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ince the Biopharmaceutics Classification System
(BCS) was introduced several years ago, it has be-
come a benchmark in the regulation of bicequiva-
lenice of oral drug products both in the United
States and abroad (1}. The concept behind the BCS is that
if two drug products yleld the same concentration pro-
file along the gastrointestinal (GI} tract, they will result
in the same plasma profile after oral administration. This
concept can be summarized by the following equation

j = P\v Cw
inwhich Jis the flux across the gut wall, P, is the permea-
bility of the gut wall to the drug, and C_ is the concen-
tration profile at the gut wall. In terms of bioequivalence,
it is assumed that highly permeable, highly soluble drugs
housed in rapidly dissolving drug products will be bio-
equivalent and that, unless major changes are made to the
formutation, dissolution data can be used as a surrogate
for pharmacokinetic data to demonstrate bicequivalence
of two drug products, The BCS thus enables manufac-
turers to reduce the costs of approving scale-up and post-
approval changes (SUPAC) to certain oral drug products
{rapidly dissolving products of Class [ drugs; see Table I)
without compromising public safety interests.

After several years of experience with the BCS, several
issues have arisen; First, is the BCS fatl safe? Second, should
blowaivers be limited to Class I drugs, or could we extend
them to other classes? Third, what about controlled-
release dosage forms? Fourth, how early In the develop-
ment process can we apply the BCS principles, and should
the same cutoff values be applied to developing both new
drug products and SUPAC applications? Although these
issues already have been addressed to some extent in the
literature, we must continue to gather data and experi-
ence in order to resolve them. In this article we have tried
to summarize current thinking and to make some sug-
gestions about where we should head with the BCS in the
coming years,

Is the BCS fail safe?

FDA has set quite restrictive limitations on which drugs
and drug products would be candidates for biowalvers
under the BCS. The nermeability reciuirement states that
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Figure 1: Mean paracetamol serum concentrations following 500 mg oral paracetamol,

Intrinsle solubility: 0.064 mg/mt. and pK,: 4.39

Figure 2: The pH-solubility profile of ibuprofen at 37 °C.

the permeability of the drug is commen-
surate with =90% absorption from a so-
lution. The solubility requirement is that
the dose-to-solubility ratio (D:S) of the
drug must be =250 ml. over a pH range
of 1 to 7.5, and the dissolution require-
ment for the drug product is that disso-
tutlon must be >85% complete within
30 min (3). For products meeting these
criteria, gastric emptying, rather than the
release performance of the drug product,
will be the key factor in determining the
plasma profile; therefore, variability in the
plasma profile will be under physiologi-
cal control and not dictated by the dosage
form.

Even for rapidly dissolving products of
Class I drugs, however, it is possible to man-
ufacture bioinequivalent products if ex-
cipients that modify gastric emptying are
added. For example, Grattan et al. showed
that the addition of sodium bicarbonate to
the paracetamol (acetaminophen) formu-
latlon produced a faster and higher peak

nnmnnntration af naracatamnl in nlaema
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(see Figure 1) even
though the dissolution
of the products in vitro
was similar {4}, This ex-
ample shows that even
though an excipient
change may seem com-
pletely innocuous, if the
new excipient alters the
GI physiology, then it
may very well alter the
plasma profile also.
Regulatory authorities
must be very careful
about defining what
constitutes a “major
change" to the formu-
lation to address the potential phystologi-
cal Issues,

Are the BCS criteria too restrictive?
On the other hand, some drugs that are
currently classified as Class Il are consis-
tently and completely absorbed after oral
administration. These are typically poorly
soluble weak acids with pkK values of <4.5
and Intrinsic solubilities (solubility of the
un-lonized form) of 20,01 mg/mL. At pH
values typical of the fasted state in the je-
junum (about pH 8.5), these drugs will
have solubilities of =1 mg/ml, resulting
in fast and reliable dissolution of the drug,
Currently, these drugs are classified as
Class IT drugs because they are poorly sol-
uble at gastric pH, in which pH<< pK,,.
Figure 2 shows a typical solubility versus
pH profile for ibuprofen (5).

Because the small-intestinal transit time
is more reliable, and in the fasted state,
longer than the gastric residence time
{generally on the order of 3 h), drugs with
these nhvsical characteristics will have

ample time to be dissolved. As long as
these drugs meet the permeability crite-
rion, blowalvers for products that dissolve
rapidly at pH values typical of the smal
intestine could be considered.

Another issue is that the requirement
for “not less than 85% dissolution within
30 min" may be too conservative in some
dosing circumstances. Although in the
fasted state it is quite possible that tran-
sit time through the stomach is short
(half-emptying times for water as short
as 8-10 min have been reported in the lit-
erature), if the dosage form ts given with
a meal, more than likely it wiil spend at
least an hour or two in the stomach.
Under these circumstances even slowly
dissolving products still may show ab-
sorption patterns that are controlled by
gastric emptying. A case exampie is that
of certain immediate-release (IR) parace-
tamol tablets. Galia et al. showed that
Panadol tablets release very siowly in sim-
ulated fed-state conditions {(milk} {6}, It
was subsequently shown by Reppas and
Nicolaides that gastric emptying contin-
ues to be rate limiting to absorption of
paracetamol, even in the fed state (7).
These results suggest that in cases in
which the drug is routinely administered
with meals, it may be possible to relax the
criteria for dissolution,

€anthe BCS be extended to

rapidly dissolving products of

Class 1l substances?

1t has been suggested by Blume and Schug
that because the absorption of Class 111
drugs is essentially controlled by the gut
wall permeability to the drug and not by
the drug’s solubility, biowalvers for rapidly
dissolving products of Class HI drugs also
could be justified (8). Although in terms
of the BCS theory this concept is clearly
valid, some physicloglcal issues would
have to be addressed on a case-by-case
basis. First, one must establish why the
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Figure 3: Mean serum ranitidine concentrations following 150 mg oral solution doses of

ranitidine.

permeability of the gut wall to the drug is
low, If the permeability is low but uniform
along the entire GI tract (inctuding the
proximal colon), biowaivers rnight be con-
sidered, However, if there is an absorption
window or a gradient in the permeability
of the gut wall to the drug (with decreas-
ing permeability in distal regions}), excip-
ients that accelerate gut motility could sig-
nificantly reduce the contact time of the
drug with the sites at which permeability
is favorable and therefore lower the
bioavailability of the drug,

Several compounds belonging to the
H2 receptor antagonist group are classi-
cal examples of Class [II drugs. It was
shown in the literature some years ago that
the shape of the plasma profile of cimeti-
dine is highly dependent upon the gastric
pH at the time of administration, with the
characteristic double peak eliminated if
the drug is given under elevated gastric
pH conditions (9}, Further, exciptents that
accelerate transit in the upper GI tract
such as sodium acid pyrophosphate (10}
and mannitol (11} have been clearly
shown to reduce the extent of absorption
of ranitidine and cimetidine, respectively.
The results from Koch et al. are shown in
Figure 3 (10). The 50% reductionin C__,
illustrates how important the influence of
excipients that can alter the GI motility
can be to the absorption of Class III drugs.

Can the BCS be applied to
controlied-release drug products?
Under the current definition, the BCS 1s
applicable only to immediate-release
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abillty in the jejunum is considered, To
extend the BCS to controlled-release (CR)
dosage forms, one must assess the per-
meability at al} points in the GI tract where
release of the drug is foreseen (12}, As
pointed out by Corrigan, it is unlikely that
drugs with low permeability in either the
ileum or colon will prove to be suitable
candidates for CR dosage forms, let alone
for blowalvers based on dissolution tests
{5). He has proposed a useful subclassifi-
cation scheme for CR products that is
based on the site dependency of both the
drug solubility and permeability.

A further consideration is the selection
of appropriate dissolution conditions to
simulate the release profile of the dosage
form as it moves through the Gl tract.
Conditions for dissolution in the stom-
ach, the small intestine, and the colon dif-
fer greatly, Important parameters that
vary with location in the GI tract include
the volume of fluid available for dissolu-
tion, osmolarity of the contents, the hy-
drodynamic {motility) conditions, and
the secretion of various enzymes and
other para-GI secretions that could po-
tentially affect the release rate. Similarity
of the dissolution profiles under all ap-
propriate GI conditions would have to be
shown for the two drug products, Al-
though our understanding of the com-
position of lumenal contents as they move
along the GI tract is far better than it was
a decade ago, a more complete charac-
terization is still needed. Still almost to-
tally lacking Is an understanding of the
relationship between the hydrodynarics
in the sut and those in the currently avail-

able dissolution testers. This throws a de-
gree of uncertalnty into the interpreta-
tion of dissolution results in terms of in
vivo performance, even when the com-
position of the lumenal contents can be
simulated well in the in vitro tests, Al-
though a problem is posed by the limi-
tation to establishing in vivo-in vitro cor-
relations for IR products, the problem is
compounded for CR dosage forms be-
cause the hydrodynamics at several sites
within the GI tract must then be simu-
lated. As a result, in vitro release profiles
of CR dosage forms with different release
mechanisms must be interpreted very
cautiously.

Application of the BCS to the
development of new

drug substances

Because the BCS was originally developed
as a basis for determining bicequivalence
of aral drug products, it assumes that the
drug is sufficiently well absorbed to make
an oral dosage form feasible. When new
drug substances are being developed,
however, this assumption is not appro-
priate, and one must consider other fac-
tors than just the solubility and permea-~
bility to determine whether an oral dosage
torm can be successfully developed, An
overview of the events in the GI tract fol-
lowing oral drug administration is de-
picted in Figure 4,

First, it should be remembered that the
drug substance does not have to meet the
Class I criteria of high permeability and
solubility for the drug to be successfully
formulated in an oral solid dosage form,
Many Class Il and Class III drugs are avail-
able on the market, and several that meet
Class IV criteria are available (see Table I1).

ne problem with applying the BCS cri-
terta to new drug substances is that, early
in preformulation/formulation, the dose
is not yet accurately known, So at this
point, the DS can only be expressed as a
likely range. A helpful rule of thumb is that
compounds with aqueous solubilities
=100 pg/mL seldom exhibit dissolution
rate-limited absorption. Alternatively, one
can estimate the maximum absorbable
dose on the basls of the usual volumes of
GI fluids available under the anticipated
dosing conditions and the solubtlity of the
drug, With regard to the solubility of the
drug, it may be useful to consider the
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Figure 4: Steps in drug absorption and sources of incomplete bioavailability following ora

administration of a solid dosage form.

physicochemical properties of the drug
when deciding which media to use for the
solubility determinations. For example,
measuring solubility at all pH values rec-
ommended by the BCS is unnecessary for
neutral compounds in early development.
Later, when formulations are compared,
dissolution data for the drug product over
the entire GI pH range will be useful in es-
tablishing the robustness of release from
the formulation under GI conditions.
Lipophilic drugs may be very poorly sol-
uble in water and in simple buffers, but in
the GI flulds they can often be solubilized
by the bile to a significant extent, Increases
in solubility of one to two orders of mag-

nitude are possible for compounds with
T P vatiine nf =4 Tn ernme rases this
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would lead to a quite different interpreta-
tion of the chances for absorption in vivo.
For promising compounds that are both
iortizable and lipophilic, extensive solubil-
ity experiments in biorelevant media will
help characterize the likely solubility be-
havior in vivo. Several publications address
the composition and applications of these
media (6,13-16). An alternative approach
is to use aspirates from human volunteers,
although volumes aspirated typically are
smnall and the choice of experiments and
apparatus therefore is limited (17).
Another issue is the use of 250 mL as
the volume in which a dose must be dis-
solved, This amount is a conservative es-
timate of the volurne of fluid available in
the gut under fasting-state conditions and
is hased on the volume usually ingested
along with the dosage form in a pharma-
cokinetic study (the so-called FDA glass of
water). The actual! volume available is a
composite of the ingested fluid and the se-
cretions of the GI tract. Although these
amounts tend to be modest in the fasted
state, secretlons ini the fed state contribute
substantially to the overal! fluid volume,
which may be as high as 1.5 L in both the
stomach and upper small intestine. De-
pending on whether drug administration
is to be on an empty stomach or with
meals, it is reasonable to adjust the volume
used to assess the capacity of the GI fluids
to dissolve the dose, A useful starting point
would be to use a volume of 300 mL for
the fasted stomach, 500 mL for the fasting

small intestine, and up to 1 L. for the post-
prandial stomach and small intestine,

A further consideration is the cholce of
model for assessing the permeability, Al-
though perfusions in humans will pro-
duce the most reliable results (18) and are
clearly the “gold standard,” these require
too much Hme and money to make them
practicable for screening new drug sub-
stances. Many anlmal- and cell-culture
models have been developed, each with its
own set of advantages and disadvantages,
For example, the Caeo 2 cells can be used
with confidence to assess transcellular dif-
fusion and can be standardized to ensure
reproducible results, but they tend o un-
derestimate paracellular and active mecha-
nisms, cannot be employed to determine
regional permeability within the gut, and
tend to overestimate efflux via the P-
glycoproteins. In situ perfusions in rats,
although they are much better in terms of
forecasting active transport and can be
used to determine regional permeability,
take more time and effort to produce are-
liable permeability estimate. In any case,
it {s a good idea to have more than one
permeability screen at the disposal of the
laboratory in order to build confidence
and robustness into the screening system,

If the drug is poorly soluble but highly
permeable, formulation efforts will con-
centrate on improving the dissolution
profile, For example, the combined effects
of formulating the drug as amorphous
solid dispersion and administering it in
the fed state are shown for troglitazone
in Figure 5. Combined, these two ap-
proaches shift the solubility-dissolution
characteristics from those of a very poorly
sofuble drug (D:S »10,000 mL) to those
of a drug product with a I):S within the
range of values encountered in the gut
after meals,

Figure 6 summarizes some further pos-
sibilities for improving the absorption of
drugs with less than optimal permeabii-
ity and solubility characteristics, If per-
meability rather than solubility is the
main problem, formulation approaches
are less numeraus and less reliable, In ex-
treme cases, it may be appropriate to con-
sider developing another analog with
more appropriate biopharmaceutical
characteristics.

Even when allowance is made for the
differences in solubility and permeability
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Figure 5: Troglitazone 200 mg: the effect of food and form on the

potential for solubility imited bioavailability.

ment of new drugs, in-
cluding for analog se-
lection as well as for
initial formulation ap-
proaches, As our knowl-
edge of GI physiology
becomes more sophis-
ticated, in vitro dissolu-
tion tests will be able to
better simulate the con-
ditions in the GI tract.,
This in turn will lead to
more powerful predic-
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Figure 6: Possible effects of various formulations on developability.

requirements for oral drug product de-
velopment vis-a-vis biowaiver criteria ac-
cording to the BCS, further factors still
must be considered for new drugs. These
include the possibility of decomposition
under GI conditions and the assessment
of first-pass metabolism both in the gut
wall and the liver. Appraising decompo-
sition in the gut is relatively simple using
biorelevant media and exposure times
based on longest anticipated exposure
times. For sensitive compounds, appro-
priate enzymes (e.g., pepsin and gastric li-
pases for the stomach, pancreatic enzymes
for the Jejunum, and bacterial enzymes
for the colon) must be added to the
medium in relevant concentrations. As far
as first-pass metabolism in the gut wall is
concerned, it may be possible to screen for
metabolites in the permeability model de-
pending on how the model is set up.

Summary

In summary, the BCS has proven to be an
extremely useful tool for the regulation of
hinerutivalance nf druo nenducts during
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required to optimize the
formulation, Together
with screens for other
limitations to oral ab-
sorptlon, the BCS paves
the way for (r)evolution
in the drug develop-
ment process,
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