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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 tf
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
experiments were done simply on paper and based on the Noyes—Whitney [A.A. Noyes, W.R. Whitney, J. Am. Chem. Soc. 19 (1897)
930-934] equation, the normalized dissolution profiles of various imaginary size distributions were calculated. For each size distribution, its
weighted mean diameters were then calculated. Based on these theoretical data, a model could be developed which scientifically explains t
dissolution profile of a suspension in function of its volume-weighted mean particla¥#e3]). The applicability of this correlation model
could experimentally be confirmed by evaluation of laser diffraction and in vitro dissolution data as they were obtained for different batches
of a suspension formulation. This new approach in the correlation between particle size and dissolution may be an important analytical tool ir
the engineering of the particle size distribution of drug substance, and more precisely monitofifg Blesolume-weighted mean diameter
may 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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1. Introduction tives in the development of a pharmaceutical dosage form is
to link what goes in the formulation in terms of ingredients
In pharmaceutical industry, the development of new drugs and manufacturing conditions, and what comes out in the
is not only related to the discovery of new pharmaceutical patient in terms of bioavailability, therapeutic activity and
active ingredients (API), but also to the (chemical) devel- side effects. Once this relationship is known, the tools are
opment of a stable form of the API and the (pharmaceutical) available for the development in a shorter period of time of
development of an effective pharmaceutical dosage form. Thea better pharmaceutical dosage form with an improved ther-
latter should most of all be considered as a dosing device toapeutic activity.
enable the accurate and repetitive dosing of the API. However, One of the aspects of the pharmaceutical dosage form,
a dosage form is far more than a simple drug carrier, since which may affect the effectiveness of the drug, is the particle
it may affect the absorption rate of the API, and thereby its size of the API[1,2]. The latter can readily be understood,
effectiveness in the patient. As a result, one can state that thesince the dissolution rate of the API may highly depend
development of a pharmaceutical dosage form is an essentiabn its particle size (distribution). As a means to mimic the
partin the entire drug development process. One of the objec-disintegration and dissolution behavior of solid oral dose for-
mulations in the gastro-intestinal tract of a patient, various in
* Corresponding author. Tel.: +32 14 607296; fax: +32 14 605838. vitro dissolution techniques are available. Though in many
E-mail address: atinke@prdbe.jnj.com (A.P. Tinke). cases in vitro dissolution testing is used as a quality control
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parameter to monitor the constant manufacturing of a prod- experiments. This theoretical model is at the end empirically
uct, it can also be used as a basis for correlation of the in vitro verified for a series of suspension formulations by the deter-
dissolution profile and in vivo pharmacokinetic data (IVIVC). mination of both the in vitro dissolution and the particle size
For innovative pharmaceutical R&D organizations IVIVC is  distribution profile.
regularly applied as an important analytical tool to design  Based on the Noyes—Whitney equation, for a product its
effective solid oral dosage forms. Various attempts have beendissolution profile can exactly be calculated, provided thatthe
made as well to correlate the particle size of the API with in solubility of the drug ¢s) and the rate constant of dissolution
vitro dissolution datd3—7]. However, so far these attempts (k) are known. This publication will however show that the
did not succeed in a universal approach for the modeling of exact values ofs andk do not need to be known if only the
the in vitro dissolution profile of a pharmaceutical dosage correlation between the dissolution profile and the particle
form based on the particle size characteristics of the APl.  size distribution is aimed for. IRig. 1, a schematic presen-
The correlation between the particle size (distribution) of tation is given on the stepwise approach, which is followed
an API and the dissolution profile of its solid oral dose for- in the modeling of dissolution profiles based on particle size
mulation is generally quite complex, since any relationship data. This approach as schematically outlined here can be
may depend not only on the dissolution of the API, but also used as a basis in the correlation of particle size characteris-
on the disintegration of the dosage form itself. To keep things tics and other physical or physiological aspects of a drug.
simple, the study as described here has initially been limited  As a first step in the modeling of dissolution and particle
to particles that are already in suspension. For the correlationsize data, its theoretical basis will be discussed by means of
between two physical or physiological parameters (e.g. par- a systematic explanation of:
ticle size distribution versus in vitro dissolution profile), one
may use either a statistical or a scientific model. A statistical a. the Noyes—Whitney equation;
approach can be very effective and has the advantage that thé. the rate constant of dissolutidt) {n function of the diam-
chemistry and/or physics not necessarily need to be known. eter D) of a single patrticle; B
However, unlike a statistical model once the chemistry and c. the average rate constant of dissolutibnfér a number
physics are known, based on a scientific model analytical  of particles not necessarily having the same particle size.
data can more readily be interpreted to better understand (or
predict) the behavior of the product. As will appear from this As one can expect, the dissolution profile of a product
publication, the dissolution behavior of particles in function relates to the cumulative contribution of all individual parti-
of their particle size distribution can be estimated quite well cles present in the product. For spherical particles, the theory
if some basic fundamentals are taken into account. In theaccording to Noyes—Whitney implies that if the dissolution
following sections, it is shown in more detail how a theo- behavior is known for a single particle with a certain size,
retical model on the dissolution of suspended particles canthe dissolution profile of other particles with known sizes is
be derived by the performance on paper of some theoreticalautomatically known as well.

o + Dissolution behavior according to Noyes-Whitney
Fundamentals + Rate constant of dissolution (k) for a single (spherical) particle
Qo i
0 o Oo + Average rate constant of dissolution (k) for a number of particles
l o oo o

h + Selection of imaginary size distributions

+ Calculation of normalized (average) rate constant of dissolution (%)

Theoretical .
modelling A I « Calculation of weighted mean diameters (D[p,q])
l Dlp.a) + * Modeling of &' (and thereby thus % ) in function of D[p,q]

+ Measurement of in-vitro dissolution profile

Dissolution
coooo=
HREBEO

100 200 300 400

+ Measurement of particle size distribution
Empirical « Calculation of the required weighted mean diameter (i.e. D[4,3])
verification o .
« Optimization of the correlation model for a reference sample
« Calculation of the dissolution profiles for other test samples
Fit based on the optimized correlation model

Fig. 1. A schematic presentation of the stepwise approach in the empirical modeling of the in vitro dissolution profile based on the particieuios distr
profile of a suspension.



902 A.P. Tinke et al. / Journal of Pharmaceutical and Biomedical Analysis 39 (2005) 900-907

As a second step for a series ofimaginary size distributions calculated by Eq(2) from the surface of the particleS)( the
the theoretical modeling of the dissolution profile based on diffusion coefficient of the dissolve moleculg (the volume
k will be discussed. For this purpose, size distributions were of the bulk solution Vs) and the thickness of the diffusion
designed simply on paper by defining their size classes andlayer (1).
the number of particles per size class. For the theoretical

modeling, the following assumptions have been made: k= Sx§ 2)

.. . Vs x h
a. sphericity of the particles;
b. dissolution of the particles according to Noyes—Whitney; For this study, the thickness of the diffusion layer is assumed
c. constant total volumelj of the particles; to be constant for particles with a different size. However,
d. normalization of the solubility of the drug (i.es=1). one should know, that the latter is basically untrue since it

For all the imaginary size distributions meant abave is known that for particles in suspension the thickness of the

has been calculated together with the various weighted aver-diﬁUSion layer generally decreases with a decrease in parti-

age diametersip, q]) [8]. Based on these data it is then cle size[10,11]leading to a faster transport of the dissolved

demonstrated hov:/ to detérmine thép, ] which has the molecules from the particle surface into the bulk solution.

best correlation wittk, and which thus can best be used in F;fna_tlly, accordlbng tolthcla St(()jkfes eqﬁat(t&)l, the diffusion

the modeling of in vitro dissolution profiles based on particle coefficient €) can be calcu ate. romt e Boltzmann con'stant

size distribution data. (kp), the temperatureT, t_he viscosity of tr_\e bulk solution
As a third and last step, the applicability of the new (n) and the hydrodynamic radius of the dissolved molecule

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- o5 the volume of the productj is considered to be a con-
atic explanation of: stant, the surface area of the prodti§ determined by the
a. correlation ok andD[4, 3] according tc% = ¢ x D[4, 3]; surface area of the particles)(and substitution if2) shows
b. optimization ofy such that the experimentally determined that for ideal particles the rate constant of dissolutignig
and normalized dissolution profile of a reference product inversely proportional to the diameter of the partidlg.(The
corresponds to its empirically modeled dissolution profile; latter is demonstrated Ifig. 2as for several particle sizes the
c. calculation of the dissolution profile of other samples relative dissolution rate is schematically presented, showing
(for comparison with their experimentally determined dis- that (as one may expect) small particles will dissolve much
solution profiles) based on their volume-weighted mean duicker than bigger particles.

kp x T
6 xnxr

3)

diameter D[4, 3]) andg; For (narrow) size distributions, a reasonable estimate of
d. fine tuning of the empirical model for broad(er) size dis- the dissolution profile of the product can be made based on
tributions. the average rate constant of dissolutiby The latter can be

calculated by weighting each rate constant of dissolutign (
for both its corresponding particle sizB;§, the volume of
2. Results and discussion the corresponding particte D?, and the number of particles

2.1. Step I: fundamentals 11.3 um

100% 1
The dissolution of a solid in a bulk liquid is a dynamic
process, since molecules migrate from the solid particle into  80% 1
the diffusion layer that surrounds the particle. Then, these
molecules diffuse from the diffusion layer into the bulk solu-
tion. Provided that during the dissolution of the particles
so-called sink conditions are met, the dissolution kinetics are
described by Eq1).

c(f) = cs x (1 — e Fx1) 1) 20%

60% 1 225.4 um

40% 4
897.2 um

Concentration (%)

With the so-called Noyes—Whitney equatif8i, the con-
centration of the molecule in the bulk solutiar(zf) can be
calculated from the concentration of the molecule in the diffu-

sion layer or the so-called SO'_Ub”ity Pf the drug)( the time Fig. 2. A schematic presentation of the relative dissolution rate for particles
(r) and the rate constant of dissolutidy).(The latter can be  with a different size (i.e. 11.3, 45.0, 225.4 and 897na).

Time I(min)
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perk; (n;) according to Eq(4). 0, 1, 2, 3, etc.), and in practice often limited to a maximum
> ok value of ca. 5.
— n; X d;’ X K;
k= ﬁ (4) S x? 1/(p—q)
i d Dlp.dl = | S22 winp g ©)
In case the size distribution gets broader, the average rate it
constant of dissolutionk§ will become less accurate, thus S XY InX; _
leading to a less accurate prediction of the dissolution profile D[p. g] = exp {l’p] , withp=gq (6)
Zn,-X'
of the product. e
The particle size distribution that is measured with a cer-
2.2. Step 2: theoretical modeling tain particle sizing technique is dependent not only on the

detected number of particles per size class, but also on the

Since the dissolution behavior of a product is the result of ability of the instrument to accurately monitor all particles in
the cumulative effect of all particles in the product, the mean function of their size. The latter is quite regularly a serious
particle diameter is expected to show a better correlation thanmatter of concern. For instance, in the case of laser diffraction
typical statistical descriptors like, for instance, the 10% (d10), it is known, that the technique may show an underestimation
50% (d50) and the 90% (d90) cumulative under§lz3. For of a small portion of oversized particl¢s4]. Since a non-
this reason, based on the so-called moment-ratio definitionlinear response of a particle size measurement system should
system for a particle size distribution several mean particle notinterfere with our initial attempt to correlate size distribu-
diameterq13] can be calculated according to E¢S) and tion and dissolution data, it seemed better to initially define
(6), whereX; is the centre of a size class amds the number a series of imaginary particle size distributions and to simply
of particles per size class. The factpi@ndg are integers (i.e.  calculate their theoretical dissolution profiles. For this pur-
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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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glistributions the theoretical dissolution curves based on the

being spherical, such that based on the diameter of the parti-cumulative contribution of all size classés ;) (see Eq(8))
clestheir surface area and volume can easily be calculated. Asvere plotted together with the calculated dissolution curves
a second assumption the particles were considered to dissolvdased on the weighted rate constait (§ee Eq.(9)). The

isotropically, i.e. meaning that the dissolution rate constant
is the same at each location on the particle surface. Finally,

latter will from now on be referred to as thekdmodel, since
only one singlek-value is used for calculation of the disso-

as a third assumption the spherical shape of the particles wadution profile.

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 classeX}) and the number of particles per size
class f;), 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 particlesY).

For the imaginary particles per definition no true calcu-
lations can be made, since their physical parameters are no
known. However, by just choosing an arbitrary value for the
rate constant of dissolutiot;] for one specific particle size
(Dy), for the other particle sizes the relative valueggf; can
easily be calculated. Based on K4) the average rate con-
stant of dissolutionk) can now be calculated. Since it has
been suggested in this document that an average effect of al
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
(k). Since under Sectiah 1it has already been demonstrated
that the rate constant of dissolution is inversely proportional
to the particle diameter), k1 has been plotted as a func-
tion of the various weighted mean particle diameté@fp(

q), leading to the conclusion that from a theoretical point
of view the so-called volume-weighted mean diamefg#(

3]) should have the best correlation with®. As long as the
dissolution conditions remain constant, the slopedfver-
susD[4, 3] is believed to contain relevant information such
as for instance on the thickness of the diffusion layrgnd
the relationship betwednandD[4, 3] is given by Eq(7).

. 3xhx Vs
D[4, 3] xEXV

One may expect that the dissolution process is first of all
controlled by the surface area of the product, as this is the
region where the product interacts with the liquid and where
molecules go into solutiofi5]. As long as the volume of the
product ¢) is constant, it is the surface area per volume of the
product that will dominate the dissolution process. This so-
called specific surface area (SSA) is inversely related to the
diameter of the particled)), and subsequent weighting for
the volume of the particles<{(D?) leads to a>*/D? relation-
ship, which makes it ready to believe that a direct relationship
exists between the[4, 3] volume-weighted diameter and the
dissolution process.

A next step in the theoretical modeling of the dissolution
profile in function of the particle size characteristics of the
product is to calculate the (theoretical) dissolution profiles
in two different ways. More precisely, for all imaginary size

()

ct) = Vix (1-e>) (8)

l

c(t) =V x (1 —e ) 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-
Eion of the product becomes broader the predictive value of
he 14 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
Fistribution. In line with the concept as explained above, for
each section of the size distribution the correspongifag 3];
volume-weighted mean diameter should then be calculated.

(A)

A
M.

Fig. 4. A schematic presentation of the processing of the laser diffraction
data in function of the choice for: (A) £{D[4, 3] with V=100%), (B) 2k
(D[4, 3]1 with V1; D[4, 3]z with V) or (C) 3% (D[4, 3]1 with V1; D[4, 3]2

with Vy; D[4, 3]3 with V3) correlation model.
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In general terms, the dissolution behavior of a productwitha 8o -
broad volume distribution is expected to behave according to
Eq.(10), whereas the partial volume of the particl&s) @nd
the volume-weighted mean diamet®{4, 3];) for each sec- 60 1 1k = 0.0256xD[4.3]
tion of the size distribution determine the overall dissolution '
behavior of the product. < 40
o(f) = Va x (1 — e k)

+ Z Vb x (1 _ e(D[4,3]a/D[4,3]b)><ka ><t) (10) 20

b#a
D[4,3],
2.3. Step 3: empirical verification 0 " ' " ' " '
0 500 1000 1500 2000 2500 3000
D[4,3] (nm)

Now that a theoretical approach on the correlation of
part_lcle size distribution and dissolution data seems to be Fig. 5. Based on a bimodal processing of the laser diffraction data, the cal-
available, the new concept has been tested for a set of expergyjation of the rate constant of dissolution based on an arbitrary slope for

imental data. Since the disintegration of tablet formulations 1/ vs. D[4, 3] for six batches of a suspension formulation.
may lead to results that are difficult to interpret, the experi-
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Fig. 6. For the six suspension products therdedeled (- - -) vs. the measured (—) dissolution profiles are presented.
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mental verification has initially been done for a suspension Residual Sum of Squares
formulation containing particles in the high nanometer- and 1-k model 2-k model 3-k model
low micrometer-area. More precisely, different suspension | sample 1 7.1xE-02 7.7x E-03 39x E-03
formulations have been prepared all originating from the Sample 2 5.2x E-02 3.8x E-03 4.1 E-03
same batch of API, but with only a difference in their particle Sample 3 5.5x E-02 5.9x E-03 5.8x E-03
size distribution. For all these batches, the in vitro dissolu- Sample 4 1.8x E-01 8.7x E-02 na (%
tion profiles were obtained, together with the size distribution Sample 5 4.2x E-Q2 1.5x E-02 na. (%
data determined with laser diffraction. For the laser diffrac- Sample 6 4.1x E-02 5.8x E-03 6.4x E-03

tion measurements, a Beckman Coulter LS230 instrument o
was used. The latter is relevant to mention here, since it is
known that @fferent types of |_aser d'_ﬁraCt_mn e_qu[pm_ent May Fig. 7. For the six suspension products the applicability of the correlation
lead to (serious) differences in particle size distribution. The model is illustrated by means of the residual sum of squares (RSSQ) for
latter may of course to some extent affect the correlation data,the 14, 2-k and 3 predicted dissolution profiles relative to the measured
though the correlation betweerk]alndD[4, 3] is expected to dissolution profiles (i.e. the lower the RSSQ, the better the fit).

occur independent of the measuring technique, and indepen-

Due to the narrowness of the size distribution, the 3-k model has not been used.

dent of the instrument brand. As one can see fFag 3, all

fit, thereby demonstrating a limited accuracy and as a result

suspensions are characterized by a rather broad and bimoda limited quantitative applicability of the laser diffraction

or trimodal size distribution.

Theoretical modeling as discussed in Secfidexplains
that for broad(er) particle size distributions, the distribution
profile cannot be modeled adequately usingkeniedel. For

method.

For the suspension batches as investigated here, the lin-
ear plot of 1k versusD[4, 3] is the basis for the accurate
prediction of the dissolution profile of the product. This lin-

this reason, the laser diffraction data were processed as ifear relationship thereby demonstrates, that the thickness of
the product was either unimodal, bimodal or trimodal. The the diffusion layer §) is constant within the entire range of
D[4, 3]; volume-weighted mean diameters and the partial the particle size distribution of the product. The latter should
volumes ;) were obtained by manual processing of the data probably be explained by the agitation in the dissolution ves-
(se€Fig. 4). In addition, calculation of the dissolution profile ~ sel, leading to adynamic situation where diffusional transport
of the different products was done according to @d.). is not varying with particle size anymore.

c(r) = Vi x (L— e kXt 4 v, x (1 — eF2X)

+ V3 x (1 — e ke 3. Conclusions

(11)
In order to evaluate the quantitative capabilities of the ~ Based on theoretical calculations tihg4, 3] volume-
laser diffractometer, the partial valu®s, Vo and V3 were weighted mean diameter of a size distribution is expected to
taken from the printouts as such. In addition, the rate con- correlate with the rate constant of dissolutiéphdf the prod-
stants of dissolutiot;, k; andksz were calculated from the  uct. Since the dissolution profile of the product is determined
1/k-DI[4, 3] correlation plot using th®[4, 3];, andD[4, 3], by the cumulative contribution of all individual particles, this
and (if applicable) theD[4, 3]s values (sed-ig. 5. Since correlation seems more difficult to demonstrate when the
all batches of the suspension formulation originate from the size distribution gets broader. However, experimental veri-
same drug substance batch, the milled particles in suspen{ication shows that a better fit between the calculated and
sion were expected to have the same physical characteristicsneasured dissolution profile is obtained by splitting (broad)
(e.g. polymorphy and porosimetry, etc.). As a result, it was size distributions in smaller sections. For each section of the
assumed that for all suspension batches exceptdadD[4, size distribution thé®[4, 3]; volume-weighted mean diameter
3] all other parameters as indicated in Ed) remain con- together with its partial volumé%) has than to be determined.
stant. The latter means, that if the equationfeersusD[4, Forthe Coulter LS230 laser diffractometer, the measured par-
3] is optimized for the modeling of one dissolution curve, tial volumes appear to lead to an excellent fit, but only if a
it is automatically optimized for modeling of the others too. 1/k-D[4, 3] correlation plot is used for calculation of the
And the experimental data as obtained for this study indeedrate constant of dissolutiork){ One should therefore con-
demonstrate, that for all suspension formulations the dissolu-clude, that laser diffraction is definitely able to quantitatively
tion profiles can be modeled based on the use of just one singlanonitor the particle size distribution in function of the in
1/k—DI[4, 3] plot. The latter is illustrated in more detail by the vitro dissolution behavior of the product. Using an optimized

2-k modeling of the various dissolution curves ($€g. 6).
Finally, based orFig. 7, the values for the residual sum of
squares show, that if aRmodeling is applied the fit between

1/k—D[4, 3] correlation plot, any deviation of a calculated
dissolution profile relative to its experimentally determined
in vitro dissolution profile may indicate, that something has

the calculated versus the measured dissolution curve is betchanged with regard to the particle characteristics, such as

ter than a 1k modeling approach. However, apparently & 3-

the morphology, porosity or polymorphy. As a result, this

order modeling does not lead to a further improvement of the new approach for correlation of particle size and dissolution
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