm/
s. Drugs are completely absorbed in humans if their Papp values
are more than 1 � 10�6 cm/s [28–30]. Nevertheless, other studies
[13] proposed that drugs be completely absorbed if Papp were more
than 5 � 10�6 cm/s. Furthermore, ISMN was essentially completely
absorbed after oral administration with no first-pass metabolism
[31,32]. In any case, ISMN can be regarded as a high-permeability
drug. Considering that dinitrate, a generic drug product, is in the
BCS I category [33,34], a provisional biopharmaceutical classifica-
tion of ISMN could be predicted to be BCS I by using DDASS alone.
4.2. In vitro dissolution–in vivo absorption correlation

During the development of an innovative dosage form, it is nec-
essary to establish an in vitro test method that can predict the
course of drug release and absorption of products in vivo. In the
present study, the release characteristics of different ISMN dosage
forms and their corresponding ‘‘in vitro dissolution-dog absorption
correlation’’ were investigated by using conventional methods and
DDASS. For ISMN-IR dosage forms, there was a significant



Table 6
Regression equation and correlation coefficients between basket/paddle dissolution
and dog absorption as well as between DDASS elution and dog absorption.

Drugs Basket/paddle vs. dogs DDASS vs. dogs

Equation (R) Equation (R)

ISMN-T – Fa = 0.74 Fd + 16.45 (0.9903)
ISMN-C – Fa = 0.49 Fd + 29.09 (0.9785)
ISMN-SRT Fa = 0.47Fd + 52.70 (0.8031) Fa = 0.72 Fd + 44.99 (0.8231)
ISMN-SRC Fa = 0.61 Fd + 35.71 (0.7828) Fa = 1.07 Fd + 33.19 (0.9549)

—: No correlation was established.

Table 7
The correlation between DDASS permeation and dog absorption for ISMN dosage
forms.

Dosage forms Equation r

Tablets Fa = 1.58 Fp + 0.11 0.9968
Capsules Fa = 1.66 Fp + 0.28 0.9872
Sustained-release tablets Fa = 2.10 Fp + 0.14 0.9921
Sustained-release capsules Fa = 3.41 Fp � 0.17 0.9728
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correlation between DDASS elution and dog absorption, whereas
there was no dramatic correlation between basket/paddle dissolu-
tion and dog absorption (Table 6). Biowaivers of BA/BE studies for
IR solid oral dosage forms in vivo were provided by the guidance
[35]. To some extent, the level A correlation between DDASS elu-
tion and dog absorption of ISMN-IR dosage forms could be used
to support the biowaiver policy for oral generic drugs. In recent
years, IVIVC studies of IR dosage forms have been performed using
different methods [36–38]. For ISMN-SR dosage forms, release ki-
netic characteristics were fit by first-order kinetics equations. In
this study, both ISMN-SR dosage forms presented consistent re-
lease kinetics by conventional and DDASS methods (Table 4). On
the other hand, the drug release mechanism was consistent with
Fickian diffusion (n < 0.5). Some drug granules undergo a drastic
pH change from DDV to PAV in DDASS, so the release exponent n
for ISMN-SRC was only 0.2889, lower than obtained from a single
medium in the basket method. Furthermore, a better IVIVC could
be obtained for ISMN-SR dosage forms between DDASS dissolution
and dog absorption than between paddle/basket dissolution and
dog absorption (Table 6). The DDASS provided a condition that
was much closer to the actual situation in the GI tract due to the
added basket and the changed pH condition.
4.3. In vitro permeation–in vivo absorption correlation

Methods that more closely model the in vivo situation are less
suitable for mass screening because they are more labor-intensive
and consume more materials. The basket/paddle method is ap-
proved for investigation into drug release and solubility, but drug
absorbability cannot be estimated. In contrast, DDASS provided
not only in vitro dissolution information in the donor compartment
but also permeation in the receiver compartment. Normally, effec-
tive drug constituents can be absorbed only through dissolution of
the oral solid dosage form and permeation through GI tract. High
solubility and dissolution does not always lead to high mean BA
and BE, however. Amidon et al. [2] demonstrated that the funda-
mental events controlling oral drug absorption were the perme-
ability of the drug through the GI membrane and the solubility/
dissolution. Therefore, the correlation between in vitro permeation
and in vivo absorption can be theoretically better than in vitro dis-
solution and in vivo absorption. Previous studies have systemati-
cally analyzed the dissolution and permeability of IR dosage
forms [15,38] and the parameter level correlation between DDASS
permeation and oral absorption [9,10]. In the present study, per-
meation and absorption profiles of each ISMN dosage form (Figs.
4 and 5) were observed in DDASS and in dogs. Moreover, a better
level A correlation was obtained for each ISMN dosage form be-
tween DDASS permeation and dog absorption (Table 7) than be-
tween in vitro dissolution and dog absorption (Table 6). The
established IVIVC was level A, thus confirming the efficacy of this
in vitro model in simulating in vivo conditions. This kind of corre-
lation is quite important since it represents a point-to-point rela-
tionship between in vitro permeation and in vivo input rate of
drugs with different dosage forms.

4.4. Application outlook of the modified DDASS

Predictive scientific principles and methods to assess in vivo
performances of pharmaceutical dosage forms based on in vitro
studies are important to minimize costly animal and human exper-
iments during drug development. An advantage of this DDASS is
that the dissolution medium can be easily changed to any appro-
priate solution to assess different oral solid dosage forms. As far
as poorly water-soluble drugs are concerned, a certain surfactant
or cholalic acid could be added to the dissolution medium in order
to increase dissolution rates [23,24]. Bile acids are secreted into the
duodenum from the gallbladder, and the average concentration in
human intestine was reported to be 5–15 mM [39,40]. Kataoka
et al. [13] added a 5 mM concentration of sodium taurocholate to
the apical solution for griseofulvin dissolution and permeation,
which corresponded to the concentration during fasting conditions
in human. In addition, dissolution media simulating the fasted and
fed states in vivo could also be modeled to evaluate food impact on
drug release. For instance, by modeling intestinal fluids in the
fasted and fed states, as proposed by Dressman et al. [41,42], food
effect on total absorption, not just on dissolution, could be moni-
tored. Souliman et al. [43] simulated the impact of food intake
on drug release and absorption using different conditions and
established a level A IVIVC in fasted and fed states for the IR dosage
forms. Moreover, a Caco-2/3A4 cells model [44,45], in which
Caco-2 cells were stably transfected with the human CYP3A4 gene,
could be established in our DDASS to evaluate the absorption and
CYP3A4-mediated intestinal elimination of oral solid dosage forms.
These studies are now under investigation and are the subject of
future reports.
5. Conclusions

A better IVIVC was established between DDASS permeation and
dog absorption for each ISMN dosage form than between in vitro
dissolution and dog absorption. Furthermore, a provisional bio-
pharmaceutical classification of ISMN as BCS I was predicted using
the DDASS method alone. Therefore, DDASS demonstrated a high
level of effectiveness in mimicking the process of dissolution and
absorption in vivo for both the IR and SR dosage forms of ISMN.
The DDASS could be used to forecast the in vivo bioavailability
and bioequivalence of congeneric products. This novel method pro-
vides conditions that more accurately model the conditions in GI
tract by adding a basket and a second filtering system. The DDASS
also represents a new method to design more effective dosage
forms and to optimize prescriptions.
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