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Abstract
Assessing in vivo performance to inform formulation selection and development decisions is an important aspect of drug 
development. Biopredictive dissolution methodologies for oral dosage forms have been developed to understand in vivo 
performance, assist in formulation development/optimization, and forecast the outcome of bioequivalence studies by com-
bining them with simulation tools to predict plasma profiles in humans. However, unlike compendial dissolution method-
ologies, the various biopredictive methodologies have not yet been harmonized or standardized. This manuscript presents 
the initial phases of an effort to develop best practices and move toward standardization of the biopredictive methodologies 
through the Product Quality Research Institute (PQRI, https:// pqri. org) entitled “The standardization of in vitro predictive 
dissolution methodologies and in silico bioequivalence study Working Group.” This Working Group (WG) is comprised 
of participants from 10 pharmaceutical companies and academic institutes. The project will be accomplished in a total of 
five phases including assessing the performance of dissolution protocols designed by the individual WG members, and then 
building “best practice” protocols based on the initial dissolution profiles. After refining the “best practice” protocols to pro-
duce equivalent dissolution profiles, those will be combined with physiologically based biopharmaceutics models (PBBM) 
to predict plasma profiles. In this manuscript, the first two of the five phases are reported, namely generating biopredictive 
dissolution profiles for ibuprofen and dipyridamole and using those dissolution profiles with PBBM to match the clinical 
plasma profiles. Key experimental parameters are identified, and this knowledge will be applied to build the “best practice” 
protocol in the next phase.
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Introduction

In recent years, many investigations to better understand 
the in vivo behavior of immediate release (IR) orally dos-
age forms have been carried out in both the pharmaceutical 
industry and academia. The prediction of in vivo disso-
lution has been substantially improved by incorporating 
aspects of the human gastrointestinal (GI) physiology into 
increasing advanced biopredictive dissolution methodolo-
gies, noting that such predictions are not possible using 
the traditional compendial dissolution methodologies for 
low solubility drugs. Biopredictive dissolution method-
ologies have been widely adopted to evaluate the in vivo 
performance of test oral dosage forms, under consideration 
of quality by design (QbD) concepts, as a part of overall 
efforts to optimize oral dosage form performance.

Compendial dissolution experiments are generally con-
ducted under highly regulated standard conditions of tem-
perature, volume, hydrodynamics, and medium composi-
tion for specific compounds and may be useful to predict 
in vivo dissolution for highly soluble oral drugs (1). The 
United States Pharmacopoeia (USP) standard dissolution 
methods, which are largely harmonized with those of other 
developed countries, are mainly performed for quality con-
trol purposes to assure the quality of oral drug products and 
to evaluate formulation variables such as excipients, batch-
to-batch variation, and manufacturing procedure/changes. 
Although the compendial methodologies are valuable for 
these purposes, they typically do not aim to reflect in vivo 
dissolution behavior, mostly because they are constructed 
to determine the quality of the dosage form and how well 
the dose can be released from it, rather than specifically 
taking into account the physiological parameters (e.g., the 
pH profile, bile salts concentrations, hydrodynamics, GI 
transit, digestive enzymes) of the GI tract which largely 
affect drug dissolution after oral administration.

For dissolution testing to be a more useful predictor of 
in vivo drug dissolution and, hence, oral drug absorption, 
it should reflect the physiological conditions of the GI tract 
more closely than the compendial methodologies. Academia 
and pharmaceutical industries have advanced dissolution 
testing to adopt the use of biorelevant media, which were 
first proposed by Dressman et al. in 1998 (2), incorporating 
the pH, ionic strength, and buffer and bile component con-
centration changes that occur along the GI tract to produce 
more meaningful dissolution profiles in terms of predicting 
the in vivo behavior of oral dosage forms (3–8).

A key addition to the range of biopredictive dissolution 
methodologies is the transfer methodology, which was first 
introduced by Kostewicz et al. in 2004 (4). The transfer model 
enables the researcher to model the behaviour of a drug/dos-
age form as it travels from the stomach into the small intestine 
and thus assess whether a poorly soluble weakly basic drug 

(e.g., Biopharmaceutical Classification System (BCS) class IIb 
according to the sub-classification), might precipitate when it 
reaches the higher pH environment in the small intestine, or 
how long it will take for a poorly soluble acidic drug (e.g., BCS 
class IIa) to dissolve and become available for absorption (9).

Over the last two decades, individual research groups have 
typically created/adapted their dissolution methodologies to 
suit their research objectives. Therefore, even with the same 
drug and oral dosage form, published biopredictive disso-
lution profiles may differ due to variations in the reported 
experimental conditions, e.g., buffer species, buffer volumes, 
and buffer pH. Thus, it is hard to identify key experimen-
tal conditions and to establish the best biorelevant dissolu-
tion practices. Scientists from industry and academia came 
together with the support of the PQRI, which is a non-profit 
consortium of organization, to create a collaborative oppor-
tunity for scientists from industry, academia, and regula-
tory agencies, to address the biopharmaceutical issues. In 
this study, each research group was invited to perform its 
own variation of biopredictive dissolution methodology on 
the same batches of two oral drug products to address the 
following questions: (1) can the scientific community, as 
exemplified by PQRI WG members, identify elements that 
are key to dissolution performance by comparing their dis-
solution profiles, (2) do the results enable us to move toward 
harmonizing experimental methodologies, and (3) are the 
dissolution profiles projected to predict bioequivalence (BE) 
with clinical data using a physiologically based biopharma-
ceutics modeling (PBBM) approach. The rationale behind 
these studies was that, by comparing results and identifying 
any differences in the detailed dissolution methodologies, it 
would be possible to tighten and harmonize the requirements 
for the biopredictive dissolution methodologies, resulting in 
clearer and more definitive interpretation of results for both 
the pharmaceutical industry and regulatory agencies. The dis-
solution profiles from experiments using the “best practice” 
methodologies will then inputted into PBBMs to determine 
whether they produce BE or non-BE plasma profiles when 
compared against clinical results. Potentially the identifica-
tion of “best practice” methodology will require a “learn and 
confirm” approach, whereby several iterations are needed to 
arrive at globally applicable “best practice” methodologies.

The overarching goals of the PQRI WG studies are to 
advance and harmonize biopredictive tools. The studies are 
divided into five phases to achieve these goals:

(1) Using ibuprofen (400 mg), a widely used weakly acid 
drug, biopredictive dissolution profiles are generated 
and compared among the WG members to determine 
whether the results among the participating research 
groups are equivalent or not in terms of generating 
plasma profiles with PBBM which are similar to those 
observed in clinical pharmacokinetic studies.
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(2) Using dipyridamole (50 mg), a widely used weakly base 
drug, biopredictive dissolution profiles are generated 
with the same methodologies used in (1) and be com-
pared among the WG members to determine whether 
the results among the participating research groups are 
equivalent or not in terms of generating plasma profiles 
with PBBM which are similar to those observed in clini-
cal pharmacokinetic studies.

(3) Using a higher dose of dipyridamole (200 mg), biopredic-
tive dissolution profiles will be generated with the same 
methods used in (1) and be compared among the WG 
members to determine whether the results among the par-
ticipating research groups are equivalent or not in terms of 
generating plasma profiles with PBBM which are similar 
to those observed in clinical pharmacokinetic studies.

(4) If the results from (3) are not equivalent among par-
ticipants, dissolution profiles would be generated with 
“best practice” biopredictive protocols at the 200 mg 
dipyridamole dose. If not all dissolution profiles 
obtained using this methodology are able to simulate 
the plasma profiles observed in vivo, it will be further 
revised in a “learn and confirm” cycle.

(5) Throughout these four phases, WG members will dis-
cuss how to incorporate the biopredictive dissolution 
profiles into PBBM. The goal is to recognize the impor-
tant parameters in biopredictive dissolution testing, and 
then harmonize the protocols to achieve uniform disso-
lution profiles regardless of site and researcher/operator. 
In turn, this will enable optimization of PBBM settings.

Since the purpose of this PQRI WG is to harmonize the 
biopredictive dissolution methodologies, the same batch/
lots of ibuprofen and dipyridamole were supplied to every 
participant in order to evaluate different experimental condi-
tions and dissolution methodologies. This manuscript pre-
sents the results from the first two phases described in the 
overall study plan: comparison of ibuprofen and dipyrida-
mole dissolution results from tests performed by WG mem-
bers according to their individual protocols. The results will 
assist in identifying key experimental parameters to develop-
ing a “best practice” protocol throughout those two phases.

Materials

A total of 400 mg ibuprofen tablets (Lot# 7708221A, Stride 
Pharma Science Ltd, Bangalore, India) and 50 mg dipyrida-
mole tablets (Lot# 200203A, Rising Pharmaceuticals, East 
Brunswick, NJ, USA) were purchased and distributed to all 
members of the PQRI working group. For the preparation 
of biopredictive media, FaSSGF/FeSSIF/FaSSIF was pur-
chased in powder form from Biorelevant.com (Biorelevant.
com, London, UK) and prepared by each WG before the 

biopredictive dissolution study. All other chemicals were of 
analytical grade or HPLC grade.

Methods

Participants in this study were AstraZeneca, Boehringer 
Ingelheim Pharmaceuticals, Bristol-Myers Squibb Company, 
Fraunhofer Institute for Translational Medicine Pharmacol-
ogy, Goethe Universität, MSD, Schrodinger Inc., Sawai Phar-
maceutical Co. Ltd, University of Minnesota, and Miguel 
Hernandez University.

In each case, the WG was instructed to use their usual in-
house biopredictive methodologies for two stage dissolution 
methods and/or the transfer method, incorporating their usual 
choices of experimental condition and buffers (Scheme 1). 
Those dissolution methods were loosely regulated to maintain 
parameters within the wide range of experimental conditions 
shown below:

Fasted gastric conditions:

• The buffer: 0.01–0.1 M HCl, SGF, or FaSSGF
• The pH range: pH 1–2.5
• The volume 50–500 mL (buffer only or buffer + water)
• The mixing: not specified

Fasted intestinal conditions:

• The buffer: 5–10 mM maleate, 25–100 mM phosphate 
buffer, or FaSSIF

• The pH range: pH 6.0–7.5
• The volume: 40–500 mL
• The mixing: not specified

Transfer rate for transfer method:
• Transfer rate: 1–62 mL/min (zero-order or first-order rate)

Dissolution Methodologies

The WG’s dissolution methodologies for ibuprofen and dipy-
ridamole are summarized in Tables I and II, respectively. The 
theories behind some of the methodologies and more detailed 
descriptions can be found in the literature (5, 10, 11).

Modeling Approach

The dissolution profiles obtained using the participant’s 
biopredictive methods were coupled with an in silico 
method, GastroPlus™ version 9.8 (SimulationPlus, Inc., 
Lancaster, CA), to simulate human plasma profiles, as 
follows. In order to minimize any version or variation in 
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modeling, all simulations were performed centrally by the 
same operator.

Oral drug absorption was computed from the physico-
chemical, pharmacokinetic, and dissolution properties of 
ibuprofen, a BCS class IIa drug, and dipyridamole, a BCS 
class IIb drug, using previously reported simulation meth-
ods (8, 12). Briefly, single simulations were performed 
with the biopredictive dissolution profiles to compare 
with the pharmacokinetic profile of 400 mg ibuprofen IR 
tablet and 50 mg dipyridamole IR tablet ingested under 
fasted conditions. Those biopredictive dissolution profiles 

were incorporated into the in silico software as the con-
trolled release profiles to specify the drug release profiles. 
No drug absorption from the stomach was assumed in 
this set of predictions. The duration of the simulations 
was 24 h. Input parameters for in silico simulations to 
predict the plasma profiles of ibuprofen and dipyridamole 
were obtained from the literature and the values are sum-
marized in Table  III (1, 13–21). The predictions were 
performed using the GastroPlus™ standard physiological 
conditions: Human Physiological-Fasted and Opt LogD 
Model SA/V 6.1.

Scheme 1  Basic schemes for 
in vivo predictive dissolution 
methodologies: a two-stage 
dissolution and b transfer dis-
solution (5, 10, 11)

Gastric Compartment

Intes�nal Compartment

Intes�nal CompartmentGastric Compartment

Pour

Mechanis�c 
Transfer

a

b
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Table I  The Summary Table—Methodologies and Results for Ibuprofen Dissolution, Buffer Species, Paddle/Rotational Speeds, Volumes, pH 
Values, Experimental Duration

a Outflow was discarded
b No final pH measurement
c pH was titrated with 10 mM NaOH at the mix of the 1st and 2nd stages
Final concentrations of bile acid components (sodium taurocholate and lecithin) in FaSSIF were 3–10 mM and 0.2–2 mM

Institute Method 1st buffer, pH 1st volume, rpm Min 2nd buffer, pH 2nd volume, rpm Total volume, final 
pH, total exp. duration 
(min)

Institute A 2-stage SGF, 1.8 250 mL, 50 30 2 × FaSSIF, 7.0 250 mL, 50 500 mL, pH 6.5, 90
Institute B 2-stage FaSSGF, 1.6 250 mL, 75 30 FaSSIF, 7.5 250 mL, 75 500 mL, pH 6.0, 120
Institute B 2-stage FaSSGF, 1.6 250 mL, 75 20 2 × FaSSIF, 7.5 250 mL, 75 500 mL, pH 6.5, 120
Institute C 2-stage 0.01N HCl, 2 50 mL, 50 20 SIF, 6.8 450 mL, 50 500 mL, pH 6.67c, 90
Institute C 2-stage 0.01N HCl, 2 20 mL, 50 20 7 mM Maleate, 6.7 480 mL, 50 500 mL, pH 6.7, 90
Institute D 2-stage FaSSGF, 1.6 250 mL, 75 30 2 × FaSSIF, 7.5 250 mL, 75 500 mL, pH 6.5, 120
Institute D Transfer FaSSGF, 1.6 250 mL, 75 T1/2 = 9 FaSSIF V1, 7.5 250 mL, 75 500 mL, pH 6.0, 120
Institute E 2-stage 0.01N HCl, 2 250 mL, 75 20 1.5 × FaSSIF, 6.8 500 mL, 75 750 mL,  NAb, 180
Institute F Transfer SGF, 2 50 mL + 250 mL  H2O, various T1/2 = 13 FaSSIF V2, 6.57 50 mL, various  ~ 400 mL, pH 5.3, 120
Institute G Transfer SFG, 1.2 50 mL + 250 mL  H2O, 100 T1/2 = 8 SIF, 6.5 50 mL, 50  ~ 400 mL, pH 6.3, 120
Institute H Transfer 0.01N HCl, 2 50 mL + 200 mL  H2O, various T1/2 = 15 2 × SIF, 6.8 30 mL, various NAa,  NAb, 60

Table II  The Summary Table—Methodologies and Results for Dipyridamole Dissolution, Buffer Species, Paddle/Rotational Speeds, Volumes, 
pH Values, Experimental Duration

* Dissolution study was not carried out
a Transfer rate was zero-order 1.7 mL/min
b Outflow was discarded
c pH was titrated with 10 mM NaOH at the mix of the 1st and 2nd stages
Final concentrations of bile acid components (sodium taurocholate and lecithin) in FaSSIF were 3–10 mM and 0.2–2 mM

Institute Method 1st buffer, pH 1st volume, rpm Min 2nd buffer, ph 2nd volume, rpm Total volume, final 
ph, total exp. duration 
(min)

Institute A NA*

Institute B 2-stage FaSSGF, 1.6 250 mL, 75 20 2 × FaSSIF, 7.5 250 mL, 75 500 mL, pH 6.5, 120
Institute C 2-stage 0.01N HCl, 2 20 mL, 50 20 SIF, 6.8 480 mL, 50 500 mL, pH 6.8c, 90
Institute C 2-stage 0.01N HCl, 2 20 mL, 50 20 1/10 SIF, 6.8 480 mL, 50 500 mL, pH 6.8c, 90
Institute C 2-stage 0.01N HCl, 2 20 mL, 50 20 7 mM Maleate, 6.7 480 mL, 50 500 mL, pH 6.8c, 90
Institute D 2-stage FaSSGF, 1.6 250 mL, 75 30 2 × FaSSIF, 7.5 250 mL, 75 500 mL, pH 6.7, 120
Institute D Transfer FaSSGF, 1.6 250 mL, 75 T1/2 = 9 FaSSIF V1, 7.5 250 mL, 75 500 mL, pH 6.7, 120
Institute E 2-stage 0.01N HCl, 2 250 mL, 75 20 1.5 × FaSSIF, 6.8 500 mL, 75 750 mL, pH 6.7, 180
Institute E Transfer 0.01N HCl, 2 250 mL, 75 T1/2 =  74a 1.5 × FaSSIF, 6.8 500 mL, 75 750 mL, pH 6.7, 180
Institute F Transfer SGF, 2 50 mL + 250 mL  H2O, vari-

ous
T1/2 = 13 FaSSIF V2, 6.57 50 mL, various  ~ 400 mL, pH 5.8, 120

Institute G Transfer SFG, 1.2 50 mL + 250 mL  H2O, 100 T1/2 = 8 SIF, 6.8 50 mL, 50  ~ 400 mL, pH 6.0, 90
Institute H Transfer 0.01N HCl, 2 50 mL + 200 mL  H2O, vari-

ous
T1/2 = 15 2 × SIF, 6.8 30 mL, various NAb, pH 6.7, 60
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The predicted plasma profiles were compared with clini-
cal trial results for ibuprofen and dipyridamole pharmacoki-
netics to evaluate whether incorporating the results from the 
various dissolution studies into GastroPlus™ was able to 
predict the in vivo performance (22–25).

Results

Ibuprofen Dissolution

The dissolution profiles of ibuprofen are summarized in 
Fig. 1 for the two-stage methodology and Fig. 2 for the 

transfer methodology. In two-stage dissolution methods, 
the dissolution curves obtained using experimental con-
ditions within the above-mentioned constraints exhibited 
similar profiles regardless of buffer volume, buffer spe-
cies, buffer pH, rotational speed, and duration of the first 
(gastric) stage (Fig. 1). In the transfer method dissolution 
profiles, only the dissolution profiles in the small intesti-
nal vessel(s) are plotted (Fig. 2). The dissolution profiles 
from Institutes D and G both achieved 100% dissolution, 
in line with the solubility of ibuprofen at intestinal pH. By 
contrast, the profile from Institute F reached only 50% dis-
solution of ibuprofen, which was explained post hoc by the 
fact that 50% of the drug was retained in the gastric stage 
rather than being transferred. The profile from Institute 
H exhibited even lower dissolution of ibuprofen because 
the second (“duodenal”) chamber was held at a constant 
volume of 30 mL, by discarding fluid transferred out of 
that chamber. Since Institute H only measured the drug 
concentration in the second chamber, ibuprofen dissolu-
tion was essentially measured in just 30 mL of the 0.01N 
HCl/SIF mixture.

Since ibuprofen is a weakly acidic drug and the small 
intestinal environment is favorable for its dissolution, 
for modeling purposes, it is necessary to account for all 
transferred material from the gastric to the small intestinal 
stage. For this reason, the observed concentration and the 
volume out of duodenal chamber at each time point were 
used to generate the full dissolution profiles in the small 
intestinal region for the Institute H results (Fig. 2).

Dipyridamole Dissolution

The dissolution profiles of dipyridamole are summarized in 
Fig. 3 for the two-stage methodologies and in Fi, 4 for the 
transfer methodologies. Using two-stage dissolution meth-
odologies, three institutes (Institute A, B, and D) displayed 

Table III  Chemical/Physiological/Pharmacological Parameters of Ibu-
profen and Dipyridamole for GastroPlus™ Simulation

Vc volume of central compartment
A Calculated by GastroPlus™9.8
B Calculated by ADMET predictor, a(17), b(15), c(16), d(13), e(14), 
f(20), g(18), h(21), i(19)

Ibuprofen Dipyridamole

MW 206.3 504.6
Dose mg 400 50
Dose Number 80A 35A

Dose Volume mL 250 250
Solubility (pH 1.5 or 2) mg/mL 5.5 ×  10−2a 5.0f

Solubility (pH 6.2 or 6.5) mg/mL 2.0a 5.8 ×  10−3f

logP 4.0b 2.7 g

pKa 4.5c 6.4 g

Human Peff  ×  10−4  cm2/s 4.1B 3.0 h

Body weight kg 70 70
Vc L/kg 0.2d 2.0i

CL L/h/kg 0.10e 0.12i

Fig. 1  Ibuprofen dissolution profiles generated using various two-
stage method setups. The first stage dissolution was conducted for 
either the first 20 or 30 min before initiating the second, small intesti-
nal, stage. *Institute B1 -HPLC method and Institute B2 – UV probe

Fig. 2  Ibuprofen dissolution profiles in the small intestinal chamber 
generated using various transfer model setups
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complete dissolution of dipyridamole and no or close to no 
precipitation regardless of buffer species and capacity, while 
Institute C observed precipitation following pH adjustment 
to 6.8 with NaOH (Fig. 3).

In transfer methodologies, only the dissolution profiles in 
the small intestinal vessel(s) are plotted (Fig. 4). The results 
from Institutes D, E, and I exhibited more than 80% dissolu-
tion of dipyridamole, while Institutes G and F reported only 
50–60% of dipyridamole dissolution at the end of the experi-
ment. As for ibuprofen, Institute H reported very low disso-
lution of dipyridamole because, once again, the dissolution 
profile was calculated based on the volume in the second 
(“duodenal”) chamber multiplied by the drug concentration 
at the time points of sample withdrawal. Dipyridamole is a 
weak base drug and the gastric environment, pH, stirring 
speed, volume, and the residence time might all be important 

to describe its dissolution from the tablet. Since the pKa of 
dipyridamole (pKa 6.4) is close to the pH of the dissolution 
buffers representing the small intestine (pH 6.5–7.5, depend-
ing on the institute), the buffer capacity, species and volume 
are all expected to affect its dissolution. This was reflected 
by the large range of results recorded.

Ibuprofen Modeling

The plasma profiles of ibuprofen were simulated using the 
dissolution profiles produced by the WG as the in vivo dis-
solution input. The purpose of this simulation was not to 
provide a fully accurate prediction of the observed clinical 
plasma profile (e.g., no attempt was made to further opti-
mize, e.g., disposition parameters in the model) but rather 
directed at assessing the criticality of different in vitro condi-
tions by different members of the WG (including pH, buffer 
species, buffer capacity, volumes of media, media change 
conditions and stirring rate). The prediction of ibuprofen 
absorption after oral dosing of 400 mg with the biopredictive 
dissolution profiles from the two-stage test was all BE with 
the clinical data (Fig. 5). The simulation results presented in 
Table IV suggest that all of the two-stage dissolution condi-
tions studied were indeed biopredictive for ibuprofen, even 
though there were some differences in buffers, transfer rate/
timing and other experimental conditions. Part of the rea-
son for this is that for weakly acidic drugs like ibuprofen, 
the environment in the small intestine is far more favorable 
than the one in the stomach for dissolution, so as long as the 
buffer pH is higher than the drug’s pKa and the pH is ade-
quately maintained over the experiment, modest differences 
in dissolution conditions are unlikely to affect the outcome 
of the simulation with respect to BE.

With respect to the transfer test, only the results from 
Institutes D, G, and H fell within the BE limits (Fig. 5). The 
failure of results from Institute F to meet the BE limits can 
be traced back to the experimental design: in the Institute 
F experiments, only 50% of ibuprofen was transferred to 
the small intestinal chamber from the gastric chamber. Even 
though the dissolution profile was re-generated to assume 
the same concentration was achieved in the rest of the small 
intestine as in the duodenal chamber, the concentration of 
ibuprofen in the duodenal chamber used to generate the sim-
ulated in vivo dissolution profile might have been too low to 
evaluate the biorelevant dissolution. Since a large volume 
of acid comes from the gastric chamber into the duodenal 
chamber (which holds only 30 mL of the small intestinal 
buffer), the pH in the duodenal chamber is lowered, and 
thus limits the extent of ibuprofen dissolution, leading to an 
underestimation of the predicted plasma profile of ibuprofen. 
Since ibuprofen dissolves well at intestinal pH (as shown 
in Institute D, and G setups) and is completely absorbed in 
vivo (23, 26), it seems that the short duration of dissolution, 

Fig. 3  Dipyridamole dissolution profiles generated using the two-
stage method. The first stage dissolution was conducted for either the 
first 20 or 30  min before the second, small intestinal condition was 
initiated. *The buffer at the second stage: SIF – simulated intesti-
nal fluid, 1/10 SIF – 1/10th concentration of SIF, Maleate – 7  mM 
Maleate buffer

Fig. 4  Dipyridamole dissolution profiles in the small intestinal region 
generated using the transfer model
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lowered pH and small volume used to represent the small 
intestinal environment in the Institute H setup, combine to 
produce a less extensive dissolution than would occur in the 
small intestine in vivo.

Dipyridamole Modeling

The plasma profiles of dipyridamole were simulated using 
the dissolution profiles produced by the WG as the in vivo 
dissolution input, analogous to the approach used for ibupro-
fen. Again, the purpose of this simulation was not to provide 
a fully accurate prediction of the observed clinical plasma 
profile but rather directed toward assessing the criticality 
of differences in the in vitro conditions among the different 
institutes. The results are shown in Fig. 6a and b.

While nine of the eleven simulated plasma profiles satis-
fied equivalency with the clinical data with respect to Cmax 
but overestimated AUC, the dissolution profile by Institute 
F led to a simulation which satisfied the BE requirements 
for AUC 0-24 but missed on Cmax (Table V). An issue with 
all of the simulations is that the clinical data chosen as the 
reference in vivo data exhibited a Tmax of 0.5 h, while the 
in silico simulations based on the biorelevant dissolution 
profiles consistently predicted a longer Tmax of  ~1.5 h (27). 
BCS class IIb drugs like dipyridamole dissolve well in the 
gastric environment and the earlier Tmax suggests a faster 
gastric emptying time. Indeed, the stomach has a rapid emp-
tying mechanism described as “Magenstrasse,” which might 
potentially explain the relatively faster Tmax observed in the 
reference clinical data (28, 29). It also should be mentioned 
that other clinical data reported by Gregov et al. exhibited 
a Tmax of 1.06–1.58 h over the 25–200 mg dose range, in 
agreement with the simulation results, and, as seen, high 
inter-study and subject variabilities in the PK study of dipy-
ridamole have been reported (10, 24, 30).

a

b

Fig. 5  Predicted plasma profiles of ibuprofen based on biopredictive 
dissolution profiles. Dark blue dotted lines represent 80% and 125% 
of the average clinical plasma profile (23). a represents simulated 
results based on two-stage dissolution methodologies and b repre-
sents simulated results based on transfer methodologies

Table IV  Comparison of 
Similarity to Clinical Plasma 
Profile of Ibuprofen by 
GastroPlus™ Simulation Based 
on the Biorelevant Dissolution 
Profiles

Institute Dissolution Method Cmax (ug/mL) AUC 0-24 (ug-h/mL) Result

Clinical results 19.3–30.1 91.9–143.6
Institution A Two-stage 24.6 114.9 Yes
Institution B Two-stage 24.6 114.9 Yes
Institution C Two-stage 24.6 114.9 Yes
Institution D Two-stage 24.6 114.9 Yes
Institution D Transfer 24.1 114.9 Yes
Institution E Two-stage 24.4 113.5 Yes
Institution F Transfer 13.3 114.5 No
Institution G Transfer 22.7 114.9 Yes
Institution H Transfer 7.5 73.7 No
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The dose of 50 mg of dipyridamole in this set of experi-
ments is relatively low and its pKa is high (pKa 6.4). Since 
the total aqueous volume available for dissolution at the end 
of the experiment was  ~300 to 500 mL in all cases (except 
for Institute H), most of the dipyridamole dose dissolved, 
with little precipitation, and hence more absorption was 
predicted by most simulations than was observed clinically.

Although it is beyond the scope of the current evaluation, 
more investigation of the precipitation kinetics and of the 
intestinal pH, along with buffer capacity, would be required 
to fully simulate the entire plasma concentration profile for 
this poorly soluble but highly permeable weak base. Since 
dipyridamole is a weakly basic drug, the gastric environ-
ment is the more favorable for its dissolution, and it is con-
sequently necessary to model the pH and dissolution time 
in the stomach (via the gastric emptying kinetics) in a way 
that reflects the physiology closely in order to attain a more 
predictive dissolution and simulation. Additionally, media 
volumes and hydrodynamics of the test method may need 
to be adjusted to adequately reflect the supersaturation and 
precipitation kinetics.

Discussion

As dissolution technology has advanced, academia and 
pharmaceutical companies have tried to predict how oral 
formulations would perform with regard to dissolution in the 
human GI tract, such that oral absorption can be predicted 
with in silico technology and the oral formulation can be 
optimized. A meaningful prediction of bioperformance for 
oral dosage forms would bring huge benefits, and, yet, unlike 
compendial dissolution methodologies, there is currently no 
harmonization of biopredictive dissolution methodology 
and its use in regulatory applications. This is likely because 
each pharmaceutical company and academic institute has 

a

b

Fig. 6  Predicted plasma profiles of dipyridamole based on biopredic-
tive dissolution profiles. Dark blue dot lines represent 80% and 125% 
of the calculated mean clinical plasma profile (43). a represents simu-
lated results based on two-stage dissolution methodologies and b rep-
resents simulated results based on transfer methodologies

Table V  Comparison of 
Similarity to Clinical Plasma 
Profile of Dipyridamole by 
GastroPlus™ Simulation Based 
on the Biorelevant Dissolution 
Profiles

Institute Dissolution method Cmax (ug/mL) AUC 0-24 (ug-h/mL) Result

Clinical results 1.26–1.97 3.40–5.33
Institution A Two-stage NA NA
Institution B Two-stage 1.56 7.80 No
Institution C Two-stage 1.56 7.80 No
Institution C Two-stage (Maleate) 1.55 7.80 No
Institution D Two-stage 1.53 7.80 No
Institution D Transfer 1.55 7.78 No
Institution E Two-stage 1.54 7.71 No
Institution E Transfer 1.30 7.72 No
Institution F Transfer 0.81 4.15 No
Institution G Transfer 1.31 6.70 No
Institution H Transfer 0.44 2.18 No
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developed its own version of biopredictive methodology to 
test their oral compounds of interest and reasonably predict 
their performance.

Many BCS class II and IV drugs have pH-dependent sol-
ubilities in the physiological pH range. Those oral drugs, 
especially BCS class IIb drugs like dipyridamole, should be 
sequentially studied in different pH buffers, gastric and intes-
tinal pH conditions, to adequately predict bioperformance 
of those oral drug formulations. There are multiple differ-
ent methodologies to predict the bioperformance of oral 
drug products (3, 7, 31–34). However, largely, biorelevant 
methodologies, or in vivo predictive dissolution (iPD), can 
be divided into two major types: two-stage dissolution and 
transfer methodologies. Even these two approaches are sub-
ject to a wide variety of experimental conditions employed 
with respect to buffer species and volumes, buffer pH, rota-
tional speeds, dissolution time and, for transfer methodolo-
gies, the transfer rate (Tables I and II). Various institutes 
have successfully utilized biopredictive dissolution results 
to predict the in vivo performance of the dosage forms they 
tested and have also optimized the input of their results into 
in silico models (6, 31, 35, 36).

The most popular biopredictive dissolution testing proce-
dure appears to be the two-stage dissolution methodology, 
which involves two different biorelevant media conditions 
(the gastric conditions, i.e., acidic, as the first stage, and the 
intestinal conditions, i.e. close to neutral, as the second stage) 
in sequence, to evaluate the bioperformance of drug sub-
stances and/or oral formulations when those are introduced 
to two different pH environments (3, 10, 34). Another bio-
predictive dissolution testing procedure is the transfer model 
methodology, which has the same principle as the two-stage 
dissolution methodology but may involve more than two 
chambers, with mechanical transfer of the dissolution buff-
ers from one to the next chamber (5, 8, 11, 36). Different 
dissolution media have been used in those dissolution meth-
odologies to mimic the gastric conditions, namely 0.01–0.1N 
hydrochloric acid (HCl), simulated gastric fluid (SGF), fasted 
state simulated gastric fluid (FaSSGF), and less acidic buffers 
such as maleate buffer to represent achlorhydric conditions 
(pH 4.0 to 6.0). To mimic the intestinal conditions, various 
concentrations of phosphate buffer like simulated intestinal 
fluid (SIF) and fasted state simulated intestinal fluid (FaS-
SIF), including its different versions, within the pH range of 
6.5 to 7.5 (37–40). Those biorelevant dissolution methodolo-
gies have been mainly used to investigate the supersatura-
tion and the precipitation behavior of poorly soluble drugs 
or drugs which have pH-dependent solubility.

As seen in Tables I and II, the conditions of biorele-
vant / iPD methodologies vary among the PQRI WG, even 
though this WG understands the human GI physiology well 
and the methods used are similar in their approach. Rather 
than adapting a “one method fits all” approach, scientists in 

each institute tend to customize the methods and conditions 
for dissolution testing to the specific drug and formulation 
properties they are tasked to work with, in order to predict 
the in vivo performance of the formulation. In the past few 
years, it has also been broadly recognized that the in vitro 
experimental conditions used to represent in vivo conditions 
should be selected in such a way that the dissolution profiles 
can be easily connected to PBPK models in a PBBM to real-
ize successful in vivo predictions (27, 41–45). In the present 
studies, all data were entered into GastroPlus™ using the 
same approach and by the same operator, so that any differ-
ences in dissolution data would be reflected the same way 
in the simulations of the PK profile. This was important to 
understand which differences in methodology would lead 
to a difference in the simulated plasma profile and which 
differences would not.

The Oral Biopharmaceutics Tools (OrBiTo) project was 
carried out as a consortium in European countries. This col-
laborative effort has gained much knowledge and filled many 
gaps in our understanding of GI function pertaining to oral 
drug absorption and oral drug delivery, creating a framework 
for the development of the next predictive biopharmaceutical 
tools, and their validation (46–51). In the OrBiTo project, 
a ring study among both academic and industrial partners 
verified the reproducibility and reliability of biorelevant dis-
solution among sites, based on a fixed dissolution protocol.

By contrast, in this PQRI project, biorelevant dissolu-
tion was carried out using different biopredictive dissolution 
methods to see how comparable those results are in terms 
of being able to simulate in vivo performance using PBBM. 
This enabled us to identify which experimental parameters 
might have a big impact on the simulated plasma profiles. 
The ibuprofen results demonstrated BE with the clinical data 
for the majority of the PQRI WG (Table IV and Fig. 5). 
Given that ibuprofen is a weakly acidic drug, the conditions 
over the intestinal transit time of  ~3 h are favorable for its 
dissolution. On the other hand, weakly basic drugs like 
dipyridamole must dissolve within a comparably short time 
in the stomach since the gastric emptying time is  ~0.5–1 h 
(52). Therefore, the range of dissolution results that will 
satisfy BE criteria might be expected to be wider for a poorly 
soluble weak acid than for a poorly soluble weak base. This 
was borne out by the simulation results for ibuprofen and 
dipyridamole. Still, the results of these first two phases of 
the project have given the WG the confidence to proceed 
to the next phase of the project. As a next step, the WG 
will discuss and determine the most important experimen-
tal parameters for biopredictive dissolution and narrow the 
range of experimental conditions with a view to developing 
“best practice” biopredictive dissolution methodologies. 
Then, the WG will perform further dissolution experiments 
with the same batches used to generate the results in the cur-
rent studies, with the aim of harmonizing the biopredictive 
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tools and conditions and identifying best practices in PBBM 
for successful prediction of in vivo performance.

Conclusion

Biopredictive dissolution is, by its nature, a surrogate meth-
odology and since surrogate methodologies are designed to 
prevent clinical failures, the availability of well-designed 
and validated biopredictive dissolution methodologies could 
even lead to viewing clinical PK studies as confirmatory 
methodologies. In the next steps of these PQRI studies, key 
experimental parameters will be identified, and the WG will 
develop “best practice” biopredictive dissolution methodolo-
gies, which in turn will be verified by testing their ability 
to predict plasma profiles in the framework of PBBM. The 
availability and application of “best practice” biopredictive 
dissolution methodologies will lead to efficiencies in oral 
product development, a reduction of the number of animal 
studies in preclinical development, as well as potentially 
increasing the success rate of clinical studies. The PQRI 
studies constitute the first big step toward harmonizing 
biorelevant dissolution methodologies.
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