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Abstract

In this paper, dissolution characteristics of primary-particles and compressed tablets were investigated by experiments using a mathematic
model. For the primary-particle, it was found that the dissolution rate increased with a decrease in the particle size. Assuming that priteary-partic
of size distribution were of cylindrical shape and that the dissolution occurs from the total external surface, an extended Nernst—Noyes—Whitne:
equation fitted to the experimental data well. As the influences of particle size and shape on thickness of a diffusion-boundary film were found to b
quite low, the dissolution rate was considered to be affected by the specific surface area dominantly. Furthermore, the same model was applied tc
compressed tablet and fitted to the data well. Though the rate constant obtained were not affected by the properties of primary-particles forming tt
tablet, it was found to increase with the apparent voidage which occupies the inter-particle volume of tablet diluent among less soluble particles
Consequently, an increase in the apparent voidage is presumed to accelerate penetration of water into the internal voids of the tablet. Thus, t
dissolution going, the effective surface area inside the tablet is considered to be extended.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction analyzed experimentally and qualitatively and some models
have not considered the geometrical or physical properties of

Currently, tablets have been applied extensively to a dosagée tablet (shape, voidage, etc.) fully yet.
form of medical drug due to the easy handling for the user and Furthermore, the effect of particle shape on the dissolution
high productivity for the manufacturer. In the pharmaceuticalrate has been investigated as well as that of particle diameter
field of formulation design, the dissolution profile is one of the (Mosharraf and Nystrom, 1995However, extensive compatri-
important issues, since most of active pharmaceutical ingredson of the particle shape on the same substance has not been
ents (APIs) have poor solubility in water. performed fully yet.

Though the dissolution characteristics of single particles In our previous papertp et al., 200%, though the dissolu-
have been reported extensively by quite a few investigatorion characteristics of the compressed tablet were investigated,
(Anderberg et al., 1988; Anderberg and Nystrom, 1990; Bisrathe effects of properties of particles forming the tablet on the
et al., 1992; Bisrat and Nystrom, 1988nost of the models dissolution rate were limited due to the simplicity of an applied
have defined the particles as spherical shaped. In contrast, theodel by power law.
characteristics of the tablets also have been reported by many In this paper, at first, the dissolution characteristics of
investigatorsAlway et al., 1996; Goehl et al., 1983; Hendrilsen primary-particles forming the tablet were investigated using
and Williams, 1991; Ibrahim and Sallam, 1993; Najib and Jalalan extended Nernst—Noyes—Whitney equation which took into
1988; Rost and Quist, 20D3However, most of them have been account the cylindrical shape of API and the particle size dis-

tribution. Secondary, the model was also applied to the tablet to

investigate the influences of the size and the shape of particles

* Corresponding author. Tel.: +81 564 57 1765; fax: +81 564 57 1766. forming the tablet and the apparent voidage of the tablet on the
E-mail address: tadashifukunaka@merck.com (T. Fukunaka). dissolution rate.
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2. Theoretical considerations
2.1. Dissolution model on cylindrical primary-particle

It is assumed that a primary-particle is cylindrical, because
most of milled particles are needle shaped from the SEM photo-
graph, as shown iRig. 1, and, comparing the measured specific
surface area with the calculated values for the particle assumedto
be cylindrical, rectangular parallelepiped and ellipsoidal shape,
the cylindrical ones are the most consistent with actual data.
The dissolution is assumed to occur only on the external surface
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Fig. 2. Dissolution model for cylindrical primary-particle.
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Nomenclature
A1, Az coefficients in Eq(19) (m/s)
Ao coefficient in Eq(19)
a, b minor and major axes of approximate ellipse by
shape analysis (m)
C weight concentration of Ethenzamide (kgm
D diffusion coefficient of Ethenzamide in wate
solution (nf/s)
d spherical particle diameter (m)
f weight distribution density of particles
Kshape shape index of particle
k dissolution rate constant (m/s)
ko dissolution coefficient (3")
Mgis  dissolved amount of Ethenzamide (kg)
Z \é\llzlsgor;ltjggia;;s:;éﬁ%) Fig. 1. SEM photograph of Ethenzamide primary-particles.
R dissolution fraction
r radius of base circle of cylinder (m) keeping the same shape based on the experimental observation
S surface area of primary-particle fn and the simplification of the model, as showrFig. 2
t dissolution time (min) For a cylindrical particle which belongs to thih class of par-
4 volume (m) ticle size distribution, the particle shape indéshapeis defined
Up median dissolution rate (3) as:
X average particle diameter (m) an
Kshape= ; (1)
Greek letters n
s thickness of diffusion film (m) wherea, andb, are the minor and major axes of the particle,
€ voidage of tablet respectively. The distribution of shape index is not taken into
¢ fraction of Ethenzamide account.
P particle density (kg/m) The volumeV,, and surface ared, of the particle are
) expressed using a radius of the base circle of the cylinder as
Subscripts _ ra (Za,/2), respectively:
cyl cylindrical particle
ETZ  Ethenzamide a? 27r3
Lac  Lactose Von =7 by = Kshape (2)
n number of class of particle size distribution ,
p primary-particle a; 2
res  bulk solution Sn = 277+ wanby = 27, (l + Kshape) 3
sat saturated ] ]
sph spherical particle The (_1|ssolut|on rate Myis,/dt can be expressed hyoyes
T tablet and Whitney (1897andNernst (1904 ps:
v volume .
w weight Meisn _ ?Sn(Csat— Cres) = kpSp(Csat— Cres) 4)
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thickness of diffusion filmCsat the saturated concentration of % a Ef?':':::::::::;u,

API, Cresthe bulk concentration of AP in a vessel agds the -’—¢ ﬂ{}:j %4

dissolution rate constant. ¥ ~ ¥ :--- !
t=t

wheret is the dissolution time) the diffusion coefficients the Ary

On the other hand, the relationship between the amount of \
dissolution and the particle volume is given as:

dMaisn = —ppdVp.n ®) Fig. 3. Dissolution model for compressed tablet.

wherepy is the true density of API particle.
Substitution of Eq(5) into the left-hand side of Eqd) gives \ynereq;, ) Ar, is the weight fraction belonging to theh class

the related equation of the radius with the dissolution time ag; particle size distribution. Substituting Ed.)into Eq.(7), the

follows: variation of the radius with dissolution time is obtained. Here,
dMdgisn ( 6 2) dry ©) the dissolution fractiong, at time, is defined as:
=—pp

! Kae?) & 5,02 0 )
Myis (1 roo— I'nlf
Substitution of Eqg3) and(6)into Eq.(4)leads tothe related R = %’;\4 é's’rz( )) = =o)L " 12)
equation of the representative radius with the dissolution time nMdisn {0 n"n.0
as follows:
dr k 2.3. Dissolution model for compressed tablet
dizfl = _?;)(Kshape‘F 2)(Csat— Cred (7)

_ _ _ _ Assuming that the dissolution is performed only from the
On the dissolution of the particle belonging to tith class  external surface while keeping the same shape, as shown in
of the particle size distribution, the bulk concentration is writtenFig. 3, the rate is followed by Eq(7), and thatCyes is much

by using Eq(2) as: smaller tharCsg; substitution ofr andkr into r,, 0 andk,, gives:
Mais,  2mop(ra o —r3) d k
Croc = AL > 8 rT T
res= Ty Kenapd/res (8) 5 = _73,0;7 (Kshapet 2)Csat (13)

wherer, o is the initial radius of the base circle of the cylindrical
particle andViesis the volume of bulk solution.

Substitution of Eq(8) into Eq.(7) gives the variation of the
radius with dissolution time as:

wherert andkt denote the radius of base circle and the disso-
lution rate constant of the tablet, respectively.
Furthermore, the dissolution fraction at timis defined as:

3 3
dr, kp anp(rg 0— rd) r7o—1r7(0)
— = ——(Kshapet 2) | Csat— —————— 9 R= ——F—— (14)
dr 3,0p( shapet 2) | Coat Kshapd/res ®) "‘?’,0

Furthermore, a dissolution fraction at times defined as:

3. Materials and methods

R= Myis,  (t) _ Pp(Vp,n(0) — Vp.u(2))

"~ Muisn(00)  pp(Vp,n(0) — Vpn(00)) 3.1. Dissolution sample

3 3
_ Vou(0) = V() _ a0 —a(0) (10) Ethenzamide (ETZ) particles §B1iNOy:  165.19,
Vp.n(0) 3o 1.25g/crd, Iwaki Seiyaku Co., Ltd.) milled by means of

a fluidized-bed jet-mill (Hosokawa Micron Corp. Counter
Jet-mill 100 AFG) are used as a model API, and the properties
of milled particles are listed ifable 1 Lactose (Lac) particles
(CsH120: 342.3, 1.58 g/ciy Wako Pure Chemical Industries,
Ltd.) are also used as a tablet diluent.

Taking the particle size distribution into account, the concen-

whereVp ,(oo) could be regarded as nearly zero.

2.2. Dissolution model for cylindrical particles with size
distribution

tration of bulk solution can be expressed as: Table 1
Sample properties
Croe— Mdi&nf(rn) Ary ble prop
res — Z Vres Sample no. Average particle diamete(p.m) Shape indexKshape
n
1 8.177 0.590
_ pr(Vp,n(O) = Vo (1)) f(rn) Ary 2 9.989 0.544
Vies 3 16.22 0.567
" 4 16.24 0.606
27mpp 3 3 5 17.02 0.626
=Y (o= ) (ra) Ary A1) 6 30.33 0.619

K shapeV res

n



T. Fukunaka et al. / International Journal of Pharmaceutics 310 (2006) 146—-153 149

3.2. Shape analysis of milled Ethenzamide period and the same volume of distillated water was added to
keep the liquid volume after sampling.
Particle shape analysiBiikunaka et al., 20Q%vas performed
by Fourier transformation of each point on the circumference o.6. Derermination of dissolved fraction
the projected particle image on rectangular coordinates, after a

SEM photograph of the particle sample was first digitized and - Bulk concentration was measured at 290 nm of wavelength
thgn binarized to gxtract the partlcle outlline using image analpy means of HPLC with an ultraviolet spectrum detector (LC-
ysis software, Optimas (Media Cybernetics, version 6.5). The/p series, SHIMADZU Corp.). The dissolved fractiBat: was

shape index of each particle was calculated as the ratio of minogefined as the ratio of bulk concentrations to the final maximum
to major-axis of the approximate ellipse which is obtained bygne as:

the shape analysis. The representative shape ikiggyeof the
sample in this paper is the value of 50% passage fraction of thg = :
particle shape distribution consisting of 250-330 particles. bulk concentration at= oo

bulk concentration at

(18)

3.3. Dissolution test for primary-particle 4. Results and discussion

Three hundred milliliters of distillated water with 1 ml of 4.1. Dissolution characteristics of primary-particle
Tween 20 (Kanto Chemical Co., Inc.) as a dispersant was put
in a glass beaker kept at 370.5°C in a thermostatic bath and
agitated with a magnetic stirrer vigorously. 0.2 g of primary-
particles were thrown into the solution and dissolved. Samplin
was carried out by collecting 0.8 ml of the sample solution at
given period.

Fig. 4 shows the dissolution curves of the primary-particles
which have various shape indexes and average particle diam-
eters.X and Y axes indicate dissolution time and dissolved
gFraction, respectively. It seems that smaller particles indicate
%aster dissolution rate. The particle size distribution was taken
into account when the solid lines g. 4were calculated. The
ordinary differential equations resulting from the combination
of Egs.(7), (11)and(12)were solved numerically and the disso-
lution rate constant was the only free parameter to fit. Since all

A compressed tablet 8 mm in diameter antl 3.015 mm in > - :
. o . the R< values calculated for the indices of goodness of fit were
thickness was prepared by utilizing a mold and a testing stage

set on a pedestal of a uni-axial compression apparatus (JM.Pjore than 0.953, the proposed dissolution model on cylindrical

42A, JACOM). The voidage of the tabletwas adjusted by parIilids(,a S5IZrclgrg%(\j\ﬁﬁeu;f?eec?spgfrgﬁgateeiﬁdex and average par-
changing the filling weight of the sampte to mold the tablet gs-. P gep

of prescribed volumé. The void fraction is calculated by the ticle d|51r_neter on the d|_s§o|ut|on rate constant in &4 which
. o are obtained by curve fitting. As the rate constant was found not
following equation:

to be affected by these two parameters, the effects of particle

3.4. Preparation of compressed tablet

e—1-_ " (15)  Size and shape on thickness of diffusion film around the parti-
peETZV cles were negligibly thin. Consequently, it is considered that the
wherepgrz is the true density of Ethenzamide. dissolution rate is influenced mainly by the specific surface area.
On the other hand, in the case of mixture of Lactose and 19 7showsthe variation of surface arearatio of cylindrical to
Ethenzamide, the overall voidage was calculated as: spherical particle of the same volume with the shape index. The
e—1— (mow/petz) + (M(L — ¢u)/pLac) (16)

Vv

wherep4c is the true density of Lactose agy, is the weight
fraction of Ethenzamide.
Furthermore, regarding Lactose as apparent void, the voidage ~ 08 1

of Ethenzamide particles was calculated as: =
8 |
_q_ M 17 £ 06 Sample# x (M) Kye(-)
€app = L — % 17 £ LI 8.177 0.590 §
PETZ =

o 0.4 A 2 9.989 0.544 n

3.5. Dissolution test for compressed tablet 2 ¥ 3 1622 0.567
a * 4 16.24 0.606 1

- . . L4 5 17.02 0.626
Twelve hundred millileters of distillated water was put in 02 e 03 06l 7

a glass beaker, kept at 370.5°C in a thermostatic bath, and Cale.

agitated by a mechanical stirrer at 300 rpm. The beakerwaskept L. . . . o+ . . 4 o . .

isolated to prevent evaporation during the test. One tablet was 0 5 1o 15
. . . . . . Time, ¢ (min)

put in a metallic cage and dipped into the solution. Sampling

was carried out by collecting 1.5 ml of the solution at a given Fig. 4. Dissolution curves with primary-particles.
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Fig. 5. Effect of shape index on dissolution rate constant.

Dissolution rate constant, kx 10° (m/s)
Surface area ratio, S, /Sy, (-)
1

0 02 04 0.6 038 !
Shape index, K (-)

Fig. 7. Variation of surface area ratio of cylindrical to spherical particle of same

volume with shape index.

derivation is described iAppendix A Itis found that the ratio is . . .

bigger than unity for any value of shape index. As the result, thg).”' mltr;_e m|xtture;/\;ﬁs ?EI I? both grtapfrr\s, ;t \évat\)s ft(;]und that E[he

dissolution rate of primary-particle increases with elongation oidlSS(_) ution rate ot the tablet was not afiecled by the properties

cylindrical one of primary-particle. The solid lines indicate the calculated ones
Fig. 8 shows the effect of average particle diameter on th rom Eqs.(.13)and(;4) by substituFion of 8/3 inthshapef_or the .

median dissolution ratg whichis defined as the dissolution rate a?let, wht|chtwell f'tthto th? efxperlmental tdatf' ]:!:[he %'Ssl%t'on

dR/dr at 50% fraction of the dissolution curve. Itis reasonable to o c constant was Ih€ only Ire¢ parameter 1o it and afitne

regard that the median dissolution rate increases with decreaﬁ?lueos ;;éc?li:]edl f?r thte |nd|c?§_of glo?dne?tshof f'.t \t/veret nlj)l()rte
in particle size within the experimental error. an®.=9s. Inthe [ater stages ot dissolution otthe mixture tablets

In fact, the particle shape index will increase with decreas in Fig. 10 however, the calculatgd lines are not consistent Wit.h
in particle size by fluidized-bed jet-millingEgkunaka et al., he data slightly as compared with that of ETZ only due to their
2005. Though they are opposite in the trends of the effects Oﬁollapse.

the dissolution rate, the particle size is considered to be more F_|g. 11.(6‘ and b) show the effe_cts of shape index and average
influential than the particle shape. particle diameter on the dissolution rate constant of the tablet in

Eq. (13) obtained by curve fitting. The rate constant was found
to be affected not by these two parameters, but by the apparent
voidage of the tablet as ETZ structure. Though, apparently, this
. . . . . result seems to be contradictory to our previous died al.,
4.2.1. Effect -particl t dissolut . . ) -
rate conjs?:f; tof PrImAry-pariicte properties on arssotution 2005 that particle shape has affected the dissolution coefficient
Figs. 9 and 1Gshow the dissolution curves of compressedko’ itis considered to be due to inclusion of the effective surface

tablets of Ethenzamide particles only and of the mixture of ETAI& depe_nding c‘))n the particle shape, in the overall dissolution
and Lac particles, respectively. The volumetric fraction of ETZ,rate equation ak®, as discussed below.

4.2. Dissolution characteristics of compressed tablet
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Fig. 9. Effects of primary-particle properties on dissolution curves of tablet Average particle diameter, x (m)
(ETZ:Lac=100:0). (a) ETZ : Lac = 100:0
4.2.2. Effect of voidage of tablet on dissolution rate Shape index, Kipape (-)
0.54 0.56 0.58 0.6 0.62
constant 15 T T T T T I T I
To confirm the effect of voidage on dissolution rate con- |
stant, the additional tests were performed with tablets which ¢ |
have higher apparent voidage by increasing the volumetric frac-— [
tion of Lac.Fig. 12shows the results of the tests including those & 0 b 0
. . . &~
of previous runs. It was found that higher apparentvoidageleads= [ o o @ ° o
to faster dissolution rate. As the calculated lines well fittoexper- § |
imental data, the proposed cylindrical model can be applied to E T
the dissolution of compressed tablet. Consequently, in the case g S I
of the tablet, it is considered that the dissolution progresses on ‘é I
the basis of the external surface. Briy. 13shows the effect of EE i O Kype )
the apparent voidage occupied with Lac on the dissolution rate 2 | ® :(um)
constant. It was found that higher voidage yields larger value =
of the rate constant. To estimate the influence of the apparent  ° IIO : 2'0 : 3'0

voidage,sapp ON the rate constant, a regression analysis was
applied using a following equation for the rate constant of the ()

Average particle diameter, x (Um)
ETZ : Lac =70:30

tablet due to the voidage as a variable. ) ) ) ) ) )
Fig. 11. Effects of primary-particle properties on dissolution rate constant of

tablet: (a) ETZ:Lac=100:0 and (b) ETZ:Lac=70:30.

kT = Alé‘gép—i— A3 (19)

1 .
08 -~ o8 Eqpp ()
= 5 = O 01024 1
g o6 _ £ 06 v 01231 _
B g +  0.1400
£ $,=70/30 . £ X 01613 .
E 04 Sample#  x (Um) K. (-) 2 04 @  0.2705(¢=85/15) .
2 m 8.177 0.590 2 A 0.3266(4-80/20)
8 A 2 9989 0544 a B 0.3919(g=75/25) i
02 ® 1702 0.626 - 02 € 0.5234(¢=60/40)
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Fig. 10. Effects of primary-particle properties on dissolution curves of tabletFig. 12. Effect of apparent voidage of tablet on dissolution curve with sample

(ETZ:Lac=70:30).

Time, ¢ (min)

Time, ¢ (min)

#5 particles.



152 T. Fukunaka et al. / International Journal of Pharmaceutics 310 (2006) 146—153

: ; , . , : Consequently, the effective surface area for dissolution is con-
sidered to be extended during the dissolution.
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Appendix A. Derivation of equation of surface area

Dissolution rate constant, &, 10* (m/s)

Cale. ratio of cylindrical to spherical particle with shape index
o oJ,z l o|,4 ' ol,ﬁ J Spherical particle volum¥spnand surface aresypnof diam-
Voidage, £ (-) eterd are given as:

Fig. 13. Effect of apparent voidage on dissolution rate constant of tablet. 4 d 3 1 3

Vsph= 371(2) = énd (A1)

As the result, the values of coefficients were obtained as fol- d\? 5

lows: Ssph= 41 () =nd (A.2)
A; =31842x 107%m/s Ay = 2.2367, Shape index of cylindrical particle which has a diameter
As = 4.457x 105 m/s and a lengtlb is defined as:

Kshape= g (A.3)

Since Eq.(19) is correlated with the data, the dissolution _ o _
rate constant is considered to depend on the apparent voidage TNe VolumeVey of a cylinder is given as:
largely. Itis presumed that the penetration of water into the tablet 2 2
. . h . a ab
is accelerated by an increase in apparent voidage through Lac oy = (7) b= —m (A.4)
faster dissolution. Consequently, as the dissolution progresses, 2 4
the effective surface area for the dissolution is considered to When(A.4) is equivalent tdA.1):
be extended including internal ETZ particles through the Lac

region and partly due to collapse of the tablet. a=de nghape (A.5)
3
5. Conclusions The surface aresy of a cylinder is also given as:
Dissolution characteristics of primary-particles and com-o fﬂ+7mb — a2 EK 2/3 }+ 1
pressed tablets were investigated. As the result, the following®' = 2 - 3 shape 2 " Kshape

findings were made.
For the primary-particles, smaller particles yield faster dis-
solution rate. The influences of particle size and shape on the = . )
thickness of diffusion film were relatively small. Consequently, ~Division of (A.6) by (A.2) gives:
the dissolution rate was affected by the specific surface are (2 23 11 1
) (5 2]

mainly. As calculated lines fitted to experimental data well, theo? — ( 2k
proposed dissolution model of the cylindrical particles is con->sPh 3
sidered to be appropriate. Consequently, plots gfA.7) with shape index givE&ig. 7.

For the compressed tablet, it was found that the dissolution
rate was not affected by the size and the shape of primary-partici@eterences
forming the tablet. The rate constant was affected not by these
two parameters, but by the apparent voidage of tablet occupieglway, B., Sangchantra, R., Stewart, P.J., 1996. Modeling the dissolution of
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posed model well fitted to experimental data, itis considered thainderberg, E.K., Bisrat, M., Nystrom, C., 1988. Physicochemical aspects of
the dissolution is performed on the external surface of similar d_rug release. YII. The e_ffect of_ surfactant concgntration and_ drug particle

. . . size on solubility and dissolution rate of felodipine, a sparingly soluble

shape mainly. On the other hand, as the voidage increases, thedrug. Int. J. Pharm. 47, 67-77.
penetration of water into the tablet is accelerated due to fast@derberg, E.K., Nystrom, C., 1990. Physicochemical aspects of drug release.
dissolution of Lactose region and partly collapse of the tablet. X. Investigation of the applicability of the cube root law for characteri-

-+ A.7
2 Kshap ( )
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