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Abstract

Though various attempts have been made in literature to model the particle size distribution of an active pharmaceutical ingredient (API)
in function of the required release profile of the pharmaceutical product, so far one has not succeeded to develop a universal approach in the
correlation of particle size distribution and in vitro dissolution data. In this publication, a new approach is presented on the use of particle
size distribution data in the prediction of the in vitro dissolution profile of a suspension formulation. For this purpose, various theoretical
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xperiments were done simply on paper and based on the Noyes–Whitney [A.A. Noyes, W.R. Whitney, J. Am. Chem. Soc.
30–934] equation, the normalized dissolution profiles of various imaginary size distributions were calculated. For each size distr
eighted mean diameters were then calculated. Based on these theoretical data, a model could be developed which scientifically
issolution profile of a suspension in function of its volume-weighted mean particle size (D[4, 3]). The applicability of this correlation mod
ould experimentally be confirmed by evaluation of laser diffraction and in vitro dissolution data as they were obtained for differen
f a suspension formulation. This new approach in the correlation between particle size and dissolution may be an important analy

he engineering of the particle size distribution of drug substance, and more precisely monitoring theD[4, 3] volume-weighted mean diame
ay allow one to model the dissolution profile of a suspension formulation and thereby its in vivo release profile.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In pharmaceutical industry, the development of new drugs
s not only related to the discovery of new pharmaceutical
ctive ingredients (API), but also to the (chemical) devel-
pment of a stable form of the API and the (pharmaceutical)
evelopment of an effective pharmaceutical dosage form. The

atter should most of all be considered as a dosing device to
nable the accurate and repetitive dosing of the API. However,
dosage form is far more than a simple drug carrier, since

t may affect the absorption rate of the API, and thereby its
ffectiveness in the patient. As a result, one can state that the
evelopment of a pharmaceutical dosage form is an essential
art in the entire drug development process. One of the objec-
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tives in the development of a pharmaceutical dosage fo
to link what goes in the formulation in terms of ingredie
and manufacturing conditions, and what comes out in
patient in terms of bioavailability, therapeutic activity a
side effects. Once this relationship is known, the tools
available for the development in a shorter period of tim
a better pharmaceutical dosage form with an improved
apeutic activity.

One of the aspects of the pharmaceutical dosage
which may affect the effectiveness of the drug, is the par
size of the API[1,2]. The latter can readily be understo
since the dissolution rate of the API may highly dep
on its particle size (distribution). As a means to mimic
disintegration and dissolution behavior of solid oral dose
mulations in the gastro-intestinal tract of a patient, variou
vitro dissolution techniques are available. Though in m
cases in vitro dissolution testing is used as a quality co
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parameter to monitor the constant manufacturing of a prod-
uct, it can also be used as a basis for correlation of the in vitro
dissolution profile and in vivo pharmacokinetic data (IVIVC).
For innovative pharmaceutical R&D organizations IVIVC is
regularly applied as an important analytical tool to design
effective solid oral dosage forms. Various attempts have been
made as well to correlate the particle size of the API with in
vitro dissolution data[3–7]. However, so far these attempts
did not succeed in a universal approach for the modeling of
the in vitro dissolution profile of a pharmaceutical dosage
form based on the particle size characteristics of the API.

The correlation between the particle size (distribution) of
an API and the dissolution profile of its solid oral dose for-
mulation is generally quite complex, since any relationship
may depend not only on the dissolution of the API, but also
on the disintegration of the dosage form itself. To keep things
simple, the study as described here has initially been limited
to particles that are already in suspension. For the correlation
between two physical or physiological parameters (e.g. par-
ticle size distribution versus in vitro dissolution profile), one
may use either a statistical or a scientific model. A statistical
approach can be very effective and has the advantage that the
chemistry and/or physics not necessarily need to be known.
However, unlike a statistical model once the chemistry and
physics are known, based on a scientific model analytical
data can more readily be interpreted to better understand (or
p this
p tion
o well
i the
f eo-
r can
b etical

experiments. This theoretical model is at the end empirically
verified for a series of suspension formulations by the deter-
mination of both the in vitro dissolution and the particle size
distribution profile.

Based on the Noyes–Whitney equation, for a product its
dissolution profile can exactly be calculated, provided that the
solubility of the drug (cs) and the rate constant of dissolution
(k) are known. This publication will however show that the
exact values ofcs andk do not need to be known if only the
correlation between the dissolution profile and the particle
size distribution is aimed for. InFig. 1, a schematic presen-
tation is given on the stepwise approach, which is followed
in the modeling of dissolution profiles based on particle size
data. This approach as schematically outlined here can be
used as a basis in the correlation of particle size characteris-
tics and other physical or physiological aspects of a drug.

As a first step in the modeling of dissolution and particle
size data, its theoretical basis will be discussed by means of
a systematic explanation of:

a. the Noyes–Whitney equation;
b. the rate constant of dissolution (k) in function of the diam-

eter (D) of a single particle;
c. the average rate constant of dissolution (k̄) for a number

of particles not necessarily having the same particle size.
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redict) the behavior of the product. As will appear from
ublication, the dissolution behavior of particles in func
f their particle size distribution can be estimated quite

f some basic fundamentals are taken into account. In
ollowing sections, it is shown in more detail how a th
etical model on the dissolution of suspended particles
e derived by the performance on paper of some theor

ig. 1. A schematic presentation of the stepwise approach in the em
rofile of a suspension.
As one can expect, the dissolution profile of a prod
elates to the cumulative contribution of all individual pa
les present in the product. For spherical particles, the th
ccording to Noyes–Whitney implies that if the dissolu
ehavior is known for a single particle with a certain s

he dissolution profile of other particles with known size
utomatically known as well.

modeling of the in vitro dissolution profile based on the particle sizeibution
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As a second step for a series of imaginary size distributions
the theoretical modeling of the dissolution profile based on
k̄ will be discussed. For this purpose, size distributions were
designed simply on paper by defining their size classes and
the number of particles per size class. For the theoretical
modeling, the following assumptions have been made:

a. sphericity of the particles;
b. dissolution of the particles according to Noyes–Whitney;
c. constant total volume (V) of the particles;
d. normalization of the solubility of the drug (i.e.cs = 1).

For all the imaginary size distributions meant abovek̄

has been calculated together with the various weighted aver-
age diameters (D[p, q]) [8]. Based on these data it is then
demonstrated how to determine theD[p, q] which has the
best correlation with̄k, and which thus can best be used in
the modeling of in vitro dissolution profiles based on particle
size distribution data.

As a third and last step, the applicability of the new
correlation concept will be demonstrated by the empirical
modeling for a series of real-life samples of which the in
vitro dissolution and the particle size distribution profiles
have experimentally been determined. More precisely, this
empirical approach will be discussed by means of a system-
atic explanation of:
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calculated by Eq.(2) from the surface of the particles (S), the
diffusion coefficient of the dissolve molecule (ξ), the volume
of the bulk solution (Vs) and the thickness of the diffusion
layer (h).

k = S × ξ

Vs × h
(2)

For this study, the thickness of the diffusion layer is assumed
to be constant for particles with a different size. However,
one should know, that the latter is basically untrue since it
is known that for particles in suspension the thickness of the
diffusion layer generally decreases with a decrease in parti-
cle size[10,11] leading to a faster transport of the dissolved
molecules from the particle surface into the bulk solution.

Finally, according to the Stokes equation(3), the diffusion
coefficient (ξ) can be calculated from the Boltzmann constant
(kb), the temperature (T), the viscosity of the bulk solution
(η) and the hydrodynamic radius of the dissolved molecule
(r).

ξ = kb × T

6π × η × r
(3)

As the volume of the product (V) is considered to be a con-
stant, the surface area of the product (S) is determined by the
s
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i
l he
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a. correlation of̄k andD[4, 3] according to1
k̄

= ϕ × D[4, 3];
b. optimization ofϕ such that the experimentally determin

and normalized dissolution profile of a reference pro
corresponds to its empirically modeled dissolution pro

c. calculation of the dissolution profile of other samp
(for comparison with their experimentally determined
solution profiles) based on their volume-weighted m
diameter (D[4, 3]) andϕ;

. fine tuning of the empirical model for broad(er) size
tributions.

. Results and discussion

.1. Step 1: fundamentals

The dissolution of a solid in a bulk liquid is a dynam
rocess, since molecules migrate from the solid particle

he diffusion layer that surrounds the particle. Then, t
olecules diffuse from the diffusion layer into the bulk so

ion. Provided that during the dissolution of the partic
o-called sink conditions are met, the dissolution kinetic
escribed by Eq.(1).

(t) = cs × (1 − e−k×t) (1)

ith the so-called Noyes–Whitney equation[9], the con
entration of the molecule in the bulk solution (c(t)) can be
alculated from the concentration of the molecule in the d
ion layer or the so-called solubility of the drug (cs), the time
t) and the rate constant of dissolution (k). The latter can b
urface area of the particles (A) and substitution in(2) shows
hat for ideal particles the rate constant of dissolution (k) is
nversely proportional to the diameter of the particle (D). The
atter is demonstrated inFig. 2as for several particle sizes t
elative dissolution rate is schematically presented, sho
hat (as one may expect) small particles will dissolve m
uicker than bigger particles.

For (narrow) size distributions, a reasonable estima
he dissolution profile of the product can be made base
he average rate constant of dissolution (k̄). The latter can b
alculated by weighting each rate constant of dissolutionki)
or both its corresponding particle size (Di), the volume o
he corresponding particle∼ D3

i , and the number of particl

ig. 2. A schematic presentation of the relative dissolution rate for par
ith a different size (i.e. 11.3, 45.0, 225.4 and 897.2�m).
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perki (ni) according to Eq.(4).

k̄ =
∑

ini × d4
i × ki∑

ini × d4
i

(4)

In case the size distribution gets broader, the average rate
constant of dissolution (̄k) will become less accurate, thus
leading to a less accurate prediction of the dissolution profile
of the product.

2.2. Step 2: theoretical modeling

Since the dissolution behavior of a product is the result of
the cumulative effect of all particles in the product, the mean
particle diameter is expected to show a better correlation than
typical statistical descriptors like, for instance, the 10% (d10),
50% (d50) and the 90% (d90) cumulative undersize[12]. For
this reason, based on the so-called moment-ratio definition
system for a particle size distribution several mean particle
diameters[13] can be calculated according to Eqs.(5) and
(6), whereXi is the centre of a size class andni is the number
of particles per size class. The factorsp andq are integers (i.e.

0, 1, 2, 3, etc.), and in practice often limited to a maximum
value of ca. 5.

D[p, q] =
[∑

iniX
p
i∑

iniX
q
i

]1/(p−q)

, with p > q (5)

D[p, q] = exp

[∑
iniX

p
i lnXi∑

iniX
p
i

]
, with p = q (6)

The particle size distribution that is measured with a cer-
tain particle sizing technique is dependent not only on the
detected number of particles per size class, but also on the
ability of the instrument to accurately monitor all particles in
function of their size. The latter is quite regularly a serious
matter of concern. For instance, in the case of laser diffraction
it is known, that the technique may show an underestimation
of a small portion of oversized particles[14]. Since a non-
linear response of a particle size measurement system should
not interfere with our initial attempt to correlate size distribu-
tion and dissolution data, it seemed better to initially define
a series of imaginary particle size distributions and to simply
calculate their theoretical dissolution profiles. For this pur-
Fig. 3. The laser diffraction size distribution profiles as obtained for six
 suspension batches all originating from the same batch of drug substance.
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pose, as a first assumption the particles were considered as
being spherical, such that based on the diameter of the parti-
cles their surface area and volume can easily be calculated. As
a second assumption the particles were considered to dissolve
isotropically, i.e. meaning that the dissolution rate constant
is the same at each location on the particle surface. Finally,
as a third assumption the spherical shape of the particles was
considered not to change during dissolution, i.e. meaning that
the particles dissolve in an isometric way. According to these
assumptions, a series of imaginary products was defined in
terms of size classes (Xi) and the number of particles per size
class (ni), all being different with regard to the width and
the modality of their particle size distribution, but all being
equal with regard to the total volume (and thus the mass) of
the particles (V).

For the imaginary particles per definition no true calcu-
lations can be made, since their physical parameters are not
known. However, by just choosing an arbitrary value for the
rate constant of dissolution (ki) for one specific particle size
(Di), for the other particle sizes the relative value ofkj�=i can
easily be calculated. Based on Eq.(4) the average rate con-
stant of dissolution (̄k) can now be calculated. Since it has
been suggested in this document that an average effect of all
particles together is responsible for the dissolution behavior
of the product, the question now rises which mean diameter
best correlates with the average rate constant of dissolution
( ted
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t
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distributions the theoretical dissolution curves based on the
cumulative contribution of all size classes (

∑
ki) (see Eq.(8))

were plotted together with the calculated dissolution curves
based on the weighted rate constant (k̄) (see Eq.(9)). The
latter will from now on be referred to as the 1-k model, since
only one singlēk-value is used for calculation of the disso-
lution profile.

c(t) =
∑

i

Vi × (1 − eki×t) (8)

c(t) = V × (1 − e−k̄×t) (9)

Based on a visual evaluation of these data an excellent
agreement between both curves is shown. However, it also
appears from these calculations that if the volume distribu-
tion of the product becomes broader the predictive value of
the 1-k model becomes limited. Therefore, it seems safe to
assume, that for broad(er) volume distributions the predicted
dissolution profile of the product will better agree with the
true dissolution profile, if its particle size distribution is split
in smaller sections each being considered as a separate size
distribution. In line with the concept as explained above, for
each section of the size distribution the correspondingD[4, 3]i
volume-weighted mean diameter should then be calculated.

Fig. 4. A schematic presentation of the processing of the laser diffraction
data in function of the choice for: (A) 1-k (D[4, 3] with V = 100%), (B) 2-k
(D[4, 3]1 with V1; D[4, 3]2 with V2) or (C) 3-k (D[4, 3]1 with V1; D[4, 3]2
with V2; D[4, 3]3 with V3) correlation model.
k̄). Since under Section2.1it has already been demonstra
hat the rate constant of dissolution is inversely proporti
o the particle diameter (D), k̄−1 has been plotted as a fun
ion of the various weighted mean particle diameters (D[p,
]), leading to the conclusion that from a theoretical p
f view the so-called volume-weighted mean diameter (D[4,
]) should have the best correlation withk̄−1. As long as th
issolution conditions remain constant, the slope ofk̄−1 ver-
usD[4, 3] is believed to contain relevant information su
s for instance on the thickness of the diffusion layer (h), and

he relationship betweenk andD[4, 3] is given by Eq.(7).

= 3 × h × Vs

D[4, 3] × ξ × V
(7)

One may expect that the dissolution process is first o
ontrolled by the surface area of the product, as this i
egion where the product interacts with the liquid and w
olecules go into solution[15]. As long as the volume of th
roduct (V) is constant, it is the surface area per volume o
roduct that will dominate the dissolution process. This
alled specific surface area (SSA) is inversely related t
iameter of the particles (D), and subsequent weighting

he volume of the particles (∼D3) leads to aD4/D3 relation-
hip, which makes it ready to believe that a direct relation
xists between theD[4, 3] volume-weighted diameter and t
issolution process.

A next step in the theoretical modeling of the dissolu
rofile in function of the particle size characteristics of
roduct is to calculate the (theoretical) dissolution pro

n two different ways. More precisely, for all imaginary s
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In general terms, the dissolution behavior of a product with a
broad volume distribution is expected to behave according to
Eq.(10), whereas the partial volume of the particles (Vi) and
the volume-weighted mean diameter (D[4, 3]i) for each sec-
tion of the size distribution determine the overall dissolution
behavior of the product.

c(t) = Va × (1 − e−ka×t)

+
∑
b �=a

Vb × (1 − e(D[4,3]a/D[4,3]b)×ka×t) (10)

2.3. Step 3: empirical verification

Now that a theoretical approach on the correlation of
particle size distribution and dissolution data seems to be
available, the new concept has been tested for a set of exper-
imental data. Since the disintegration of tablet formulations
may lead to results that are difficult to interpret, the experi-

Fig. 5. Based on a bimodal processing of the laser diffraction data, the cal-
culation of the rate constant of dissolution based on an arbitrary slope for
1/k vs.D[4, 3] for six batches of a suspension formulation.
Fig. 6. For the six suspension products the 2-k modeled (- - -) vs. the measured (—) dissolution profiles are presented.
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mental verification has initially been done for a suspension
formulation containing particles in the high nanometer- and
low micrometer-area. More precisely, different suspension
formulations have been prepared all originating from the
same batch of API, but with only a difference in their particle
size distribution. For all these batches, the in vitro dissolu-
tion profiles were obtained, together with the size distribution
data determined with laser diffraction. For the laser diffrac-
tion measurements, a Beckman Coulter LS230 instrument
was used. The latter is relevant to mention here, since it is
known that different types of laser diffraction equipment may
lead to (serious) differences in particle size distribution. The
latter may of course to some extent affect the correlation data,
though the correlation between 1/k andD[4, 3] is expected to
occur independent of the measuring technique, and indepen-
dent of the instrument brand. As one can see fromFig. 3, all
suspensions are characterized by a rather broad and bimodal
or trimodal size distribution.

Theoretical modeling as discussed in Section2.2explains
that for broad(er) particle size distributions, the distribution
profile cannot be modeled adequately using a 1-k model. For
this reason, the laser diffraction data were processed as if
the product was either unimodal, bimodal or trimodal. The
D[4, 3]i volume-weighted mean diameters and the partial
volumes (Vi) were obtained by manual processing of the data
(seeFig. 4). In addition, calculation of the dissolution profile
o
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Fig. 7. For the six suspension products the applicability of the correlation
model is illustrated by means of the residual sum of squares (RSSQ) for
the 1-k, 2-k and 3-k predicted dissolution profiles relative to the measured
dissolution profiles (i.e. the lower the RSSQ, the better the fit).

fit, thereby demonstrating a limited accuracy and as a result
a limited quantitative applicability of the laser diffraction
method.

For the suspension batches as investigated here, the lin-
ear plot of 1/k versusD[4, 3] is the basis for the accurate
prediction of the dissolution profile of the product. This lin-
ear relationship thereby demonstrates, that the thickness of
the diffusion layer (h) is constant within the entire range of
the particle size distribution of the product. The latter should
probably be explained by the agitation in the dissolution ves-
sel, leading to a dynamic situation where diffusional transport
is not varying with particle size anymore.

3. Conclusions

Based on theoretical calculations theD[4, 3] volume-
weighted mean diameter of a size distribution is expected to
correlate with the rate constant of dissolution (k) of the prod-
uct. Since the dissolution profile of the product is determined
by the cumulative contribution of all individual particles, this
correlation seems more difficult to demonstrate when the
size distribution gets broader. However, experimental veri-
fication shows that a better fit between the calculated and
measured dissolution profile is obtained by splitting (broad)
s f the
s ter
t d.
F par-
t if a
1 he
r n-
c ely
m in
v zed
1 ted
d ned
i has
c ch as
t this
n tion
f the different products was done according to Eq.(11).

(t) = V1 × (1 − e−k1×t) + V2 × (1 − e−k2×t)

+ V3 × (1 − e−k3×t) (11)

In order to evaluate the quantitative capabilities of
aser diffractometer, the partial valuesV1, V2 andV3 were
aken from the printouts as such. In addition, the rate
tants of dissolutionk1, k2 andk3 were calculated from th
/k–D[4, 3] correlation plot using theD[4, 3]1, andD[4, 3]2
nd (if applicable) theD[4, 3]3 values (seeFig. 5). Since
ll batches of the suspension formulation originate from
ame drug substance batch, the milled particles in su
ion were expected to have the same physical characte
e.g. polymorphy and porosimetry, etc.). As a result, it
ssumed that for all suspension batches except fork̄ andD[4,
] all other parameters as indicated in Eq.(7) remain con
tant. The latter means, that if the equation fork̄ versusD[4,
] is optimized for the modeling of one dissolution cur

t is automatically optimized for modeling of the others t
nd the experimental data as obtained for this study in
emonstrate, that for all suspension formulations the dis

ion profiles can be modeled based on the use of just one
/k–D[4, 3] plot. The latter is illustrated in more detail by t
-k modeling of the various dissolution curves (seeFig. 6).
inally, based onFig. 7, the values for the residual sum
quares show, that if a 2-k modeling is applied the fit betwe
he calculated versus the measured dissolution curve i
er than a 1-k modeling approach. However, apparently ak
rder modeling does not lead to a further improvement o
ize distributions in smaller sections. For each section o
ize distribution theD[4, 3]i volume-weighted mean diame
ogether with its partial volume (Vi) has than to be determine
or the Coulter LS230 laser diffractometer, the measured

ial volumes appear to lead to an excellent fit, but only
/k–D[4, 3] correlation plot is used for calculation of t
ate constant of dissolution (k). One should therefore co
lude, that laser diffraction is definitely able to quantitativ
onitor the particle size distribution in function of the

itro dissolution behavior of the product. Using an optimi
/k–D[4, 3] correlation plot, any deviation of a calcula
issolution profile relative to its experimentally determi

n vitro dissolution profile may indicate, that something
hanged with regard to the particle characteristics, su
he morphology, porosity or polymorphy. As a result,
ew approach for correlation of particle size and dissolu
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rate is considered as a very powerful analytical tool in the
chemical and pharmaceutical development of new products.
More work needs to be done to investigate the effect of the
shape of the particles on their dissolution behavior. Last but
not the least, further research is needed into the area of direct
compression formulations especially with regard to the effect
of the disintegration process.
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