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Thomas H. Kissel, Philipps University of 
Marburg, Germany: The next presentation is on the
subject, Physiological basis of the design of dissolu-
tion tests, by Christos Reppas from Athens. The 
co-author is Jennifer Dressman from Frankfurt.

Christos Reppas, University of Athens, Greece:
Thank you, Mr Chairman. Earlier this morning, other
speakers talked on the usefulness of the in-vitro dis-
solution test, mostly from the regulatory point of view.
I'm asking you for the next 25 minutes to follow me
back to the development level. 

During the development process of a pharmaceu-
tical product, an important aspect is to find an in-vitro
characteristic which would be valuable in predicting
the product's in-vivo performance. One such cha-
racteristic for the last 30 or 40 years has been the 
in-vitro dissolution profile.

Despite great hopes of the late 1950s or early
1960s on the usefulness of the in-vitro dissolution test
as predictor of drug absorption, today it has low 
credibility for two reasons. The first relates to the fact
that the dissolution process in-vivo does not neces-
sarily limit the overall absorption process. The second
reason is that the in-vitro conditions usually are not
well-optimized, usually due to lack of knowledge of
what is going on intra-luminally.

Gastrointestinal (GI) absorption includes (Figure 1)
the release process, processes which lead to the
approach towards and the removal from the uptake
sites, the permeation through the intestinal mucosa
and, finally, the first-pass metabolism, which may occur
in the mucosa or during the first pass from the liver.

Strictly speaking, first-pass metabolism should be
considered as a post-absorptive process. However,
this process can be affected by formulation factors
and/or by food components. Therefore, first-pass
metabolism is, in my opinion, a factor which limits the
absorption process – considering 'absorption' as a
process which determines the rate and extent of the
appearance of the drug in the systemic circulation.

The release process is only one of the four major
sets of processes that affect GI absorption and, the-
refore, not the only process which can limit absorption.
Few years ago, Amidon, Lennernäs and theirs groups
provided the theoretical basis for identifying the pro-
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ducts for which the in-vitro dissolution test can give a
good picture of their in-vivo performance.

One problem that must be solved is how are we
going to classify a drug as a low-solubility drug? In
my opinion a good way to go is by calculating the
dose/solubility ratio, which in reality tells us the required
volume of fluid to dissolve the entire dose. By using this
ratio, one is able to specify whether or not drug
absorption will be dissolution rate limited. 

If we go one step further, one way to search for
the parameters affecting the intra-luminal dissolution
of the drug is by observing the fundamental equation
of Noyes and Whitney (which describes the dissolution
rate of a solid in a liquid) and its subsequent modifi-
cations made by Nernst & Brunner and by Levich
(Figure 2).

If one relates the parameters shown in Figure 2
with physico-chemical and physiological factors he/she
will see (Figure 3) that the effective surface area
depends, of course, on the particle size and wettabi-
lity of the solid(s) (physicochemical factors) and by the
presence of bile or surfactants which are present 
in the gastric juice (physiological factors). The diffu-
sion co-efficient depends on the molecular size, and
when it comes to physiological factors, one should
consider the viscosity of the luminal contents. The
boundary layer thickness will depend on the motility
patterns and the flow rates in the gut. Saturation solu-
bility depends on the hydrophilicity, crystal structure
and solubilization. Solubilization in-vivo depends on
the ionisation of the drug (i.e. it relates to both the
intralumenal pH and the buffer capacity of the fluids)
and/or the presence of bile and other food compo-
nents. Finally (Figure 3), we have the amount of drug
dissolved and being present in GI fluids, which will be
determined by its permeability and the volume available

for the dissolution of the drug, which in turn will be
determined by the secretions or by the absorption of
co-administered fluid. So, you see that the parameters
which theoretically determine the rate of dissolution
(Figure 2) are affected by a number of physiological
factors.

I would like next to summarize the conditions in
the GI tract and how these conditions led us to the
design of physiologically relevant media to be used in
in-vitro dissolution testing.

Figure 4 shows the average pH vs. time profile of
a healthy adult (the type of volunteers which is used

Which parameters affect the intralumenal disso-
lution of the drug?

dX d =
AD

(C- 
X d)

dt      h    V
A: Effective surface area of the solid drug
D: Diffusion coefficient of the drug
h: Thickness of the diffusion boundary layer
Cs: Saturation solubility of the drug under lumenal conditions
Xd: Amount of drug in solution
V: Volume of dissolution medium

Figure 2.

Physicochemical and physiological factors
important to drug dissolution in the GI tract

Parameter Physicochemical Physiological
Factors Factors

A particle size bile and surfactants
wettability in gastric juice

D molecular size viscosity of
lumenal contents

h mobility patterns
and flow rate

CS hydrophilicity pH, buffer capacity,
crystal structure bile, food

solubilization components
Xd permeability
V secretions,

coadministered
fluids

Figure 3.
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Figure 4: Box-Whisker plots for pooled gastric 
pH data from three 15-min. intervals prior to meal 
administration and at 5-min intervals postprandially
[Dressman et al. Pharm. Res. 7:756-761 (1990)].
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in Bioavailability/Bioequivalence studies) in the fasted
stomach, as well as immediately after the adminis-
tration of a typical meal. After meal’s administration, the
pH in the stomach increases up to 5 and comes back
to baseline levels after about two hours. This may be
of particular importance in cases of insoluble weak
bases, such as ketoconazole or dipyridamol. Yes-
terday we heard a lot about the effect of aging and
ethnic background on the disposition parameters of a
drug, but we didn't hear much about the absorption
process. For example, Figure 4 may not apply to the
elderly population. The postprandial rise in pH may
not be observed in these subjects, because of the
increased incidence of hypochlorhydria or even achlor-
hydria. An increased incidence of hypochlorhydria in
the Japanese population has also been documented,
and this similarly affects the dissolution of weak bases
in the stomach. In the small intestine the pH varies
little with the location but it varies substantially with
dosing conditions; typical pH values are 6.5 - 6.8 in the
fasted state and about 5.5 in the fed state.

When it comes to surface tension and micelles in
the GI tract, there is limited information on what's
going on in the stomach; the information so far has
been mostly collected from patients being tested for
stomach illnesses. What is generally known to date
is that there is definitely a reduced surface tension in
the fasted stomach, down to 35-50 mN/m, which is
independent of gastric pH or secretion rate, and is
not exclusively due to the bile reflux from the duo-

denum. The exact reason why surface tension is
reduced is still to be investigated. As far as the small
intestine is concerned, the major component which
affects the dissolution of an insoluble compound will
be the bile salts. As you move from the duodenum to
the upper and the lower jejunum, you cannot really
see much difference, but between subjects variability
of bile salt concentration is high. Human genomics
may influence baseline levels of bile salts, and, if, in
the future, we are able to map two or three populations
so that this variability is reduced, I believe that the
effect of dosing conditions on the absorption process
of low solubility drugs will be more accurately pre-
dicted. In the meantime, we believe that a value which
can be used to represent the average bile salt concen-
tration in the fasting small intestine is 3 mM. The post-
prandial concentration value in the small intestine
varies with the time after the administration of the meal
(about two hours after administration the levels drop
back to the fasting levels) and between subjects. The
value we have decided to use is 15 mM [for more
information see Galia et al. Pharm. Res. 15:698-705
(1998)].

Exact numbers on the volume of fluid that one
should use are difficult to obtain. A study performed
some years ago showed that after the administration
of a hypotonic meal there is less volume (i.e. less water)
available in the upper small intestine than after the
administration of a hypertonic meal, in which case
secretions come into play (Figure 5). And even if you
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administer a total of 2,000 ml, it is clear that a volume
of about 500 mls would be more appropriate in hypo-
tonic case whereas with the hypertonic scenario,
there are about 1,000ml to dissolve the drug intra-
lumenally.

Other factors which are of importance when opti-
mizing the in-vitro dissolution test conditions include
osmolarity, buffer capacity and viscosity of the liquid
medium to be used. There are some recent data from
Lennernäs’s group on the osmolarity of the contents
in fasted small intestine, which confirm previous finding
using the dog model that the fasting components in the
small intestine are isoosmotic. Canine data have addi-
tionally shown that the buffer capacity is increased in
the fed intestine compared to fasted state whereas
the viscosity is not that much increased to affect sub-
stantially the overall absorption process.

I would like to say few things about the hydrody-
namics in the GI tract. I've tried to write down infor-
mation friendlier than what can be described according
to the interdigestive migrating motility complex. In the
fasting stomach, there is going to be anything from a
stagnant system to intense contractions depending
on the phase that happens to exist at the time of admi-
nistration. In the fed stomach, we have intermediate
intensity, and frequent contractions. In the fasted small
intestine, we have propagation movements domina-
ting over the segmentation, exactly the opposite to
what happens in the fed small intestine, where seg-
mentation dominates over propagation. In the colon,

we will always have longitudinal and lateral mixing but
the intensity of contractions is less than in the small
intestine. Flow rates in the upper GI tract can be sum-
marized as follows:

T50% for gastric emptying in the fasted stomach is
about 15 minutes, maybe a little less, as Prof. Amidon
pointed out this morning, and in the fed state it will
be determined by the caloric content of the meal; a rate
of emptying of about 2-4 kcal per minute is usually
observed. In the small intestine we have a net flow
rate towards the oral direction of about 1-2 ml per
minute, but it must be kept in mind that this is the net
flow towards the oral direction. Usually back-and-forth
movements are observed in-vivo.

With this information in mind, it is obvious that the
gastric media should differentiate between fasting and
fed conditions. For the fasted state simulating media,
I think that what has been used to date is close to
reality, with the exception of the addition of a surfac-
tant which decreases the surface tension to the phy-
siologically relevant surface tension. I'm not so happy
with the type of surfactants used to date, but I can
answer questions on that later. For the fed state, we
have decided that a logical starting point would be to
use cow's milk, and we have made some progress
in regard to its digestion. For the intestinal media, both
the fasted state and the fed state media should be
based on the presence of bile salts and lecithin. This
is very important for the composition of micelles,
because there are mixed micelles in the gut. Then you
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need to take care of the osmolarity, the pH and the
buffering capacity.

I'd like now to show some data with one drug.
I had planned to show more examples, but I've appa-
rently run out of time. The data shown in Figure 6 refer
to an immediate release tablet of atovaquone and they
were collected with the rotating paddle apparatus by
using various compendial and biorelevant media at
volumes of 500 ml. The duration of the test was up to
120 minutes, at which time plateau values were usually
achieved. Atovaquone has a molecular weight of 366,
it is neutral, it has an aqueous solubility of 0.43 micro-
grams per ml, and it is highly lipophilic. We tested one
dosage form.

Figure 6 shows the profile in milk, with a plateau
level of about 15 percent release, the profile in FeSSIF
(the fed state in the small intestine simulating medium),
the profile in FaSSIF (the fasting state in the small
intestine simulating medium), and the profiles in water
and SIFsp where dissolution could not be measured.
We did the experiments in SIFsp in Athens and in
Frankfurt, to ensure high inter-laboratory reproducibi-
lity. From the data shown in Figure 6, one statement
that can be made is that the absolute bioavailability
of this compound will be far less than complete. By
comparing the FaSSIF and the FeSSIF results, you
can conclude that you may have an increased absorp-
tion in the fed state compared to the fasted state, and
it's also possible to say that, based in the profile in
milk, other (dietary) lipids will play a major role in the
absorption of this compound. Now, let’s see what
actually happens in-vivo. The absolute bioavailability
is only about 21 percent in HIV-positive volunteers.
Its bioavailability increases in the fed state. In fact,
AUC (area under the curve) increases with the fat
content of the meal, demonstrating that dietary fats
play a major role in the increased bioavailability in the
fed state. Actually, when they administered this product
in the fasted state immediately after cholecystokinine
infusion, only a small increase of the absorption was
observed; the average Cmax value was only 1.5 times
higher, indicating that the response of the intestine to
the secretion of both bile salts and lecithin was not
the dominant factor in the increased bioavailability in
the fed state. Instead, the dietary lipid components
were playing a major role, as was indicated with the
profile in milk shown in Figure 6.

In conclusion, I think that, to date, formulation
effects and food effects on bioavailability of lipophilic
drugs can be at least qualitatively predicted with the
in-vitro dissolution test. However, quantitative predic-
tion, will among others require further refinement of
the in-vitro testing conditions. I have already given

some hints about this. Knowledge of the pharmaco-
kinetics of the drug is also very important. If one
expects to reproduce the entire in-vivo profile, values
of pharmacokinetic (PK) parameters are actually cru-
cial. However, it is not always easy to estimate the PK
parameters of low solubility drugs because they cannot
be easily administered intravenously at appropriate
doses. The problem becomes more complicated if
the drug follows multi-compartmental disposition kine-
tics. Knowledge of the prevalence of sink or non-sink
conditions in the small intestine is also particularly
important. However, assessment of prevalence of sink
conditions in-vivo must be done with a physiologically
relevant medium. Also, if non-sink conditions prevail the
permeability characteristics of the drug are required
for predictions to be made. Finally, one has to use an
appropriate mathematical model which, again, is a
rather big story — what kind of model should we use
to simulate GI absorption?

Thank you very much for your attention.

Thomas H. Kissel, Philipps University of Mar-
burg, Germany:

Thank you Christos. Any questions? Gordon?

Gordon Amidon, University of Michigan, USA:
Thank you, Christos, for an excellent presentation on
what I think is going to become very important —
more relevant, if you will — that is, dissolution metho-
dologies. One question I would have is about the use
of bile salts and FaSSIF in lecithin in your dissolution
media, which is a fairly complex surfactant system.
I think it has some merit, to be sure, but an alternative
which I think is useful would be to measure the in-
vivo solubility, let's say in intestinal fluid. That is, you
aspirate and then test, to determine the solubility or
solubilization in-vivo, and then use a pharmaceutical
surfactant that provides similar solubilization. Do you
have any thoughts on that?

Christos Reppas, University of Athens, Greece:
Absolutely, this should be the target. However, it is
not easy to find another surfactant with similar acti-
vity to the bile salts. There are surfactants which have
a similar solubilization capacity, but then the decrease
in the surface tension is different. If you try to match
both surface tension and solubilization capacity, it may
not be so easy to find an equivalent to bile salts. But
I agree with you for various reasons, including the
reduction of costs (bile salts, and lecithin, are very
expensive). It's certainly the logical step to make, and
we are working on it, but we have not been successful
so far.
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Ed Wong, Alza Corporation, Hong Kong: When
you started to design controlled-release dosage forms,
did you observe any bile salt concentration in the
colon? Because that would be relevant if you were
delivering such a type of drug.

Christos Reppas, University of Athens, Greece:
First of all the information in the colon, intra-luminally,
is limited, basically due to the difficulty of obtaining
data from the colon. Theoretically, most of the bile
salts are re-absorbed before entering the colon. But
I guess that when it comes to lumenal conditions in the
colon, other factors such as increased viscosity, and
the presence of gas in the colon, which limits the
actual volume of fluid available for the release of the
drug, may be of greater importance than solubilizing
agents. I would assume that there are solubilizing
agents, simply due to the presence of microbes and
the presence of certain macromolecules with surface
activity. But, as I said, the information is very limited.

(? speaker): Based on the little bit of work we have
done on extremely insoluble drugs, it appears to me
that the method of finding an ideal dissolution proce-
dure, or a composition, probably can be looked at
slightly differently if you control certain aspects of the
drug, including its surface and how it is treated, and
then combine that with a simple human study and
hopefully treat the data through convolution/decon-

volution. You may be able to remove the complexity of
what we are talking about, and I have seen that time
and again in several model drugs.

Christos Reppas, University of Athens, Greece:
Well, the convolution/deconvolution techniques work
with some extended-release formulations, and this is
to be expected because, for these products, the
release profile is not greatly affected by differences in
the composition of the GI lumen. For example, you
can have a constant release rate regardless of the pH.
But when it comes to immediate-release formulations,
the vast environmental differences between the sto-
mach and the intestine, in my opinion, precludes the
immediate application of convolution/deconvolution
techniques. I think this is the main reason why we
don't see that many applications of convolution/decon-
volution techniques with immediate-release formula-
tions. Another assumption that one can probably make
with extended-release formulations is that there is no
dissolution in the stomach, so the release profile in-vivo
can be assumed that is the release profile in the small
intestine. In that case, I guess convolution has more
chances to work. But with immediate release pro-
ducts most of the times you have some release in the
stomach and some in the intestine.

Thomas H. Kissel, Philipps University of 
Marburg, Germany: Thank you again, Dr Reppas. 
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