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Tramite: 2
Evento: 1
Actuacion: 430
Oficio No.: 14145
Titulo: “Nuevas Composiciones

Farmacéuticas que comprenden
acido 4-{(4-{3-(4-cloro-3-
trifluorometil-fenil)-ureido)-3-
fluoro-fenoxi)-piridin-2-carboxilico
para el tratamiento de trastornos
hiperproliferativos”

Solicitante: BAYER PHARMACEUTICALS
CORPORATION

MAURICIO JARAMILLO CAMPUZANO, abogado en ejercicio, identificado con la
cédula de ciudadania nimero 80.421.942 de Usaquén y la Tarjeta Profesional
No. 74,555 del Consejo Superior de la Judicatura, actuando en mi caracter de
apoderado de la solicitante, atentamente manifiesto que estando dentro del
término de ley y por orden expresa de mi representada, como resultado del
examen de fondo realizado con fundamento al articulo 45 de la Decisidn 486
de la Comisién de la Comunidad Andina, me permito presentar respuesta al
Oficio No. 14145, de conformidad con los siguientes argumentos:

1. Descripcion - Titulo

En atencién a lo manifestado por el Sr. Examinador, atentamente se propone
el siguiente titulo el cudl en cumplimiento con las normas respectivas, no hace
mencion del uso o aplicacién para la cual va dirigida la invencion:

COMPOSICION QUE COMPRENDE UNA DISPERSION SOLIDA
COMPRENDIENDO METILAMIDA DEL ACIDO 4{4-[3-(4-CLORO-3-
TRIFLUOROMETILFENIL)-UREIDO]-3-FLUORO-FENOXI }-PIRIDIN-2-
CARBOXILICO Y LA MATRIZ Y PROCESO PARA SU PREPARACION
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Reivindicaciones

Se acompafia un nuevo pliego de 22 reivindicaciones, basado en una
parte del anterior de 35 reivindicaciones con limitaciones y
modificaciones a fin de satisfacer las observaciones recibidas y mejorar
la claridad.

En el presente pliego se han cancelado las reivindicaciones 31 a 35
observadas respecto de excepciones de patentabilidad (métodos de
tratamiento) y la reivindicacion 30 por causas formales.

En la reivindicacion 1 se han suprimido o reemplazado las expresiones
observadas: “al menos”, “excipientes poliméricos o no poliméricos”,
“polimeros solubles en agua”, matriz aceptable” y “substancialmente”.

Respecto de la expresion “comprende”, la solicitante propone
respetuosamente que se reconsidere la actual redaccién donde dicha
expresidn se encuentra en una forma aceptable, indicando los
componentes de la composicidon o los pasos del proceso que se pasan a
definir. Sin embargo, si el Sr. Examinador sefialase la enmienda a
realizar, el solicitante prestara la debida atencion para su
cumplimiento.

l.as actuales reivindicaciones 17 a 22, basadas en las anteriores
reivindicaciones 23 a 29, se encuentran correctamente definidas por los
pasos o etapas del proceso de preparacién, indicando las variables
esenciales correspondientes.

Excepciones de Patentabilidad

Respecto de la actividad o nivel inventivo de la presente solicitud en
vista de los documentos D1: WO 00/42012, D2: WO 00/41698 vy D3:
WO 03/068228, se informa que pertenecen al mismo solicitante y no
contienen materia que anticipe o sugiera el alcance de la presente
solicitud, tal como se ha reconocido en el informe del Examen
Internacional. Estos documentos se refieren a w-carboxiaril difenil-
ureas substituidas pero no revelan ni sugieren los compuestos de
metilamida del acido 4{4-[3-(4-cloro-3-trifluorometilfenil)-ureido]-3-
fluoro-fenoxi}-piridin-2-carboxilico de Formula (I) de esta solicitud:

Gomez-Pinzén Asemarcas S.A. « www.gpzlegal.com

Teléfono: (571) 319 2000 » Fax: (571) 321 0295

Cafle 67 # 7-35 Of. 1204 - Bogots, Colombia

Teléfono: (574) 313 2211 « Fax: (574) 313 5851
Cra. 43A # 9 Sur - 91 Qf. 504 Torre Morte « Medeltin, Colombia

r— e —— —r.

2

A INITAS.

www.sffinitaslegasl.com



3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

GOMEZ-PINZON ZU LETA

I s
ASEMARCAS
CF, 0
H
Cl o O | N
N/LLN =N
H OB OF

Ademas, D1, D2 y D3 no mencionan ni sugieren las dispersiones
sélidas ni la matriz de esta solicitud. No hay nada en los documentos
citados que pueda inducir a un experto en la materia a obtener las
composiciones de dispersion sélida de esta solicitud.

Debe notarse que esta solicitud define una particular matriz, que
permite la solubilidad de un especifico componente activo, otorgandole
caracteristicas novedosas y no deducibles a partir del arte previo.

Esta dispersion solida es totalmente diferente de las mezclas fisicas
convencionales.

Existe una fuerte evidencia que las composiciones y su proceso de
preparacion no son anticipados ni pueden deducirse del arte previo.
Dicho arte previc no anticipa ni sugiere: (i) que las presentes
dispersiones sdélidas se puedan formar, (ii) que puedan conducir a
sistemas efectivos de suministro del compuesto activo, y (iii) que
presenten ventajas respecto de composiciones conocidas, como en la
presente invencidn,

Como puede observarse en la Figura 1 de esta solicitud, estas
dispersiones sdlidas muestran un aumento de la velocidad de disolucién
de la composicidon comparada con las mezclas fisicas convencionales.

Ademas, en la Tabla 1 de esta solicitud se muestran las significativas
mejoras en la biodisponibilidad en animales de las dispersiones sdlidas
de esta solicitud comparada con formulaciones de la base libre del
compuesto de formula (I) {(que difiere del compuesto definido en la
actual reivindicacion 1, pero que podria considerarse como el mas
cercano). Dichas mejoras también se discuten en las paginas siguientes
a la Tabla 1 de esta solicitud.

Se sefiala, ademas, que los resultados no esperables resultan mas
claros en esta solicitud, ya que la velocidad se expresa correctamente
en horas, salvando un aspecto dificultoso que existia en la solicitud
internacional original.
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3.8. La formacion de las dispersiones sélidas depende de la favorable
compatibilidad entre este compuesto y esta matriz, sobre lo cual no
hay revelacion, sugerencia, pautas, modelos o teorias de utilidad en el
arte previo. AlUn mas, no es posible predecir si una dispersidn sélida
puede ser un medio eficaz de suministro de un principio activo.

3.9. Por empezar, si la solubilidad del principio activo en la matriz fuese
baja, el producto terminado (tableta, etc.) puede ser demasiado
voluminoso para poder ser ingerido. Ademas, no es conocido ni
predecible si la dispersién sdlida puede presentar ventajas en su
suministro en relacion con la biodisponibilidad resultante. Por el
contrario, en la Tabla 1 de esta solicitud se muestran resultados que
son 2 a 3 veces superiores a los de formas convencionales de
suministro, lo cual es evidentemente novedoso y no predecible.

3.10. En apoyo de lo antedicho, se acompafian copias de documentos que
aportan informacidn Util adicional para apreciar el complejo campo de
estas composiciones de dispersién sélida.

3.10.1. El documento de Leuner et al. (2000) discute la solubilidad de una
droga en dispersiones sdlidas, indicando la ausencia de pautas o
modelos que permiten predecir su factibilidad y eficacia. Este
documento indica que es necesaria una actividad inventiva de
investigacién experimental para establecerlo. Por ejemplo, se enuncia
que “aunque las dispersiones sdlidas podrian tener un potencial para
mejorar la solubilidad de drogas, en 40 afios de investigacion sélo se
encontraron unos pocos casos de productos Utiles.”

Ademas, Leuner et al. sefialan la importancia de establecer la
solubilidad mutua al intentar formar una dispersion sélida (p. 49, lineas
9 a 13). En la pagina 58, lineas 1 a 3, indican otras condiciones
cuantitativas que deben cumplirse.

Leuner et al. muestran que no puede predecirse la solubilidad y demas
condiciones indispensables en estas composiciones,

Leuner et al. también informan que los métodos convencionales
requieren condiciones que no satisfacen todos los compuestos
farmacéuticos y matrices.

Por ejemplo, la fusion en caliente (p. 51, lineas 3 a5y 17 a 19) exige
estabilidad térmica y la evaporacion de solventes exige una suficiente
solubilidad de todos los componentes en un mismo soivente (p. 51,
lineas 25 a 27).
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Otra informacién de utilidad para reconocer la necesidad de actividad

inventiva se encuentra en Leuner et al. en la p. 50, lineas 46 a 48,

donde se demuestra la significacién de los resultados de la Tabla 1 de
esta solicitud.

3.10.2. Con similar informacién adicional se acompafia copia de un trabajo de
Craig (Int.J. of Pharm., 321 (2002), p. 131 a 144). Por ejemplo, en la
p. 132, Craig manifiesta que los productos de dispersiéon sélida han
dado resultados desfavorables, a pesar de unos 500 trabajos
publicados en la materia, debido a la pobre predictibilidad de las
dispersiones sdlidas.

3.10.3. Otra publicacion de utilidad que se adjunta pertenece a Serajuddin (J.
Pharm. Sciences, vol. 88, n® 10, Oct 1999, p. 1058-1066). Por
ejemplo, en la p. 1059, Serajuddin manifiesta que la aplicacién de
dispersiones sélidas es muy limitada respecto de la especificacién de
formas de dosis adecuadas y cita s6lo 2 productos de interés
(diferentes de los de esta solicitud).

3.10.4. También se adjuntan las publicaciones de Stavchansky et al. (3. Pharm.
Sciences, vol. 73, n° 6, p. 733-736) y de Wald et al. (Pharm. Res.
1995, 127, Supl. 6090) con similar informacion.

3.10.5. Estos documentos adjuntos facilitan el reconocimiento de que las
actuales rgivindicaciones 1 a 22, sustentadas por la Tabla 1 de esta
solicitud, son novedosas y no obvias a partir del arte previo.

3.11. En conclusién, los documentos D1, D2 y D3 u otros del arte previo no
afectan |la novedad y/o el nivel inventivo de esta solicitud.

4, Fundamentos de Derecho

Fundamento la presente solicitud, en las siguientes normas legales:
4.1. Numeral 1 del articulo 586 del Codigo de Comercio.

4.2, Articulo 45 de la Decisién 486 de la Comision del Acuerdo de
Cartagena.

4.3, Las demas normas concordantes.
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5. Notificaciones

ASEMARCAS

—

Informo que mi representada y el suscrito recibiremos notificaciones en la
secretaria de su Despacho o en mi oficina de abogado, situada en la Calle 67 #

7-35, Of. 1204 de Bogota D.C., teléfono 3192900.

Atentamente,

MAURI JARAMILLO C.

C.C. No. 80°421,942 de Usaquén

T.P. No. 74,555 del C.S.].
JBS

Adjunto: Lo anunciado.
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REIVINDICACIONES

1. Una composicién que comprende una dispersién sédlida comprendiendo
el compuesto metilamida del acido 4{4-[3-{4-cloro-3-
trifluorometilfenil)-ureido]-3-fluoro-fenoxil-piridin-2-carbexilico de

la foérmula I:

CF, 0
CH
N (1)
?JL';‘ P
H H F

© una sal, hidrato o solvato del mismo y una matriz aceptable para uso
farmacéutico que comprende un compuesto seleccionade del grupe que
consiste en polivinilpirrolidona, hidroxialgquilcelulosa, celulosa
microcristalina, carboximetil celulosa sbédica y polimeros reticulados

de la misma, almidén y derivades de almidén.

2. La composicidén de acuerdo con la reivindicacién 1, en la cual
dicha hidroxialquilcelulosa es hidreoxipropilcelulosa o}
hidroxipropilmetilcelulosa, el polimero reticulado de carboximetil
celulosa sédica es croscarmelosa so6dica y el derivade de almidén es

almidén glicelado sédico.

3. La composicidén de acuerdo con la reivindicacién 1, en la cual
dicha matriz comprende un polimero seleccionado del grupo formado por
polivinilpirrolidona, hidrexipropilcelulosa e

hidroxipropilmetilcelulosa.



4, La composicién de acuerde con la reivindicacién 1, en la cual

polivinilpirrolidona es un agente de matriz.

5. La composicién de acuerdo con la reivindicacién 4, en la cual la
relacién ponderal del compuesto de la férmula I calculado como base
libre de solvente respecto de la polivinilpirrolidona est& entre 1:0,5

y 1:20.

6. La composicidén de acuerdo con la reivindicacién 1, en la cual

hidroxipropilcelulosa es un agente de matriz.

7. La composicién de acuerdo con la reivindicacién 6, en la cual la
relacién ponderal del compuesto de la férmula I calculado como la base

libre de solvente respecto de hidroxipropilcelulosa estd entre 1:0,5 vy

1:20.

8. La composicidén de acuerdo con la reivindicacién 1, 1la cual
comprende adicionalmente croscarmelosa sédica, almidén glicolado
sdédico, hidroxipropilcelulosa poco sustituida, almidédn, celulosa

microcristalina o una combinacién de los mismos.

9. La composicién de acuerdo con la reivindicacidén 1, en la cual 1la

dispersidén soélida comprende polivinilpirrolidona y croscarmelosa

sodica.

10. La composicién de acuerdo con la reivindicacién 1, en la cual la

dispersion sélida comprende polivinilpirrolidona y almidén glicolado



sodico.

11, la compesicién de acuerdo con la reivindicacidédn 1, en la cual la
dispersidén sélida comprende polivinilpirrolidona, croscarmelosa sédica

v celulcosa microcristalina.

12. La composicidn de acuerdo con la reivindicacién 1, en la cual la
dispersién sdélida comprende hidroxipropilcelulosa vy croscarmelosa

sodica.

13. La composiciédn de acuerdo con la reivindicacién 1, en la cual la
dispersion sélida comprende hidroxipropilcelulosa y azicar, alcohol de
azucar o ciclodextrina seleccionada del grupo gue consiste eﬁ sucrosa,
lactosa, fructucsa, maltosa, rafinosa, sorbitol, lactilol, manitol,
eritritol, treitol, adonitol, arabitol, xilitol, dulcitel, inositol,
trehalosa, isomaltosa, inulina, maltodextrina, B-ciclodextrina,
hidroxipropil-f-ciclodextrina, sulfobutil éter de cicledextrina, o

combinaciones de los mismos.

14. La composicién de acuerdo con la reivindicacién 1, en la cual la

dispersidén sdélida es homogénea.

15. La composicidn de acuerdo con la reivindicacién 1, que contiene

el compuesto de la férrmula I en forma amorfa.

16. La composicidén de acuerdo con la reivindicacidn 1, qgue estd en la

forma de una tableta, capsula, polve, granulado o sachet.



17. Un proceso para la preparacién de una composicién de acuerdo con
cualquiera de las reivindicaciones precedentes, que comprende someter

simulténeamente el compuesto de la férmula I:

CF, 0

CH
“ 0 RS e

/n\ | ~N O

y un agente de matriz a cualquiera de los pasos de:
extrusién del material fundido en <caliente, donde ambos se
extruden en un extrusor a una temperatura de 160 °C a 200 °C, o
técnicas de evaporacién de scolventes donde ambos se disuelven en
un sclvente seleccicnado del grupo gque consiste en metanol, etanol, n-
propanol, isopropanol y acetona y mezclas de los mismos, hasta que
todos estén en solucidn y se evapora el solvente bajo vacio hasta
sequedad.
18. El proceso de acuerdo con la reivindicacién 17, en el cual la

dispersidén sélida se prepara por extrusién de fusiédn en caliente.

19. El procesc de acuerdo con la reivindicacién 17, en el cual la

dispersidén sdlida se prepara por técnicas de evaporaciodn de solventes.

20. El proceso de acuerdo con la reivindicacién 17, en el cual el

solvente es una mezcla de etanol y acetona.

21. El proceso reivindicado en las reivindicaciones 17 a 20, en el

10



cual la composicién se trata ademas en un paso de procesamiento
adicional, gque comprende molienda, tamizado, compactacidén con

rodillos, trituracién, seleccidn, mezclade, o una combinacién de los

mismos.
22. El proceso reivindicade en las reivindicacicnes 17 a 21, que

comprende el paso adicional de conformar la composicién para darle

forma a la mezcla como tabletas, cépsulas rellenas o sachets.

11
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Review article

Improving drug solubility for oral delivery using solid dispersions

Christian Leuner, Jennifer Dressman™

Johann Wolfgang Goethe University, Frankfuri am Mair, Germany
Received 13 December 1999: accepied in revised form 7 February 2000

Abstract

The sotubility behaviour of drugs remains one of the most challenging aspects in formulation development. With the advent of combi-
natorial chermnistry ang high throughput screening, the number of poorly water soluble compounds has dramatically increased. Although solid
solutions have tremendous potential for improving drug solubility, 40 years of research have resulted in only a few marketed products using
this approach. With the introduction of new manufacturing technologies such as hot melt extrusion, it should be possible to overcome
problems in scale-up and for this reason solid solutions are enjoying a renaissance. This drticle begins with an overview of the historical
background and definiticns of the various sysiems including eatectic mixtures, solid dispersions and solid solutions. The remainder of the
article is devoted to the praduction, the different carriers and the methods used for the characterization of solid dispersions. © 2000 Elsevier

Science B.V. All rights reserved.

Keywords: Solid solution; Solid dispersion; Evrectic mixture; Amorphous state; Bioavailabitity; Solubility; Dissotution

1. Introduction

Together with the permeability, the solubility behaviour
of a drug is a key determinant of its oral bioavailability.
There have aiways been certain drugs for which solubility
has presented a challenge to the development of a suitable
formulation for oral administration. Examples such as
griseofulvin, digoxin, phenytoin, sulphathiazole and chior-
amphenicol come immediately to mind. With the recent
advent of high throughput screening of potential therapeutic
agents, the number of poorly soluble drug candidates has
risen sharply and the formulation of poorly soluble
compounds for oral delivery now presents one of the most
frequent and greatest chalienges to formulation scientists in
the pharmaceutical industry.

Consideration of the modified Noyes~Whiiney equation
{1.2] provides some hints as to how the dissolution rate of
even very poorly soluble compounds might be improved to
minimize the limitations to oral availability:

dC _ AD(C, - O)
dr h

where dCfdr is the rate of dissolution, A is the surface area
available for dissclution, D is the diffusion coefficient of the

* Comespording author. Institute of Pharmaceutical Technology, Marie
Curie Strasse 9, 60439 Frankfun, Germany. Tel: +49-69-7982-5680; fax:
+49-69-7982-9694,

E-mail address: dressman @em.uni-frankfurt.de (3, Dressman),

compound. C, is the solubility of the compound in the disso-
lution medium, C is the concentration of drug in the medium
at time ¢ and h is the thicimess of the diffusion boundary
layer adjacent to the surface of the dissolving compound.

The main possibilities for improving dissolution accord-
ing to this analysis are 10 increase the surface area available
for dissolution by decreasing the particle size of the solid
compound and/or by oplimizing the wetting characteristics
of the compound surface, to decrease the boundary layer
thickness. to ensure sink conditions for dissolution and,
last but definitely not Jeasl. to improve the apparent solubi-
lity of the drug under physiologically relevant conditions.
Of these possibilities. changes in the hydrodynamics are
difficult to invoke in vivo and the maintenance of sink
conditions will depend on how permeable the gastrointest-
inal mucosa is to the compound as well as on the composi-
tion and volume of the lumenal fluids. Although some
research effort has been directed towards permeability
enhancement using appropriate excipients, resulls o date
have not been particulazly encousaging. Administration of
the drug in the fed state may be an option 1o improve the
dissolution rats and also to increase the time available for
dissolution: the likely magnitude of the food effect can be
forecasted from dissolution tests in biorelevant media [3].
However, the most atrractive option for increasing the
release rate is improvement of the solubility through formu-
lation approaches.

Table 1 summarizes the various formulation and chemi-

0939-5411/00/$ - see front maner © 2000 Elsevier Scicnce B.V. All rights neserved.
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FORMA DE INFORMACION BASICA
Nombre del producto: Paquete Variado Gourmet #4
Pais de oﬁgén: USA

Nombre de la compafiia: Daniele, Inc.

Nombre y Direccidn del fabricante: 105 Davis Drive, Pascoag, R.I 02859

Numero de teléfono: 401-568-6228
Numero de fax: 401-568-4788

Correo electrénico: info@danieleinfo.com

Tipo de producto: Una combinacién de un paquete de 3 cames gourmet frias: picoso,
seco-curado, salchicha seca de Puerco, salami seco curado de Puerco con pimiento, y

picoso, seco-curado Puerco capollo.

Presentacién: Las 3 canes frias gourmet pre-rebanadas son empacadas al vacio en plastico
transparente.

Niimero de unidades por paquete: 1

Contenido neto (Volumen y/o peso): 16 oz peso exacto
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Table 1

Approaches to improve the solubility of o increase the available surface
area for dissolution

1. Physical modifications
Panticle size
Micronization
Nanosuspensions
Modifications of the crystal habit
Polymorphs
Pseudopolymorphs (including solvates)
Complexation/sotubilization
Use of surfactants
Use of cyclodextrines
Drug dispersion in carriers
Eutectic mixtures
Solid dispersions {non-molecular)
Solid solutions

{1, Chemical modification
Scluble prodrugs
Salis

cal approaches that can be taken to improve the sclubility or
10 increase the available surface area for dissolution,

Of the physical approaches. review articles have already
been published on the use of polymorphs [4]. the amorphous
form of the drug [5] and complexation {6.7). Decreasing the
particle size of the compound by milling (he drug powder
theoretically resuls in an increase in the available area for
dissolution, but in some cases the micronized powder ténds
to agglomerate, thereby at least partly negating the milling
procedure, Presenting the compound as a molecular disper-
sion combines the benefits of a local increase in the solubi-
lity {within the solid solution) and maximizing the surface
area of the compound that comes in contact with the disso-
lution medium as the carrier dissolves. This review is there-
fore devoted to a discussion of the use of molecular and
near-molecular dispersions for the optimization of oral
delivery of poerly soluble drugs.

2. Definitions
2.1. Simple eutectic mixtures

No review of solid dispersions would be complete with-
out a brief description of eutectic mixtures, which are the
commerstone of this approach to improving bioavailability of
poorly soluble compounds. A simple eutectic mixture
consists of two compounds which are completely miscible
in the liquid state but only to a very limited extent in the
solid state (Fig. 1). When a mixture of A and B with compo-
sition E is cooled, A and B crystallize out simultaneously,
whereas when other compositions are cooled, one of the
components starts to crystallize out before the other. Solid
eutectic mixtures are usually prepared by rapid cooling of a
comelt of the two compounds in order to oblain a physical
mixture of very fine crystals of the two components.
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When a mixture with composition E. consisting of a
slightly soluble drug and an inert. highly water soluble

carrier, is dissolved in an agueous medium. the carrer -

will dissolve rapidly. releasing very fine crystals of the
drug [9.10). The large surface area of the resulting suspen-
sion should result in an enhanced dissolution rate and
thereby improved bioavailability.

2.2. Solid solutions

Solid solutions are comparable to liquid solutions,
consisting of just one phase imespective of the number of
compenents. Solid solutions of a poorly water soluble drug
dissolved in a carrier with relatively good aguecus solubility
are of particular interest as a means of improving oral bioa-
vailability. In the case of solid solutions, the drug's particle
size has been reduced to its absolute minimum viz. the
molecular dimensions [§1] and the dissolution rate is deter-
mined by the dissolution rate of the carrier. By judicious
selection of a carrier. the dissolution rate of the drug can be
increased by up to several orders of magnitude.

Solid solutions can be classified according to two meth-
ods. First, they can be classified according to their misci-
bility (continuous versus discontinuous solid solutions) or
second. according to the way in which the solvate molecules
are distributed in the solvendum (substitutional. interstitial
or amorphous).

2.2.1. Continuous and discontinuous solid solutions
2.2.1.1. Continuous solid selutions In a continuous solid
solution. the components are miscible in all proportions.
Theoretically, this means that the bonding strength between
the two components is stronger than the bonding strength
between the molecules of each of the individual compo-
nents, Solid solutions of this type have not been reported
in the pharmaceutical literature to date.

2.2.1.2. Discontinuous solid solutions In the case of

discontinuous solid solutions. the solubility of each of the

components in the other component is limited. A typical

4 -
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Solid A + Liuid Selution Liquid Sokution
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Flg. 1. Phase diagram for a cutectic system {reproduced with modifications
from Ref. [8]).
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Fig. 2. Phase diagram for a discontinuous solid solution {reproduced with
modifications from Ref. (8]).

phase diagram is shown in Fig. 2. o and B show the regions
of true solid solutions. In these regions, one of the solid
components is completely dissolved in the other solid
component. Note that below a certain temperature. the
mutpal  solubilities of the iwo components start lo
decrease. Due to pragtical considerations it has been
suggested by Goldberg et al. [11] that' the term ‘solid
- solution” should only be applied when the mutual
solubility of the two components exceeds 5%. Whether or
not a given solid sotution can be utilized as a dosage form
strategy will depend not only on the mutual solubilities of
the two components but aiso on the dose of the drug
component. The upper limit for the mass of a tablet or
capsule is about 1 g. Assuming that the solubility of the
drug in the carrier is 5%. doses of above 50 mg would not
be feasible with this strategy. Obviously. if the drug
solubility in the carrier is significantly higher than 5%,
larger doses can be entertained.

2.2.2. Substitutional crystailine, interstitial crystalline and
amorphous solid solutions

2.2.2.1. Substitutional crystalline solid solutions Classical
solid solutions have a crystalline structure, in which the
solute molecules can either substitute for solvent molecules
in the crystal lattice or fit into the interstices between the
solvent molecules. A substitutional crystalline solid disper-
sion is depicted in Fig. 3. Substitution is only possible when
the size of the solute molecules differs by less than 15% or
so from that of the solvent molecules [12].

2.2.2.2. huerstitial crystalline solid solutions In interstitial
solid solutions, the dissolved molecules occupy the
interstitial spaces between the solvent molecules in the
crystal lattice (Figs. 4 and 5). As in the case of
substitutional crystalline solid solutions, the relative
molecular size is a crucial criterion for classifying the
solid solution type. In the case of interstitial crystalline
solid solutions, the solute molecules should have a
molecular diameter that is no greater than 0.59 of the

Fig. 3. Subscitutional crysialling solid solution (reproduced with medifica-
tions frot Ref. [13])

solvent molecule's molecular diameter [14]. Furthermore.
the volume of the solute molecules should be less than 20%
of the solvent.

2.2.2.3. Amorphous solid solutions In an amorphous solid
solution, the solute molecules are dispersed molecularly but
irregularly within the amorphous solvent (Fig. 6). Using

griseofulvin in citric acid. Chiou and Riegelman [16) were

the first to report the formation of an amorphous solid
solution to improve a drug’s dissolution properties. Other
carriers that were used in early studies inciuded urea and
sugars such as sucrose. dexirose and galactase. More
recently, organic polymers such as polyvinylpyrrolidone
(PVP), pelyethylene glycol (PEG) and various cellulose
derivatives have been utilized for this purpose.

Palymer carriers are pasticularly likely to form amor-
phous solid solutions as the polymer itself is often present
in the form of an arnorphous polymer chain network. In
addition. the solute imolecules may serve to plasticize the
polymer, leading to 2 reduction in its glass transition
temperature.

Fig. 4. Intomstitial crystaliine sodid solution (reproduced with modifications
from Ref. {13]),
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Fig. 5. Interstitial solid solutions of smal) molecules in the crystalline parts
of a polymer (reproduced with modifications from Ref. [151).

3. Formulztion of solid solutions

In the early 1960s. Sekiguchi et al. reported that formula-
tion of eutectic mixtures could lead to an improvement in
the release rate and thereby the bioavailability of poortly
soluble drugs. Euteclic combinations such as sulphathia-
zolefurea [9] and chloramphenicolfurea [17] served as

examples for the preparation of a poorly soluble drug in a.

highly water soluble carrier. Both preparations exhibited
faster release and betier bicavailability than conventional
formulations. The explanation offered for this behaviour
was that. after dissolution of the urea, a fine suspension of
drug particles was exposed to the dissolution medium (or GI
fluids) and that both the smaller particle size and better
wettability of the drug particies in this suspension contrib-
uted to a faster dissolution rate.

The rext development was the preparation of solid solu-
tions by Levy [18] and Kanig (19]. In contrast to a eutectic
mixture. the dispersed component in a solid solution is
molecularly dispersed. In a very informative series of publi-
cations, Goldberg [10.11.20.21] discussed the theoretical
and practical advantages of solid solutions over eutectic
mixtures. The improvement in dissolution characteristics
was at first attributed 100% to the reduction in particle
size, Molecular dispersion represents the uitimate in particle
size reduction [21], and after the carrier has dissolved, the

Fig. . Amorphous salid solution (reproduced with modifications from Ref.
[es)). .

drug is molecularly dispersed in the dissolution medium. i.e.
is present in solution form. A further reason for the improve-
ment in the dissolution rate is that the drug has no crystal
structure in the solid solution [22]. Therefore. the energy
normally required to break up the crystalline structure of the
drug before it can dissolve is not a limitation to the release
of the drug from a solid solution. After the solid solution has
dissolved. the drug is present as a supersaturated solution. In
some cases, the carrier may serve Lo inhibit precipitation of
the drug from the supersaturated solution [23-25). Tt has
also been speculated that. if the drug does precipitate. it
will precipitate out as a metastable polymorph with a high
solubility compared to that of the most stable form [24.26).
A further way in which a solid solution could enhance disso-
lution is through improvement of the wettability of the drug
[13]. Even carriers that are not surface active, e.g. urea and
citric acid. can improve wetting characteristics, Of course. if
carriers with surface activity such as cholic acid, bile salts
[27]. cholesterol esters (28] and lecithin [29] are used. the
improvements in wetting can be much greater. Another way
in which the cartier can influence the drug's dissolution
properties is via direct solubilization or a cosolvent effect.

The relationship between the release characteristics of the
solid solution and a physical mixture of the two components
varies with the drug/carrier combination. For example. the
release rate from a solid solution of prednisolone in Cremo-
phore® is almost identical with the release rate from a
simple mixture of the two components {30]. A physical
mixture of glyburide and PEG 6000 exhibited better solu-
bility and faster dissolution than that of the pure drug [311.
The solubility of paracetamol is greater in urea than alone
{10]. However. the solubility of sulfathiazole is adversely
affected by mixing with urea [9]. In general, dissolution
rates are compared among the pure drug. a physical mixture
and the solid solution to assess the benefits of preparing a
solid solution.

3.1. Methods for preparing solid solutions

3.1.1. Hot melt method

Sekiguchi and Obi (9] used a hot me!t method to prepare
simple eutectic mixtures. Sulphathiazole and urea were
melted together at a temperature above the eutectic point
and then cooled in an ice bath. The resultant solid eutectic
was then milled to reduce the particle size. Cooling leads to
supersaturation, but due 1o solidification the dispersed drug
becomes trapped within the carrier matrix. Whether or not a
molecular dispersion can be achieved depends on the degree
of supersaturalion and rfate of cooling altained in the
process. In other words. the process has an effect on the
resultant dispersion and can be varied to optimize the
product. Sekiguchi et al. [17] and Chiou and Riegelman
{16] acceterated the cooling rate by snap-cooling on stain-
less steel plates. Kanig [19] introduced the variation of
spraying the hot melt onto a cold surface. A further
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approach is to prepare the solid dispersion by injection
moelding. as demonstrated by Wacker et al. [32].

An important prerequisite 1o the manufacture of solid
solutions by the hot melt method is the miscibility of the

drug and the carrier in the molten form. When there are.

miscibility gaps in the phase diagram, this usually leads to
a product that is not molecularly dispersed. Another irmpor-
tant limitation to the hot meht method is the thermostability
of the drug and the carrer. If too high a temperature is
required. the drug may decompose or evaporate. Of course,
oxidative teactions can be avoided by processing in an inert
atmosphere or under vacuum. while evaporation can be
avoided by processing in a closed system.

Becanse of these limitations, the solvent methed
became more popular in the 1970s and 1980s. In recent
years, however. the hot melt method has enjoyed a renais-
sance in the form of hot melt extrusion. Extrusion of
moistened powders has been well known in the pharma-
ceutical sciences for many years [33]. Hol melt extrusion
is a very common way of processing plastics in the poly-
mer industry, but Speiser [34.35] and Hiittenrach [36]
were the first to adapt the process for pharrnaceutical
purposes. In recent years. this method has been applied
to the manufacture of solid solutions. A scheme of a hot
melt extruder is shown in Fig. 7. The drugfcarrier mix is
typically processed with a twin-screw extruder of the
same type used in the polymer industry. The drug/carrier
mix i$ simultaneously melted. homogenized and then
extruded and shaped as tablets. granules, pellets, sheets,
sticks or powder. The intermediates can then be further
processed into conventional tablets. An important advan-
tage of the hol melt extrusion method is that the drug/
carrier mix is only subjected to an elevated lemperature
for about 1 min, which enables drugs that are somewhat
thermolabile 1o be processed.

A further alternative for processing thermolabile
substances is by hot-spin-melting. Here, the drug and carrier
are melted together over an extremely short time in a high
speed mixer and. in the same apparatus. dispersed in air or
an inert gas in a cooling tower. Some drugs that have been
processed into solid dispersions using hot-spin-melting to

Fig. 7. Scheme of a hot mel excruder (reproduced with modifications from
Ref. [37]).

amramng 4

date include testosterone (38]. progesterone [359] and dieno-
gest [40].

3.1.2. Solvent method

Until the advent of the solvent method. solid solutions
were prepared exclusively by the meliing method. Tachi-
bani and Nakumnara {41] were the fitst lo dissolve both the
deug and the carrier in a commen solvent and then evaporate
the solvent under vacuum to produce a solid solution. This
enabled them to produce a solid solution of the highly lipo-
philic B-carotene in the highly water soluble carrier poly-
vinylpyrrolidone (PVP). The evaporation method was then
1aken up by Mayersohn and Gibaldi [42]. By dissolving both
griseofulvin and PVP in chloroform, and then evaporating
the solvent. they were able to achieve a solid digpersion. The
release rate of griseofulvin from the solid dispersion was
five to 11 times higher than that of micronized drug. depend-
ing on the drug/cammier ratio. Bates {43] introduced the term
coprecipitates to describe solid dispersions that are manu-
factured by the solvent evaporation method. Although the
term coprecipitate is strictly speaking inaccurate in this
case, it is still widely used in this sense today. Simonelli
et al. [44] used the term coprecipitate more correctly to
describe a solid dispersion of sulphathiazole and PVP that
had been precipitated from a solution in sodium chioride by
the addition of hydrochloric acid. Solid disperstons and
solutions that are manufactured by the solvent evaporation
method should really be called coevaporates and not copre-
cipitates.

An importanl prerequisite for the manufacture of a solid
dispersion vsing the solvent method is that both the drug and
the carrier are sufficiently soluble in the solvent. The solvent
can be removed by any one of a number of methods.
Temperatures used for solvent evaporation usually lie in
the range 23-65°C [45.46]. The solvent can also be removed
by freeze-drying (31} or by spray-drying (47). It must be
remembered that when an organic solvent is to be removed,
small variations in the conditions used can lead to quite
large changes in product performance. Anocther point to
consider is the importance of thoroughty removing alt of
the solveni. since most of the organic solvents used have
toxicity issues.

With the discovery of the solvent methed. many of the
problems associated with the melting method were solved.
For example, it was then possible to form solid dispersions
of thermolabile substances. Likewise, many polymers that
could not be utilized for the melting method due to their
high melting points (e.g. PVP) could be now considered as
carrier possibilities. As a result, for many years the solvent
method was the method of choice for polymer-based
systems. With time, however, the ecological and subsequent
economic problems associated with the use of organic poly-
mers began to make solvent-based methods more and more
problematic, For these reasons, hot melt extrusion is the
current method of choice for the manufacture of solid
dispersions.
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3.2. Carriers

3.2.1. Polyethylene glycol (PEG)

'3.2.1.1. General characieristics of PEGs Polyethylene
glycols (PEG) are polymers of ethylene oxide, with a male-
cular weight (MW) usually falling in the range 200-
300 000. For the manufacture of solid dispersions and solu-
tions. PEGs with molecular weights of 1500-20 000 are
usually employed. As the MW increases. so does the visc-
osity of the PEG. At MW of up to 600. PEGs are fluid, in the
range 800-1500 they have a consistency that is best
described as vaseline-like. from 2000 lo 6000 they are
waxy and those with MW of 20 000 and above form hard.
brittte crystals at room temperature. Their solubility in water
is generally good. but decreases with MW. A particular
advantage of PEGs for the formation of solid dispersions
is that they also have good solubility in many organic
solvenis. The melting point of the PEGs of interest lies
under 65°C in every case (e.g. the m.p. of PEG 1000 is
30-40°C. the m.p. of PEG 4000 is 50-58°C and the m.p.
of PEG 20 000 is 60-63°C) {48]. These relatively low melt-
ing points are advantageous for the manufacture of solid
dispersions by the melting method. Additional attractive

features of the PEGs include their ability to solubilize .

some compounds [31] and also to improve compound welt-
ability. Even the dissolution rate of a relatively soluble drug
like aspirin can be improved by formulating it as a solid
dispersion in PEG 6000 [49].

3.2.1.2, Influence of the PEG chain length PEGs of MW
4000-6000 are the most frequently used for the
manufacture of solid dispersions. because in this MW
range the water solubility is stil very high, but
hygroscopy is not a problem and the melting points are

already over 50°C. If a PEG with oo low a MW is used, -

this can lead to a product with a sticky consistency that is
difficult to formulate into a pharmaceutically acceptable
product [50]. PEGs with higher MW have also been used
with success: products containing PEG 8000 [51] and
10 000 [52] showed enhanced dissolution rates compared
to the pure drug.

The importance of the carrier to performance of the solid
dispersion was illustrated in a study of 14 different drugs
formulated as solid dispersions in PEG 6000 [53]. In this
study. Dubois and Ford showed that, when the drug is
present in a low drug/carrier ratio {<2% in the case of
phenylbutazone, up to 15% in the case of paracetamol),
the release rate is dependent only on the carrier and not
on the drug properties. Results with indomethacin showed
similar behaviour, Further studies indicated that the release
rate is inversely proportional to the chain length of the
PEG [54]. Similar results were obtained with etoposide
[50) and griseofulvin [16]. However, other studies revealed
contradictory behaviour. For example. glyburide release
from a solid dispersion in PEG 6000 was faster than
from a similar dispersion in PEG 4000 {31]. Possible

reasons for the better release from PEG 6000 are that the
PEG 6000 was able to dissolve more of the drug than the
PEG 4000, leading to a greater percentage drug in the
molecularly dispersed form. and that the higher viscosity
of the PEG 6000 hindered precipitation of the drug follow-
ing dissolution of the carrier.

A comprehensive study of phenylbutazone/PEG solid
dispersions indicated that the release is dependent on the
PEG MW (54). When the percentage of drug used was low
(0.5-2%). the release foliowed the rank order PEG
1500 > 4000 > 6000 > 20 000. at percentages of 3 and 4%
the rank order was PEG 1500 > 4000 > 20 000 > 6000 and
ata 5% loading the order was 20 000 > 4000 > 1500 > 6000,
Since the rank order could be clearly correlated with the crys-
tallinity of the solid dispersion, the authors concluded that the
release is dependent on the extent to which a molecular disper-
sion can be formed. On the other hand. contradictory resuits
were obtained with chioramphenicol/PEG selid dispersions,
for which the rank order of release was PEG
6000 > 4000 > 12 000 > 20 000 {55]. In yet other cases.
the MW of the PEG had no influence at all on the release
rate. For example. Mura et al. {56] showed that 10% disper-

sions of naproxen in PEG 4000, 6000 and 20 600 all exhibited
similar release.

3.2.1.3. Influence of the drug/PEG ratic The drug/carrier
ratio in a solid dispersion is one of the main influences on
the performance of a solid dispersion. If the percentage of
the drug is too high. it will form small crystals within the
dispersion rather than remaining molecularly dispersed. On
the other hand. if the percentage of the carrier is very high.
this can lead to the complete absence of crystallinity of the
drug and thereby enormous increases in the solubility and
release rate of the drug. Lin and Cham [57] showed that
solid dispersions of naproxen in PEG 6000 released drug
faster when a 5 or 10% naproxen loading was used than
when a 20, 30 or 50% loading was used. These results
could be explained on the basis of X-ray diffraction
results, which indicated that dispersions with low loading
levels of nuproxen were amorphous whereas those with high
loadings were partly crystatline. However, the upper limit to
the percentage carrier that can be employed is governed by
the ability to subsequently formulate the solid dispersion
into a dosage form of administrable size.

3.2.1.4. Drug/PEG systems Griseofulvin is probably the most
studied drug with respect to dispersion in PEGs. Chiou and
Riegelman [16] were able 10 achieve a noticeable increase in
the release rate of griseofulvin from solid dispersions in PEG
4000, 6000 and 20 000. The fruit of research with PEG/
griseofulvin combinations is the marketed product. Gris-
PEG®. More recent studies with griseofulvin and PEGs have
focussed on mixtures with various emulsifying agents. Sjdkvist
et al. [58] introduced small quantities of polysorbate 80,
polyethylenedodecylether (Brij° 35). sodium dodecylsulphate
{SLS) and dodecylamonium bromide into 10% w/w dispersions

I+
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of griseofulvin in PEG 3000 and by doing so were able 1o
achieve substantial increases in both the rate and exient of
dissolution. Best results were obtained with SLS. Other
combination systems. such as a griseofulvin/PEG 6000/talc
system [47] could only achieve simnilar results to that of the
two-component dispersion, However, the talc system had the
advantages of being easier to process and being less tacky.

An increase in the release rate by formulation as a solid
dispersion in PEG 4000 has been observed for many drugs.
including oxazepam [59]. piroxicam (60] zolpidem {61] and
glyburide [31). In some cases, in vivo data have verified the
importance of the increase in release rale to the bioavail-
ahility of the drug in question. Arias et al. [62) were able to
show that a doubling of the release rate in vitro could be
translated into an increase in the diuretic effect of triamter-
ene in rats, A good comrelation between release data from
solid dispersions of nifedipine in PEG 6000 and the elim-
ination of the drug in uwrine was documented in human
studies [63]. Simtlarly, a two-fold increase in the release
rate of carbarmnazepine achieved by formulation as 2 solid
dispersion in PEG 4000 and 6000 was translated into an
increase in the bicavailability relative to a suspension of
the drug and the marketed product. Tegretol® [46].
However, even better results could be achieved with a
hydroxypropyl-B-cyctodextrin complex. Norfloxacin/PEG
6000 solid dispersions also produce a moderale increase in
bioavailability [64]. Further drugs which exhibit elevated
release rates when formulated as PEG solid dispersions
include S¢33557. a new calcium antagonist [65]. ketoprofen
[66]. oxazepam {67]. nifedipine [68]. phenytoin [69]. urso-
deoxycholic acid [70]. fenofibrate [71) and prednisolone
[30].

There have also been several studies with PEGs of higher
MW, Perng et al. [51] achieved a ten-fold increase in the
release rate of an expenmental 5-lipoxygenase inhibitor
with PEG 8000 using a hot melt method. Studies of coeva-
porates of ibuprofen with PEG 10 0G0, with the talc system
and with mixtures of the two indicated that the mixture of
the PEG with talc produced the best results [52].

3.2.1.5. Problems with PEGs In general, there are few
toxicity concerns associated with the PEGs and they are
approved for many purposes as excipients. The low
motecular weight PEGs do. however, tend to show
slightly greater toxicity than those of higher molecular
weight {48). In addition. a great number of drugs are
compatible with the PEGs. A few cases have been
observed in which the PEG proved to have stability
problems during manufacture by the hot melt method, A
reduction in the PEG chain length was observed for
combinations with disulfiram, furosemide. chlorothiazide
and chlorpropamide [53). Another difficulty can lie in the
subsequent formulation of the solid dispersion into an
acceptable dosage form. If the dispersion is too soft it can
be difficult if not impossible to manufacture a tablet dosage
form. This is most likely 10 occur if 2 PEG with too low a

MW is used or if the drug has a plasucizing effect on the
PEG [50].

3.2.2. Polyvinylpyrrolidone (PVP)

3.2.2.1. General characterisiics of PVP  Polymerization of
vinylpyrrolidone leads to polyvinylpymolidone (PVF) of
molecular weights ranging from 2500 to 3 000 000. These
can be classified according to the K value, which is calcu-
lated using Fikentscher’s equation [72]. Table 2 provides an
overview of the relationship between the K value and the
approximate molecular weight of PYP,

The glass transition temperalure of a given PVP is depen-
dent net only on its MW but also on the moisture content. In
general. the glass trangsition temperature (7,) is high: for
example. PVP K25 has a 7 of 155°C {73]. For this reason
PVPs have only limited application for the preparation of
selid dispersions by the hot melt method, Due 1o their good
solubility in a wide variety of organic solvents, they are
particularly suitabie for the preparation of solid dispersions
by the sclvent methed. Similtarly to the PEGs. PVPs have
good water solubility and can improve the wettability of the
dispersed compound in many cases. Improved wetting and
thereby an improved dissolution rate from a solid dispetsion
in PVP has been demonstrated for flufenamic acid [74].

3.2.2.2. Influence of the PVP chain length The chain length
of the PYP has a very significant influence on the dissolution
rate of the dispersed drug from the solid dispersion. The
aqueous solubility of the PVPs becomes poorer with
increasing chain length and a further disadvantage of the
high MW PVPFs is their much higher viscosity at a given
concentration  [72). Studies with coevaporates of
chioramphenicol and PVF revealed thal the dissolution of
chloramphenicol was slower when PVPs of higher MW
were used as the carrier [55). Similarly, the slower
dissolution of indomethacin from PVP K90 compared o
PVP K12 was attributed to the higher viscosity generated
by PVP K50 in the diffusion boundary layer adjacent to the
dissolving surface of the dispersion {24]. Other drugs for
which release is known to be slower when incorporated in
PVPs of higher MW include sulphathiazole (44] and
phenytoin [69]. In the case of probucol. however. 2
somewhat different relationship was seen: here the rank
order of release rate was PVP K30 > K25 > K90 [75]. In

Table 2
K values of PVP and the corresponding molecular weights [72]

K valye Approximate molecular weight
2 2500
15 8000
17 10000
5 30000
30 50000
60 A00000
%0 1600000
120 3000000

¥
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general, though. the dependency of the release rate on MW
is cleater for the PVPs than in the case of solid dispersions
prepared with PEGs.

3.2.2.3. Drug/PVP rario Similarly to PEG. solid dispersions
prepared with high proportions ‘of PVP tend to exhibit a
higher drug solubility and release rate than those with
high proportions of drug. For albendazole, for example, it
has been shown that an increase in the %PVP in the
dispersion leads to an increase in the release rate [76].
Doherty and York [77] studied the release behaviour of
furocsemide/PVP dispersions as a function of the degree of
crystallinity of the preparation. When solid dispersions
comprising 50% furosemide were prepared. crystalline
regions could be detected by X-ray diffraction. In contrast,
when the drug/carrier ratio was 2:3, the dispersion was
amotphous. Dispersions conlaining  crystalline  areas
exhibited biphasic release profiles. with the amorphous
areas dissolving quickly and the crystalline aress more
slowly. Similar behaviour was reported by Keamey el al.
{45] for the experimental snti-inflarnmatory compound Cl-
987. When the carrier comprised 81% of the dispersion. no
crystalline areas could be delected and the release rate of the
compound was rapid. Interestingly. when the %carrier was
further increased, the release rat¢ became slower. In the case
of piroxicam/PVP solid dispersions [78). the release rate
increased with the %PVP up till a ratio of drug/carrier of
1:4, after which it feld again (at ratios of 1.5 and 1:6). These
results were clarified with X-ray diffraction studies. Only
the dispersion containing a 1:4 ratio was amorphous: at all
other ratios semi-crystalline areas could be detected. In this
case, the 1:4 ratio proved to be optimal for the formulation
of piroxicam in PVP K30.

3.2.2.4. Drug/PVP systems Most studies of PVP solid
dispersions reported in the literature have vsed PVPs of MW
2500-50 600 (K12 to K30). As in the case of PEGs,
griseofulvin has been one of the most widely studied
compounds. The first solid dispersions of griseofulvin in
PVP were reported in 1966 by Mayersohn and Gibaldi {42].
Improved dissolution of the test compound from solid
dispersions prepared with PVP Ki7 have been reported
variously for sulphathiazole [44]. hydrochlorothiazide [79],
and piroxicam {80]. For a series of non-steroidal anti-
inflammatory drugs (NSAIDs) including mefenamic acid,
azapropazone. glafenin and flotafenin, it was shown that
coevaporates prepared with PVP K25 improved the release
and bioavailability of the drug more than those prepared
with PEG 6000 [81]. Furthermore, it was shown in the same
studies that the NSAIDs were less likely to cause ulceration in
the GI tract when administered as a solid dispersion. In another
study. the release rates from solid dispersions of etopiside in
PEGs and PVPs were compared {50). PVP K25 produced
faster release than PEG 3400, 6000 or 8000. On the other
hand. the release rate from PEG 3400 and 6000 was higher
than from PVP K 17. Using PVP K30 as the carvier. the release

rate of the 5-lipoxygenase inhibitor SB 210661 {51]. a weakly
basic experimental compound. RS §359 [82] and benidipine
HC) [83) could all be improved. In the case of atenclol. the
improvement in release rate using PVP K30 proved to be better
than the release rate from other carners tested [84).

3.2.2.5, Toxiciry profile of PVP Polyvinylpyrrolidones
found their first pharmaceutical application as plasma
expanders in the 1940s. This role became less important
with the advent of dextrans. However, PYPs are still
widely used in the pharmacentical sector as excipients.
When given orally. they are regarded as not being toxic,
partly becavse they have too high a MW (o be absorbed
from the GI tract. Reports of side effects are restricled to
the formation of granulomas after intramuscular injection

[72].

3.2.3. Polyvinylalcaho! (PVA), crospovidone (PYP-CL),
pelvinylpyrrolidone-polyvinylacetate copolymer (PVP-
PVA} :

All three polymers belong to the polyvinyl group,
Whereas polyvinylalcohol (PVA) and vinylpymolidone/
vinylacetate (PYP-PVA) copolymers are both water soluble.
crospovidone swells when dispersed in water. When solid
dispersions of nifedipine were prepared with carrier
roixtures consisting of nicotinamide and PVP, hydroxypro-
py!methyicellulose (HPMCY or PVA in a drug/nicotina-
mide/polymer ratio of 1:3:f, those prepared with PVA
dissolved 20 times as fast as the drug alone [85]. However,
the other carriers, HPMC and PVP. yiclded even better
results. The use of PVA/PYP copolymers as carriers in
solid dispersions has been shown to lead to enormous
increases in the drug retease rate. Studies with the cytostatic
drug HO-221 showed that the PVA/PVP sclid dispersed not
only dissolved 25 times faster than the drug powder, but aiso
enhanced the bicavailability in beagles by a factor of 3.5
[86). Moneghini et al. [84] reported that in the case of
atenolol. too high a PVA/PVP content could lead to a
decrease in the release rate of the drug. This observation
was attributed 10 high viscosity in the diffusion boundary
layer adjacent 10 the dissolving surface. Similar results were
subsequently reported for PVA/PVP coevaporates of carba-
mazepine [87). In this case the optimal drug/carrier ratio
was 1:4: when the proportion of carrier was either lower
or higher, the increase in the release rale was not as
drarivatic. The fall-off at higher carrier ratios could be attrib-
uted to gel formation in this case. Even though crospovidone
does not dissolve in waler, it can also be used as a carrier to
improve drug release rates, For exampie, a 1:2 ratio of furo-
semide to crospovidone led to an increase in the dissolution
rate by a factor of 5.8 [88] in comparison with either the
drug powder or a physical mixture of furosemide with cros-
povidone. The mechanism of the increase in the release rate
of furosemide proved o be the presentation of the drug in
the amorphous form in the dispersion, as shown by X-ray
diffraction studies.

9
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3.2.4. Cellulose derivatives

3.2.4.1, General characteristics of cellulose derivatives -
Celluloses are naturally occurring polysaccharides that are
ubiquitous in the plant kingdom. They consist of high mole-
cular weight unbranched chains. in which the saccharide
units are linked by B-1.4-glycoside bonds. By appropriate
alkylation. the cellulose can be denvatized to form methyl-
{(MC). hydroxypropyl- (HPC). hydroxypropylmethyl-
{HPMC) and many other semi-synthetic celluloses. Since
each glucose unit has three hydroxyl groups that can be
derivatized, the average substitution grade (SG) cannot
exceed three. unless of course the hydroxy! groups on the
substiluents themselves (e.g. in the case of HPMC) are also
derivatized. A further possibility for derivatization is the
esterification of the cellulose to form compounds such as
cellulose acetate phthalate (CAP) and hydroxypropyl-
methylceliulose phthalate (HPMCP).

3.2.4.2. Hydroxypropylmethylcellulose (HMPC) HPMCs
are mixed ethers of cellulose. in which 16.5-30% of the
hydroxyl groups are methylated and 4-32% are
derivatized with hydroxypropyl groups. For example.
Type 2910 has an average methoxy content of 29% and
an hydroxypropyl content of 10%. The molecular weight
of the HPMCs ranges from about 10 000 to 1 560 000
and they are soluble in water and mixtures of ethanol with
dichloromethane and methanol with dichloromethane {89}

Studies with albendazole. a poorly soluble weak base
with incomplete bioavailability. showed that the release
rate and the bivavailability in beagles could be improved
through preparation of a solid dispersion in HPMC [90]. 1t
was further demonstrated that HPMC was able to inhibit the
recrystallization of the albendazole. and that a further
improvement in release characteristics could be achieved
when a carrier mixture consisting of HPMC and HPMCP
was employed. Other drugs which exhibit faster release
from solid dispersion in HPMC include the poorly soluble
weak acids nilvadipine [91] and benidipine [83]. In combi-
nation with nicotinamide as the camier system. HPMCs
produced the best increase in the release of nifedipine of
the series PVP. PVA and HPMC (85},

3.24.3. Hydroxypropylcellulose (HFC) Hydroxypropyl-
methyleellulose (HPC) exhibits good solubitity in a range
of solvents. including water (up till 40°C), ethanol.
methanol and chloroform. The average MW of the HPCs
ranges from 37 000 (Type SSLYto t 150 000 {Type H) [92].
Yuasa et al. {93] carried out extensive studies of the
influence of the chain length and proportion of HPC in the
solid dispersion on the release behaviour of fiurbiprofen.
The release rate improved as the proportion of HPC was
increased and when lower MW HPCs were used as the
carmer.

3.2.4.4. Carboxymethylethyicellulose (CMEC) CMEC also
belongs to the cellulose ethers, but unlike many of the others

it is resistant to dissolution under gastric {acidic) conditions.
It dissolves readily at pH vatues above 5—6. with lowest
dissolution pH being dependent on the grade of the
CMEC. CMECs also dissolve readily in acetone,
isopropano! 70%. ethanol 60% and 1:1 mixtures of
dichloromethane  and  ethanol.  Amorphous  solid
dispersions of nifedipme and spironolactone show
enormous increases in the dissolution rate of the drug at
pH values of 6.8 [94]. Likewise. the bioavailability of the
test substance MFB- 1041 could be substantially improved
in beagles [95]. '

3.2.4.5. Hydroxypropylmethylcellulose phthalate {(HPMCP)
HPMCPs are celiulose esters which are often used as enteric

coatings. Depending on the grade, they dissolve firstat pH 5

(HP 50) or pH 5.5 (HP 55). Their solubility in organic
solvents is also type-dependent. Their MWs range from
20000 to 2000000 [96). The dissolution rate of
griseofulvin at pH 6.8 could be greatly enhanced by
incorporating it in a cosvaporate of HPMCP [94]. In this
case it was shown that griseofulvin was present in the
dispersion in the amorphous form. Using a spray-drying
technique to form a solid dispersion in HP 55, the
dissolution rate of the anti-fungal drug MFB-1041 could
be increased by a factor of }2.5 as compared to the best
possible dissolution achievable by micronizing the drug
[95]. Furthermore, the oral bipavailability in beagles was
almmost §7 times better following administration of the
drug in solid dispersion form. In studies of coevaporates
of the poorly water soluble cytostatic drug HO-221, it was
shown that, while at pH 1.2 the dispersion in HPMCP did
not release the drug. at pH 6.5 it released the drug as well as
dispersions in the pH-independent polymers PVP and PVP/
PVA [86]. In this set of studies. the bioavailability of the
various dispersions of HQ-221 was assessed in beagles, The
coevaporate in PVP/PYA led to an increase in
bioavailability of 30-60%. whereas the coevaporate in
HPMCP led to almost complete absorption of the drug.
Since the intraduodenal application of the PVE/PVA
coevaporale also led to vinually complete absorption, it
was concluded that the incomplete absorption from PVF/
PVA coevaporate after om! administration was due to
precipitation of the drug following rapid dissolution and
formation of a supersaturated solution in the gastric juice.
These studies demonstrated the potential advantage of using
a gastric juice resistant polymer as camiers for poorly
soluble drugs.

3.2.5. Polyacrylates and polymethacrylates

Polyacrylates and polymethacrylates are glassy
substances that are produced by the polymerization of
acrylic and methacrylic acid, and derivatives of these poly-
mers such as esters amides and niuiles. In pharmaceuticals
they are mostly used as coatings to modify the release of the
drug from the dosage form. Commeonly they are referred o
by the trade name Eudragit® [97]. Among the Budragits,
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Eudragit® B is often used to improve the release rate since it
is soluble in buffer solutions at pH values up to 5 and swells
at higher pHs. while Eudragit® L can be used when it is
desirable to avoid release in the stomach. When benipidine
was formulated as a coevaporate with Eudragit® E. the rate
of dissolution was much higher than from the pure drug
powder [83). On the other hand. Eudragit® L has been
successfully used to increase the dissolution of griseofulvin
and spironolactone at a pH value of 6.8 [94).

3.2.6. Urea

Urea is the end product of human protein metabolism. has
a light diuretic effect and is regarded as non-toxic. Its solu-
bility in water i5 greater than 1 in | and it also exhibits good
solubility in many common organic solvents. In one of the
first bioavailability studies of solid dispersions. it was
shown that sulphathiazole was better absorbed in rabbits
when given as a eutectic with urea [9]. Similarly. Goldberg
etal. [21) reported faster dissolution rates of chlorampheni-
col when prepared with urea as the carrier. Although urea is
not ofien used as a carrier these days, il has been recently
shown that the dissolution rate of the poorly soluble
compound ofloxacin ¢an be improved by more than three-
fold by incorporating il in a coevaporate with urea [98]. In
the case of ursodeoxycholic acid the release rate from urea
dispersions prepared by the hot melt method was faster than
from other carriers studied. including PEG 6000 [70]. A
two-fold increase in the dissolution rate of phenytoin has
also been achieved with urea: however. in this case PEG
6000 was far more efficient [69].

3.2.7. Sugar, polyols and their polymers

Although sugars and related compounds are highly water
soluble and have few. if any. toxicity issues. they are less
suitable than other carriers for the manufacture of solid
dispersions. The melting point of most sugars is high.
making preparation by the hot melt method problematic,
and their solubility in most organic solvents is poor. making
it difficult to prepare coevaporates. Despite these draw-
backs. several attempts lo prepare solid dispersions using
sugars and their derivatives have been reported, Mannitol,
which has a melting point of 165~168°C and decomposes
only above 250°C. can be employed in some cases to
prepare dispersions by the hot melt method. Improved
release characteristics have been reported for sorbitol
dispersions of several compounds, including nitrofurantoin
[63). prednisolone [30]. ofloxacin [98] and ursodeoxycholic
acid [70]. In most of these cases, other carriers produced
better results. Interestingly. nitrofurantoin showed betier
release from sorbitol than mannitol dispersions (the two
sugars are isomers) [63]. Indeed. a dispersion of predniso-
one in sorbito] released the drug faster than all other
carriers tested. including PEG, PVP. urea and mannitol
[30]. Chitosan, a derivative of the polysaccharide chitin
which is formed by deacetylation at the N position. has
also been used as a carrier in solid dispersions. Both chit-
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osan and its salt form. chitosan ghitamate. were able to
improve the release of nifedipine by a factor of two o
three compared 10 the drug powder [99). In these studies,
the performance of the coevaporates was compared to that
of physical dispersions prepared by co-grinding. The coeva-
porates produced faster release rates than co-ground
mixtures.

3.2.8. Emulsifiers

The release behavipur of many drugs can also be
improved through the use of emulsifying agents. Two
mechanisms are possible here: improvement of welting
characteristics and solubilization of the drug. Owing to
their potential toxicity problems. such as damage to mucosal
surfaces, they are usually used in combination with another
carrier. For example, the release of naproxen from solid
dispersions in PEG 4000, 6000 and 20 000 could be further
enhanced when either sodium lauryl sulphate (SLS) or
Tween® 80 (a polyethylene sorbitan fatty acid ester) was
added to the system {56]. Inclusion of alkali dodecylsul-
phate surfactants in carrier systems can lead to conversion
of a solid dispersion to a solid solution. Melts of griseoful-
vin and PEG 6000 normally contain crystalline areas: in the
presence of SLS a solid solution is formed [100].

Bile salts and their derivatives are natural surfactants that
are built from a steroidal skeleton in the liver and which are
important to the emulsification of fats and oils in the diet. As
with other surfactants, they can enhance the wetting and
solubility of many lipophilic substances, leading to an
increase in the dissolution rate. Stoll et al. [27] demonstrated
the ability of bile salts such as cholic acid. deoxycholic acid
and lithocholic acid to improve not only the release but also
the sedative effects of reserpine when given as a coevapo-
rate. Likewise. the release of hydrocortisone can be
enhanced by formulation as a solid dispersion in cholesterol
and vardous cholesterol esters [2B]. In recent times.
however, there has been little activity in this area.

3.2.9. Organic acids and their derivatives

Organic acids such as succinic acid and citric acid have
also been used as carriers in solid dispersions, oniginally to
enhance the release rate of griseofulvin {16.20]. In more
recent years. no further studies with these two acids have
been published. Melts of nifedipine with nicotinamide. the
amide of nicotinic acid, exhibited about a six-fold increase
in the dissolution rate compared ta the drug powder but even
better resulis were obtained with PEG 6000 as the carrier
[68]. By combining the nicotinamide with a polymeric
carrier such as HPMC or PVP, the release of nifedipine
could be further greatly improved [85]. The best results, a
20-fold increase, were obtained with a dispersion of nifedi-
pine. nicotinamide and HPMC in a ratio of 1.3:1.

3.2.10. Other carriers
Many other substances have been tested as carriers for
solid dispersions. A hydrolysis product of collagen, Gelita®
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Collagel, was reporied to improve the release rate of oxaze-
pam by a factor of six when prepared as a soid dispersion by
spray drying [67]. Even after tabletting. the solid dispersion
displayed better release characteristics than the physical
mixture or the drug powder alone [101], Other materials
tested include pentaerythritol {16) and phospholipids [46).

3.3. Characterization of solid dispersions

The methods that have been used to characterize solid
dispersions are summarized in Table 3. Among these. the
most important methods are thermoanalytical, X-ray
diffraction. infrared spectroscopy and measurement of the
release rate of the drug. Tn addition (o characterizing the
solid dispersion. these methods can be used to differentiate
between solid solutions (molecularly dispersed drug). solid
dispersions in which drug is only partly melecularly
dispersed and physical mixtures of drug and carrier, Due
to the complex composition of these preparations. it is
often difficult to delineate precisely between molecularly
dispersed and not molecularly dispersed systems and differ-
ent analytical methods may yield disparate results, It is
usuatly assumed that dispersions in which no crystailinity
can be detected are molecularly dispersed and the absence
of crystallinity is used as a criterion to differentiate between
solid solutions and solid dispersions.

Thermoanalytical methods include all that examine a
characteristic of the system as a function of temperature.
Of these, differential scanning calorimetry (DSC) is the
most highly regarded method. DSC enabies the quantitative
detection of all processes in which energy is required or
produced (i.e. endothermic and exothermic phase transfor-
mations). The usual method of measurement is to heal the
reference and test samples in such a way that the tempera-
ture of the two is kept identical. If an energy-requiring phase
transition occurs in the test sample. extra heat is applied 1o
this sample so that its tempersture climbs at the same rate as
in the reference. The additional heat required is recorded
and used to quantitate the energy of the phase transition,
Exothermic transitions. such as conversion of one poly-
morph to a more stable polymorph, can also be detected.
Lack of a melting peak in the DSC of a solid dispersion
indicates that the drug is present in an amorphous rather
than a crystalline form. Since the method is quantitative in
nature, the degree of crystallinity can also be calculated for

Table 3
Methods for the characterization of solid dispersions

Dissolution testing

Thermoanalytica) methods: differential thermoanalysis and hot stage
MICToScopy

Calorimetric analysis of the solnlion or melting enthalpy for caleulation of
entropy change

X-Ray diffraction

Spectroscopic methods, e.g. IR spectroscopy

Microscopic methods including polarization microscopy and scanning
electron microscopy

systems m which the drug is partly amorphous and panily
crystalline. However, crystallinities of under 2% cannot
generally be detected with DSC [15].

The principle behind X-ray diffraction is that when an X-
ray beam is applied to the samiple. interference bands can be
detected. The angle at which the interference bands can be
detected depends on the wavelength applied and the geome-
try of the sampie with respect to periodicities in the strue-
ture. Crystallinity in the sample is refiected by a
characteristic fingerprint region in the diffraction pattern.
Owing to the specificity of the fingerprint. crystallinity in
the drug can be separately identified from crystallinity in the
carrier. Therefore, it is possible with X-ray diffraction to
differentiate between solid soiutions. in which the drug is
amorphous. and solid dispersions. in which it is at least
partly present in the crystalline form. regardless of whether
the carrier is amorphous or crystalline. However, crystai-
linities of under 5-10% cannot generally be detected with
X-ray diffraction.

Structural changes and lack of a crystal structure can lead
to changes in bonding between functional groups which can
be detected by infrared spectroscopy. Since not all peaks in
the IR spectrum are sensitive to crystalline changes, it is
possible lo differentiate between those that are sensitive to
changes in crystallinity and those that are not [22],

Release rate experiments cannot be used on a stand-alone
basis to determine whether a solid solution has been formed
or not. However, in conjunction with other physicochemical
data. they provide strong evidence for the formation of a
molecularly dispersed or nearly molecularly dispersed
system. When the goal of preparing a solid dispersion is
to improve the dissolution characteristics of the drug in
question. the results of the release rate experiments are
obviously of prime importance in assessing the success of
the approach. A well-designed release experiment will show
whether the solubility of the drug and its dissolution rate has
been enhanced, and also whether the resulting supersatu-
rated solution is stable or tends lo precipitate quickly.
Comparison of results with those for pure drug powder
and physical mixtures of the drug and carrier can help to
indicate the mechanism by which the carder improves
dissolution: via solubilization and wetting effects which
could be affected by a simple mixture of the components,
or by formation of a solid dispersion/sofution,

4. Summary and future perspectives

Experience with solid dispersions over the last 20-30
years indicates that this is a very fruitful approach to
improving the release rale and oral bioavailability of poorly
soluble drugs. The most frequent concems with solid disper-
sions have been the ability to scale-up the manufacturing
method, the physical stability of the dispersion, and the
amount of carrier needed to facilitate the required increase
in the release rate. When a high carrier/drug ratio must be
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used. the amount of dispersion required to administer the
usual dose of the drug may be too high to produce a 1ablet or
capsule that can be easily swallowed. The higher the unit
dose of the drug. the more likely this problem is to occur.

Another aspect thal must be considered is the correlation .

between in vitro and in vivo results. Dispersions with a rapid
in virro release rate may faij to improve the oral bicavail-

ability if the in vitro test conditions do not adequately simu-’

late the gastrointestinal conditions, or if there is some
specific interaction between the carrier and a component
of the GI fluids or a co-ingested foodstuff. Despite these
concems. several products containing solid dispersions are
already on the market and the number is expected to
increase dramatically in the next years,

Two trends strongly favour an increasing role for solid
dispersions in pharmaceutical development: the increasing
number of drug candidates which are poorly soluble. and the
substantial improvements in the manufacturing methods for
solid dispersions that have been made in the last few years.
The application of hot melt extrusion to the production of
solid dispersions is a particularly important breakthrough
for scale-up of solid dispersion manufacture. Another
advantage of solid dispersions over other approaches is
that many of the carriers that can be applied are already
extensively used in the pharmaceutical industry as excipi-
ents. 50 additional toxicity studies above and beyond what is
required for the drug itself should not be required. The
possibility of combining several carriers to produce an opli-
mized product further extends the range of possibilities for
formulation. Yet another advantage of solid dispersions
over other approaches is that the increases in solubility
and release rate that cun be achieved are often much,
much greater (up to orders of magnitude). This could poten-
tially lead to an increase in bioavailability that is so great
that the dose administered could be lowered.

Aspects that still need to be addressed in the next years
include further improvements in manufacturing on a large
scale, and better predictions of whether a particular drug/
carrier combination will lead to a true solid solution or to a
partly crystalline dispersion as well as whether the dispersion
will remain physically stable during further processing and
storage. Last but not [east. although this article has been
devoted to the use of solid dispersions for the improvement
of the release rate and oral bicavaitability. by judicious choice
of the carrier it is also possible to delay or slow down the
release pattern of a drug by formulating it as a solid dispersion.
The availability of a wide variety of polymers that are Lthem-
selves poorly soluble or which swell under aqueous conditions
suggests that solid dispersions have tremendous potential in
the area of controlled release dosage forms.
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Abstract

Solid dispersions in water-soluble carriers have attracted considerable interest as’ a means of improving the
dissolution rate, and hence possibly bioavailebility, of a range of hydrophobic drugs. However, despite the
publication of numerous original papers and reviews on the subject, the mechanisms underpinning the observed
improvements in dissolution rate are not yet understood. In this review the current consensus with rogard to the
sofid-state structure and dissolution properties of solid dispersions is critically asscssed. In particular the theories of
carrier- and drug-controlled dissohution are highlighted. A mode is proposed whereby the release behaviour from the
dispersions may be understood in terms of the dissolution or otherwise of the drug into the concentrated aqueous
polymer layer adjacent to the solid surface, including a derivation of an expression to describe the release of intact
particles from the dispersions, The implications of a deeper uaderstanding of the dissolstion mechanisms are
discussed, with particular emaphasis on optimising the choice of carrier and manufacturing method and the prediction
of stability problems. © 2002 Elscvier Science B.V. All rights reserved.
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1. Infroduction

The term *solid dispersion’ has been utilized to
describe a family of dosage forms whereby the
drug is dispersed in a biclogically inert matrix,
usually with & view to enhancing oral bioavailabil-
ity. More specifically, Chiou and Riegelman
{1971), in their classic review, defined these sys-

*Tel: +44-28.90-272129; fax: 4 44.20-90-247794.
Evmell oddress: duncan craig@qub.ac.uk (D.Q.M. Crelg).

tems as ‘the disperslon of one or more active
ingradients in an inert carrier matrix at solid-state
prepared by the melting {fusion), solvent or melt-
ing-solvent method’, while Corrigan (1985) sug-
gosted the definition as being a ‘product formed
by converting a fluid drug-carrier combination to
the solid state’. In practice, these dosage forms
have been traditionally regarded as being synony-
mous with systems whereby the in vitro relcase of
the drug is enhanced compared to conventional
dosage forms, with concomitant implications for
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in vivo release. Furthermors, the carrier used has,
again traditionally, been a water-soluble or water-
miscible polymer such as polyethylene giycol
(PBG) or polyvinyipyrrolidene (PVP) or low
molecular weight materials such as sugars. How.
ever, the profiferation of publications in the area
stnce the first solid dispersions were described
(Sekiguchi and Obi, 1961) has led to a broadening
of these definitions to include water insoluble
miatrices such as QGelucires and Eudragits that
may yield either slow or rapid release and absorp-
tion. Numerous reviews have appeared in the
literature (Chiouw and Riegelman, 1971; Ford,
1986; Craig, 1990; Serajuddin, 1999), attempting

1o bring together the various publications and

ideas associated with these dosage forms. The
latest of these (Serujuddin, 1999) gives details of
some more recent approaches such as the use of
surface active carriers and the use of melt-extru-
sion of PVP dispersions as a means of manufac-
turing viable dosage forms using this technology.
One aspect of solid dispersion technology on
which most workers in the field would agree is
that the number of marketed products arising
from this approach has been dissppointing. In-
deed, the sheer simplicity of the manufacturing
method, the fact that in general only the drug and
carrier are required and the frequently reported
improvements in both the dissclution rate and
bioavailabilty would lead one to expect that the
transfer to the market place would be rapid and
widespread. This has not been the case, despite
approximately 500 papers having been published
on the subject. While this is to a large extent
associated with manufacturing and stability con-
siderations, it is also arguable that a primary
reason is poor predictability of solid dispersion
behaviour due to the lack of a basic understand-
ing of their properties. In particular we believe
there are four key problem areas in this respect:
1. The solid state structure. It is still not clear
how the drug is dispersed within the matrix in
the majority of cases, Methods such as DSC,
XRD and hot stape microscopy have been
widely employed but the question as to
whether the drug is present as a molecular, a
crystalling particulate or an amorphous partic-
ulate dispersion is far from clear in the major-

s
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ity of cases. Fortunately, this issue has been
studied in more detail in recent years, with
techniques such FTIR, Raman spectroscopy
and solid state NMR being employed in addi-
tion to the aforementioned methods, particu-
larly to study the nature of the molecular
interactions between the drug and the carrier
in amorphous systems (s.g. Matsumoto and
Zografi, 1999; Forster et al,, 2001).

2. The mechanism by which dissolution enhance-
ment occurs. While a number of theories have
been proposed {outlined below) the mecha-
nism by which the dissolution rate is improved
in relation to conventional dosage forms is
again not fully understood.

3, The stability of the dispersions on storage. Nu-
merous studies have observed changes to the
dissolution rate on storage. However, again
the mechanism responsible is not yet clear.
This is arguably & direct result of the poor
understanding of the digsolution raie mecha-
nism or mechanisms; it 1s by definition difficult
to understand why a dissolution profile
changes with time if the factors determining
the initial dissolution behaviour are not
known. Clearly, such instability, though not
universal, renders the dispersions unsuitable as
products when it dogs occur.

4. Poor understanding of the in vitrofin vivo corre-
lation. While numerous studres have reported
enhanced dissolution rates and absorption
rates from solid dispersions the correlation
between the two is not straightforward. It
should also be born in mind that the literature
tends to be success led, hence examples of
poor absorption improvement are less likely to
be brought to the sclentific community’s
attention.

The above difficulties are all functions of the
fundamental understanding of the behaviour of
the systems, with the first three being related to
the physical behaviour of the dispersions. Conse-
quently, while developments in manufacturing
methods and the use of alternative carriers are
undoubtedly welcome there remains & need to
consider what has been learned over the past forty
years in terms of the mechanisms by which disse-
lution enhancement occurs. The function of the
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current discussion is therefore not to review the
field of solid dispersions as a whole but instead to
examine the current state of knowledge with re-
gard to the dissolution mechanisms.

2. Proposed structures of solid dispersions

Before discussing the dissolution properties of
the dispersions, it is clearly essential to have some
consideration of the solid-state properties of these
systems. The dispersions have traditionally been
formed by heating mixes of the drug and carrier
to the molten state (although whether this moiten
mix is a suspension or solution is usually not
defined) followed by resolidification via cooling.
Alternativé methods involve dissolving the como-
ponents in a mutual volatile solvent followed by
evaporation or dissolving the drug in a solvent
such as propylene glycol and adding that to the
molten carrier. Other approaches include melt-ex-
trusion methods (Sprokel et al., 1997; Zhang and
McGinity, 2000; Forster et al., 2001) that appear
to offer a number of interesting opportunitics.

Irrespeciive of the methodology used, the ques-
tion as to the physical nature of the dispersion
remains unanswered in rany cases. Clagsically,
Chiou and Riegelman (1971) defined 2 number of
possibilities. These include eutectic systems,
whereby on cooling the molten mix the system
forms & microfine dispersion of the two compo-
nents with a concomitant decrease in melting
point. This has been a favoured explanation for
several systems, particularly in the light of DSC
studies that have frequently been reported to
show a eutectic melting point and a lowering of
the melting points of the principle components.

" However, some caution is required in this inter-

pretation for a number of reasons. In the first
instance, it is essential to bear in mind that unless
ont is exactly at the eutectle composition, the

_system will contain a mixture of the microfine

dispersion and one or other component as a sepa-
rate phase, as indicated in Fig. la. Indeed, as one
cools from the melt of any composition other
than that corresponding to the eutectic, one com-
ponent will progressively solidify, thereby render-
ing the remaining liquor richer in the other
component umtil the cutectic composition is
reached, at which point the remaining lquid will
solidify as a fine dispersion, Consequently, if the
reported systems are indeed eutectics it is neces-
sary to appreciate the complex nature of the mixes
used in practice. The second issue is that the
polyethylene glycols used for the majority of solid
dispersion studies (molecular weight 4000-20,000)
may exist in more than one crystal form, exhibit-
ing muitiple melting points in the region of 55-
65 °C (Beech et al., 1972; Buckley and Kovacs,
1976). It has been suggested that many of the dual
melting points described in the litarature ascribed
to eutectic behaviour may in fact be chain folded
forms of the PEG itself (Craig, 1990), Thirdly, it
is arguably essential to compare the melting be-
havicur of the solid dispersion to that of a physi-
cal mix of the drug and carrier, as many studies
have indicated that the phase diagrams of the two
systems may be extremely similar (Sckiguchi et
al, 1963; Chiou and Niazi, 1971, 1973). Indeed,
the presence of the carrier in the molten state may
itself lower the melting point of the drug. Conse-
quently, the detection of melting point lowering
and, in the case of PEGs, the appearance of a
lower temperature melting peak, does not neces-
sarily indicate the presence of a eutectic. While
some systems must inevitably form eutectics, the
number of studies that have demonstrated uvn-
equivocalty that & eutectic is present is in fact very
limited.

The second common explanation is that of a
solid solution, whereby the drug is present as a
molecular dispersion within the cardier, This is a
fully feasible explanation but again caution is
required in terms of the detection of such systems.

Fig. 1. (a) Schematic euteotic phast diagram, showing effect of cooling at the eutectic point {A to B) whereby only the cutectic
solidifies, This is compared to cooling at an allernative composition (C to I3} whereby component X solidifics during cooling, leaving
the remaining liquor richer in Y unti) the cutectic lemptratersfoomposition is reached. (b) Schematic solid solution phase dingram
(partinl miscibllity), showing regions of solid solubility at the extremes of composition. (&) Schematic monotectic phase disgram,
showing convergence of the liquidus with the melting point of one component.
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In practice the majority of such systems are likely
to show only partial miscibility, hence the drug
may only be in ‘solution’ at low concentrations
(Fig. 1b), although it is appreciated that partial
miscibility could in theory involve quite extensive
drug incorporation at a molecnlar level. Neverthe-
less unequivocal demonstration of solid solubility
is not as simple as one may imagine. For the
reasons outlined above the melting point of a
drug may be lowered and bropdened so as to
malke it undetectable using psc (Lloyd et al,
1997a). Similafly, XRD analysis needs to be con-
ducted in comparison to physical mixes of identi-
cal composition to ascertain whether the lack of
appearance of drug peaks is due to solid solution
formation or is simply a function of the sensitivity
of the instrument.

Thirdly, the drug may be present es a disper-
sion in a glassy matrix. This is certainly the case
with .amorphous polymers such as PVP and is
probably also of relevance in many cases to
semicrystalline materials such as PEGs (e.g. An-
guiano-Igea et al, 1995 Tantoshaiyakul et al,
1996). Again, questions still remain as to whether
the drug is dispersed on a molecular basis, is
present as a separate zmorphous phase or is
present as a separate crystalline phase (or some
combination of these). In some respects this is
perhaps the area in which the most progress has
been made, as the work by the group of Zografi
(e.g. Matsurnoto and Zografi, 1999) and others
over the last decade has provided a more thor-
ough basis by which to study and understand
amorphous systems. This is arguably ironic as
such systerns may be expected to be more complex
than crystalline dispersions. Finally, complex for-
maticn has been suggested as a further possibility.
Clearly this is applicable to materials such es
cyclodextrins and may also be of rclevance to
PVP and other carriers.

A further category that has been suggesied
since the review of Chiou and Riegelman (1971)
has been that of monotectic systems (e.g. Kaur
and Grant, 1979; Najib and Suleiman, 1989).
These systems were suggested on the basis of the
frequent observation that many reported ewtectics
had eutectic points that appeared to be conver-
gent with the melting point of the pure material,

o ekt b o e ok B o B AT PRI . £ ey S 4, A R by St i

as indicated in Fig. lc. Such systems have been
reported in the alloy literature but later studies
have indicated that, rather than indicating specific
equilibrium phase behaviour, such disgrams may
be simply a reflection of a completely non-inter-
acting system, whereby the drug is simply present
as A separaie phase within the carrier, This was
exemplified by a study by Lloyd et al. (1997b)
whereby the model drug (paracetamol) was found
to simply crystallise as a separate phase on cool-
ing, a5 demonstrated by hot stage microscopy, the
lowering of drug melting point being a simple
reflection of the presence of molten carrier.

Overall, therefore, there still remain numerous
questions regarding the physical nature of solid
dispersions, despite the chemical simplicity of
thess systems. There is an argument that, at least
in the case of PEGs and other largely crystalline
carriers, the system may be simpler than has been
assumed, with the twoe components simply exist-
ing as separate phases (Craig, 1990; Lloyd et al,
1997a,b). Similarly it could also be argued that
hot stage microscopy observations during cooling
is one of the most reliable methods for ascertain-
ing the solid state structure, especially given the
propensity of DSC to demonstrate effects that are
a function of the temperature programme rather
than being a direct reflection of the solid state
structure at room temperature.

3. Drog relense from solfd dispersions

While 8 number of potential and realised ad-
vantages of solid dispersions have been described
in the literature, the sinple most widely cited
consideration is the improvement in dissolution
rate, with concomitant implications for improving
the bioavailability of poorly water-soluble drugs.
Such improvements in dissolution rate are often
considerable, with increases of up to four hundred
fold having been reported (Said et al,, 1974). It is
therefore all the more remarkable that the mecha-
nism underpinning these increases is so poorly

. understood. This may be largely because there are

comparatively few papers available whereby eluci-
dation of the mechanism {or mechanizms) in-
volved is a speoific objective. In this article,
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therefore, emphasis is placed on discussing some
of the ideas assoclated with the release process
with a view to developing the argument that a
more fundamental understanding of the process
will facilitate rational design of the associated
dosage forms.

The currently accepted range of possible mech-
anisms of enhanced dissolution effectively stems
from the seminal review by Chiou and Riegelman
(1971). These include the following:

3.1. Particle size reduction and reduced
agglomeration

These may be usefully considered together as
both are related to increases in the exposed sur-
face area of the drug. Size reduction has been
classically considered to be a result of eutectic or
solid sohation formation; it is worth noting that
this mechanism supggests an intrinsic link between

solid state structure and release. Similarly it has

been suggested that the presentation of particles
to the dissolution medium as physically separate
entitics may reduce aggregation. In addition,
tnany of the carriers used for solid dispersions
may have some wetting properties, hence it is
reasonable to suggest that improved wetting may
lead te reduced agglomeration and hence in-
creased surface area.

3.2. Increased solubility or dissolution rate of the
drug

Again, many of the carriers used may increase
the solubility of the drupg. There has been some
debate over this mechanism as solubility studies
have indicated that at the concentrations wused for
in vitro experiments the carriers often elicit mini-
mal solubility increases. This does, however, work
on the assumption that the concentration of the
carrier after complete dissolution in the water
bath (e.g. 0.5 g/I) may be used as & model of the
behaviour at the dissolving surface. Similarly, the
cartier and drug may form a soluble complex, as
is well established for cyclodextrins, aithough the
evidence for this occurring with other carrlers is
weaker, Finally, changes to the physical proper-
ties of the drug such as degree of crystallinity and

polymorphic form may also be considered under
this category.

In paraliel with these considerations, there has
also been an alternative line of thinking that has
attempted o consider the processes that may be
involved during dissolution in more detail. It may
be argued that this type of approach has arisen as
a result of seminal papers by the groups of Corri-
gan, Ford and Nystrom in the 1980s but hes not
yet been fully incorporated into the common. par-
lance within the field, despite the possibilities for
dissolution prediction that it appears to offer.
However, the strands of these arguments have not
yet been weaved together in a single article and it
is this defictency that the present communication
is attempting to address,

There have besn two appavently conflicting

lines of research along these lines. In the first
instance, Corrigan (1985, 1986) provided a very
valuable contribution by not only measuring the
dissolution rate of the incorporated drug but also
assessing that of the polymer itself, in this case
PEG. The author found that the dissolution rate
of the drug in the polymer and the polymer alone
were in fact equivalent, leading to the sugpestion
of carrier-controlled dissolution whereby the dis-
solution rate of the drug is controfled by that of
the inert carrier. This finding was supported by
the work of Dubois and Ford (1985) who noted
that the dissolution rates of a range of drugs in a
single carrier, prepared under comparable condi-
tions, were identical in most cases. This again
implies that it is the dissolution rate of the carrier
and not the drug that may dominate the process.
Similarly, a study by Craig and Newton (1992)
indicated that a log-linear relationship existed be-
tween the {(measured as opposed to nominal)
molecular weight of the PEQ carrier and the
dissolution rate,-again implying that the proper-
ties of the polymer were dominating the dissolu-
tion process,

Corrigan (1985) has suggested that carriercon-
trolled dissolution may be modelled in terms of
the approach outlined by Higuchi et al. (1965)
and Higuchi (1967), whereby the dissolution of
two-component systems is considered, Upon ex-
posure to the sotvent both components dissolve at
rates proportional to their solubilities (C) and
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Fig. 2. Schematic representation of Lhe dissotution modet for a
two component system (after Higuchi et al., 1965). See text for
explanation of eymbols,

diffusion coefficients (D) in the dissolving
medium, as predicted for single component sys-
tems by the well-known Noyes—Whitney equa-
tion. However this model predicts that the
interfacial layer between the dissolving front and
the solvent will become depleted in the more
rapidly dissolving component, leading to the ore-
ation of a surface layer rich in one component
through which the other must diffuse prior to
release into the bulk phase (Fig. 2). More specifi-
cally the model predicts that one component (for
example A} will form such a surface layer when

Ny DaCor
Ny’ DyCn ®

where N is the proportion of each compenent and
the subscripts A and B refer to the two compo-
nents, respectively. Under these circumstances the
dissolution rates will be given by

. D c “
Ga a_.i}.li& @
and
N
Gy = ﬁ’: G (3)

where ¢ is the dissolution ratefunit arca and A is
the diffusion layer thickness, In other words the
model predicts that the dissolution rate of the
minor component will be determined by that of
the component in excess (although it should be

brar A 1 ot ke ya

noted that ‘minor’ is more precisely defined in
terms of Eq. (1) rather than simply the weight

fraction present). This may in turn be applied to -

solid disperse systems by arguing that when the
drug is present as & ‘minor’ component (which is
aimost invariably the case) the dissolution of that
drug will be dominated by the dissolution be-
heviour of the cander, as is indeed scen in practice
{Corrigan, 1986). Interestingly, the predicted com-
ponent ratio at which dominance changes between
the two components is given by

Ny _DiCes @
NB DBCSB . )

This therefore predicts that if a drug (B) has a
very low solubility in relation to that of the
polymer (A) then the drug loading up to which
carrier-controlled dissolution will apply will be
simitarly low, while 2 more soluble drug will show
carrier-controlled dissolution up to a higher drug
loading (assuming similar diffusion coefficients).
'This would appear to contradict the observations
of Dubois and Ford (1985), who noted that phen-
acetin {0.77 mg/ml solubility) showed a more
limited range of carrier-controlled dissolution (up
to 5% loading) than did the less soluble (0.04
mgfml) indomethacin (up to 10% drug loading).
This could be due to diffusion cocfficient effects
or else to differences in the dispersion profiles of
the two drugs within the polymer.

Leading on from these studies, Lloyd et al.
(1999} argued that if dissolution was dominated
by the properties of the carrier and not the drug
(at least in some caseg) then the physical form of
the drug should be irrelevant to the release rate.
These guthors examined the release of paraceta-
mo) from PEG 6000 dispersions, using different
drug size fractions in the initial preparation pro-
cess and different manufacturing methods which
were known to alter the physical properties of the
drug (Lloyd et al, 1997b). First inspection of the
dissolution data indicated a higher release from
the larger size fraction systems. However, these
authors also measured the concentration of drug
at the dissolving surface, finding that settling had
oecurred during the solidification process on cool-
ing from the melt. Once this had been corrected
for (see Eq. (3)), the dissolution rates were found
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to be independent of manufacturing conditions or
initial particle size. This therefore confirmed that
for these gystems the physical form of the drug
was unimportant as far as the releasc rate was
concerned but also highlighted the danger of set-
tling leading to higher effective concentrations of
drug being present at the dissolving surface than
may be anticipated from the total drug content,
However, while these studies, described to-
gether, give the impression of there being 2 com-
mon unifying mechanism underpinning release,
there have been a mumber of papers suggesting
that other mechanisms may be of relevance. For
example, §jkvist and Nystrdm (1991} measured
the particle size of the griscofulvin particles re-
leased from the dispersions and produced strong
evidence that dissolution rate enhancement was a
direct function of the size of the relsased particles.
In an attemnpt to reconcile these contradictions
Sjokvist-Saers and Craig (1992) used an ho-
mologous series of drugs (para-aminobenzoates)
in PEG 6000 in an attempt to interrelate the solid
state structure, drug solubilily and dissclation
rate. These authors noted that there was a linear
relationship between the intrinsic dissolution rate
of the model drugs in the dispersions and the drug
sotubility, clearly linking the properties of the

_drug (and not the polymer) to the dissolution

rate; it may be helpful at this stage to refer to
such behaviour as drug-controlled dissolution as
opposed to carrier-controlled dissolution. It was
also noted that as the concentration of the drug
increased the dissolution rate became effectively
independent of composition and very similar to
the dmug afone (Fig. 3); in this respect therefore
the behaviour corresponds to the Higuchi model
when the drug is the dominant component. How-
ever the interrelationship between the dissolution
rate and the solubilitics of the drugs at high
polymer contenis runs contrary to what one
would expect from the Higuchi model; if the
dissolution was carrier controlled the drug prop-
erties should make no difference to the dissolution -
rate.

Overall, therefore, there appear to be two sets
of observations with regard to the mechanism of
drug release from solid dispersions. In the first
instance, some systems appear to show cairier-

controlled release whereby, at least at low drug
loadings, the rate of release is controlled by that
of the carrier and is independent of drug proper-
ties. Secondly some systems show relemse be-
haviour that is dependent on.the properties of the
drug rather the polymer, even at low drug load-
ings. The following questions therefore arise; what
is happening to the drug during either of these
processes, which factors determine whether the
dissolution is cartier- or drug- controlled and
what are the implications of understanding the
mechanism for dosage form design?

4. Possible mechanism of dissolution from solid
dispersions and implications for manufacture

Given the above considerations, there does ap-
pear {0 be more than one mechanism by which
drugs may be released from solid dispersions,
Probably the simplest scenaric is that found at
high drug loadings, where authors appear to agree
that the formation of the drug-rich layer sug-
gested by Higuchi et al, (1965) and applied o
solid dispersions by Corrigan (1985) provides a
satisfactory explanation. This leaves the dual ob-
servations for low drug loadings regarding drug-
controlled and carrier-controlled dissolution. We
believe that both may be facets of essentially the
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Fig. 4. Schematls diagram showing the fate of drug particles during the dissolution process. (g} Carrler-controlied digsolution,
wheteby the drug dissolves into the concentrated carrier layer prior to release and (b) drug-controlled dissolution whereby the drug

is released effectively imtact inro the dissohuion medium. Large spheres represent undissolved drug particles, small spheres partially
dissolved drug particles, shaded regions correspond to hydrated material.

same process and propose a model, outlined in
Fig. 4, that attempts to explain how the drug
particles may be behaving during the dissolution
process. The model works on the premise of there
being a2 highly concentraied polymer layer at the
dissolving surface (gt least at low drug loadings)
through which the drug must pass prior to release
into the bulk phase.

In Fig. 4a, the process asscciated with carrier-
controlled dissolution is described. In this instance
the particles dissolve into the polymer-rich diffu-
sion layer at 2 sufficiently rapid rate that there is
insufficient time for the particles to be rcleased
intact into the medium. Consequently, the drug is
molecutarly dispersed within this concentrated
layer. However, the viscosity of the layer is such
that drug diffusion is very slow as predicted by
the well-known Stokes-Eiustein equation

kT
D=a‘;}—r &3]

where k is Boltzmann’s constant, # is the viscosity
and r is the radius of the diffusing molecule.
Consequently the rate-limiting step to dissolution
of the drug becomes the release of the polymer
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itself and hemce Eq. (3) becomes applicable to
describe the release of the drug. It should be
noted that the dissolution of a water soluble
polymer may not be modelled by simple diffusion
equations with complete confidence as such poly-
mers do not show saturation solubility s such but
rather will swell and sorb water to produce a
continvum of concentrations between the solid
surface and the bulk medium; these and related
issnes have been addressed in cornmunications by
Ueberreiter {1968). However, the principle out-
lined above is nevertbeless still applicable.

The second scenario, that of drug-controlled
dissolution, is outlined in Fig. 4b. In this case
dissolution into the polymer diffusion layer is
comparatively slow and the drug is released as
solid particles. Consequently the dissolution -will
not be associated with the polymer but will in-
stead be dominated by the properties (size, physi-
cal form, etc.) of the drug itself, This may siill
lead to considerable improvements in dissolution
compared to conventional dosage forms due to
the higher surface arca associated the particics
and the possibility of improved weiting and de-
creased agglomeration.

3
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The question therefore arises as to why some
drugs will follow the scenario shown in Fig. 4a
and others 4b, The most likely oxplanation must
be the tendency of the drug to dissolve into the
concentrated polymer diffusion layer, As stated
previously, the solubility of drugs in low concen-
trations of carrier solutions docs not tend to be
significantly enhanced compared to that in water
alonc. However, several sindies have demon-
strated that the drug solubility increases dispro-
portionately in higher concentration solutions.
More specifically, a log-linear relationship has
been described for several systems as predicted by
the expression given by Yalkowsky et al. (1972)
for cosolvent systems

log 8 =log Sw + of ®

where § is the solubility of the solvent under
investigations, Sy, is the solubility in water, c iz a
constant and f is the proportion of cosolvent
present in the system. It is therefore feasible that
for many drug-carricr combinations the drag sol-
ubility in the concentrated layer is sufficiently
high so as to allow dissolution to occur prior to
the dissolving front of the composite solid reach-
ing the particles,-Once in solution in the diffusion
layer, the viscosity is sufficiently high so as to
render diffusion through the concentrated layer
slow and the rate-limiting step to release becomes
the diffusion of the carrier molecules into the bulk
phase, as predicted by the Higuchi model. In the
case of drugs whereby the solubilisation is low,
however, the particles may be simply released
partially or completely intact from the matyix,
whereupon dissolution occurs from the free parti-
cle surface.

Overall, therefore, the release mechanism will
depend on wheiher the drug dissolves in the poly-
mer diffusion layer rapidly or not which will in
turn be dependent largely on the solubility of the
drug in this layer, However, other considerations
must also be borne in mind. For example, the
hydrodynamics of the dissolution process may
aleo play a role in determining the mechanism in
that more rapid stirring speeds may favour drug-
conirolled dissolution by emhancing the rate of
polymer dissolufion info the bulk in relation to
drug dissolution into the diffusion layer. Similarly
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by chanping the physical form of the drug {e.g.
size reduction), one could conceivably change the
mechanism by aliering the dissolution kinetics
into the diffusion layer, Purthermore, while the
process has been described above as one of two
extremes it is possible that in many cases elements
of both are present, e.g. the particles may partially
dissolve in the diffusion layer before being re-
leased intact, thereby providing two simultaneous
mechanisms of dissolution, However, the model
does serve to provide an explanation for the dif-
ferences in behavieur of various drugs and also
sugpests that the measurement of drug solubility
in carmier solutions may, with refinement, provide
a means of predicting the dissolution mechanism.

8. Mathematical modeliing of drug-controlled
dissolution

As there are already effective expressions avail-
able to model carrier-controlled drug dissolution
(Bgs. (1)-(4)), it would cleasly be desirable to
derive an expression whereby the intact particle
release mechanism could be deseribed. Outlined
below is a suggested basis for such an analysis.
This approach has been developed on the idea of
the solid polymer receding to a distance such that
& single particle is released, as indjcated in Fig. 5.
Two of the main assumptions of the model be-
come immediately apparent. Firstly it is assumed
that the drug is released only when the golid front
has receded a distance equivalent to the diameter
of that particle and secondly that the particle does
not undergo significant dissolution prier to re-
fcase. A third assumption concerns the equiva-
lence of the densities of the drug and polymer;
this may be easily corrected for but it is felt that
the error arising from this assumption will be
small in relation to the other approximations
involved. Fig. § presents a representation of the
salient features of the solid dispersion structure
relevant to the proposed model,

The overall dissolution rate at time ¢ (Gft))
may be considered to be essentially a function of
the mean dissolution rate from each individual

particle (G{r)} and the number of particles avail-
able N(1), ie.
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N
Gy{t) = YGu1) = Gol1IN(2) 4}

where G} is the dissolution rate at time t of the
individual particles. In the first Instance it is nec-
essary to calculate the time dependence of the
particle release process by considering the time
required for sufficient polymer to dissolve in order
to release a particle. This is achieved by consider-
ing the intrinsic polymer dissolution rate P, (wtf
At where 4 is area of dissolving surface). The
dissolution rate (Py) may also be expressed in
terms of the volume of polymer dissolved in unit
time from a disk of diameter 2R

Pa

Pp==2aR? @
p

where p is the density of the polymer. The volume
of dispersion (V) that needs to dissolve for a
particle of diameter r. to be released is given by

V= 20rR* ©)

hence the time (f) required to release such a
particle ig given by

Vo 2rp
=g =g (10

Note that equivalence of matrix dissolution and
polymer dissolution can be reasonably assumed

from the Higuchi model (Higuchi et al., 1965) if
the polymer is present in large excess. The above
may be modifled for situations where this does
not apply but for the present purposes this as-
sumption is satisfactory.

To calenlate the number of particles released in
time fp (Np) it is merely necessary to caloulate the
number of particles present in ¥, by multiplying
by the welght fraction x (here we assume density
equivalence of the two components) and dividing
by the volume of 2 sinple particie

IR*x

Nom =5 (1)
Consequently from Eas. (10) and (11)
N 3R*xP,
B 4rp 12)
Inteprating between ¢ =0 and 7= ¢ gives
] oy

N(:)=3R3’“-[ P, di (13)

4r e 0 .

It Is then possible 1o combine the above with an
expression describing the dissolution of a-single
particte. Numerous such models are available
with varying degrees of sophistication but for the
present purposes one may use the simple expres-
sion derived by Goyan (1965}

Solid material

Drug particle

\
s

Solid surfuce/diffusion

/ layer interface

Polymer-rich
diffusion layer

Diffusion layer/bulk
agucous phase inferface

Flg. 5. Schematic representation of the structure of solid dispersions with reforence to the model derived: for drug-contrelled

dlssolution.
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Gp = 2(Ca - C) (14

where C; and C represent the solubility and bulk
concentration. Overall therefore the dissolution
rate of the system is given by

3D(Cy— OYRxe J Ft
Gr=—g—"
rp ;

The integral term is simply the intrinsic dissolu-
tion rate constant of the polymer. Clearly this
model may be further refined and many of the
assumptions accounted for, However, it does
provide a basis for further work and also, interest-
ingly, predicts that the dissolution rate wili be
highly dependent on the initial particle size. It
also predicts non-linearity of the dissolution pro-
files, even from a constant surface area disk. This
was indeed observed in the study by Sjbkvist-
Saers and Cralg (1992) for systems showing drug-
controlled dissolution.

Padt (15)

-l

6. Implications of understanding the dissolufion
mechapisin for the practical use of solid
dispersions

The obvious question to arise at this stage is
what are the implications of such knowledge for
dosage form design? The primary issuc must be
the prediction and control of dissolution rate, If &
system is undergoing carrier-controlled dissolu-
tion then the physical properties of the drug
should be largely irrelevant (given the provise
stated above regarding changing the mechanism).
This then means that the initial particle size and
the physical form of the drug are of minimal
importance. This in tum implies that, provided
the physical form of the carrier is not greatly
changed, the manufacturing process variables
such 8s maximum temperature used is irrelevant,
This specific factor is an interesting case In point
as it has not yet been fully established whether the
drug needs to be dissolved in the molten polymer
during preparation or not; indeed it has been
largely assumed that both components need to be
fully liguefied during manufacture. Studies by
Lioyd et al. (1999) for a carrier-controfled system
have shown this not to be the case, with the
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manufacturing temperature used having no effect
on paracetamol releass. In fact the drug recrystal-
lizes as & separate phase anyway on cooling hence
the maximum fusion temperature, with concomi-
tant costs and safety issues, may not need to be as
high as has been assumed. If, on the other hand,
the dissolution process is drug-controlled then the
properties of the drug become crucial.

This distinction also has implications for the
choice of carrier. If the system is carrier con-
trolled, then changing the molecular weight of the
carrier, incorporating a proportion of lower
molecular weight material or adding surfactants

may all have a beneficial effect. Indeed, if a

carnier-controlled system is desirable then scresn-
ing could be performed to determine which carri-
ers or mixtures of carders provide ample
solubilisation of the drug prior to extensive exper-
imentation. However, perhaps the mest important
implication of such knowledge concerns the un-
derstanding of a perennial problem associated
with these systems, namely stability issues, De-
spite the plethora of reports describing changes in
dissolution rate on storage, 8 universal explana-
tion for this phenomenon has not yet been estab-
lished. In the light of the above, one can see why
this has been the case, simply because the mecha-
nism of ageing must be intimately linked to the
mmechanism of disselution. More specifically, if the
system is carrier-controlled then, in the absence of
a change of mechanism, the ageing effects must be
due to changes in the properties of the polymer.
This is a large and well studied field within the
polymer sciences, particularly for amorphous or
senterystalline polymers, and it .is likely that
menns of predicting and preventing such effects
may be found in this literature. If, on the other
hand, the system is drug controlled then it is the
properties of the drug itself that must be consid-
ered such as giow recrystallisation from unstable
solid solutions, changes in polymorphic form,
particle size increases or recrystallisation from the
amorphous state. However, the key issue is that
unless the basic mechanism of release is under-
stood it does seetmn unmlikely that prediction of
ageing effects will be possible.
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7. Conclusions

This article has outlined some of the current
thinking with regard to the mechanisms by which
drugs may be released from solid dispersions,
focussing on the solid state properties of the
dispersions and the possible fates of drug particles
within a solid disperse matrix. It is proposed that
two mechanisms may be of relevance, involving
either carrier or drug controlled release, the pre-
dominance depending on the solubility of the
drug in concentrated solutions of the carrier. The
implications for this model have been outlined,
with particular emphasis on understanding stabil-
ity issues. Overall, solid dispersions present the
industry with some extremely exciting possibilities
with regard to the formulation of poorly sohuble
drugs, yet until the fundamentsl behaviour of
these systems is understood the utility of this
approach will inevitably remain limited or at best
empirical,
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Abstract O Although there was & great interesl in sofid dispersion
systems during the past four decades t Increase dissclution rate
and bioavailabiity of paorly water-soltible driigs, thefr cemmerclal use
tias been very limited, primarity becatse of manufachuring difficulties
ahd stablity problems. Sofid disparsions of drugs wers generally
produced by meX or solvent evaporation methods. The materlals, which
were usually semisolid and waxy in nature, were hardened by coofing
10 very low temperatures. They wese thien pulverized, sleved, mixed
with retatively targe amounts of 2nd encapsifated knto hard
yelatin eapsules or compressed inlo teblets, These operations wefe
difictilt to scale up for the manutacture of dosage forms, The situation
has, heavever, been chianging In recent years because of the avaliablily
of suface-active and sell-emulstying carlers and te development
of technologhes Lo encapsviate solid dispersions directly knto hard
gelalin capsules as melts. Sold phigs are formed Inside the capsuies
when the melts ste conled to room temperature. Because of suface
attivity of carfiers used, compiste dissohution of drug from such salid
dispersions can be obtained wilhout the qeed for pulverizalion, sieving,
mixing with excipients, ete. Equipment s avafisble for 1arFe-Scéle
manufacturing of siich capsules. Some practicat fmitations of dosage
form development might ba the inadexuate solblily of drugs in camers
and the nstaldTly of drugs and camlers &t elevaled temperstres
necessary 1o manyfaciure capsules.

introduction

The enhancement of oral bioavatlability of pootly water-
sofuble drugs remalns one of the most challenging aspects
of drug development. Although seit formation, selubliliza-
tion, and partitie size reduction have commonty been used
to Increase dissolution rate and thereby oral absorption and
bicavailability of such drugs,! there are practical mite-
tlons of these techniques. Tha sait formation is not feasible
for neutrel compounds and the synthesls of appropriate sait
forms of drugs that are weakly acldic or weakly basic may
often not be practical. Even when sahs can be prepared,
an tncreased dissolution rate In the gastrointestinal tract
may not be achieved In many cases because of the recon-
version of salts into aggregates of thelr respective acid or
base forms. The solubilization of drups In organte solvents
or in aqueous media by the use of surfactants and cosol-
vents leads to liquid formulations that are usually undesir-
able fram the viewpolnts of patient acceptabllity and
commertialization. Although particle size reduction i3
commonly used o increase dissolution rate, there is a

ractical limit to how much size reduction can be achleved
v such commpnly used methods as controlled crystallize-
tion, grinding, ete. The use of very fine powders In a dosage
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Figure 1—A schematlc represertation of the b%oa@ﬂﬂy enhiancement of

& poorly water-soluble drsg by solid dispersion compared with conventional
fat or capsule.

form may also be problematic because of handling diffieu]-
ties and poor wettabillty.

In 1861, Sekiguchi and Obi? developed a practical
method whereby many of the Iimitatlons with the bloavail-
abiltty enhancement of poorly water-soluble drugs just
mentioned can be overcome. This method, which was later
termed solid dispersion,? invelved the formation of eutectle
mixtures of drugs with watet.soluble carriers by the
melting of their physical mixtures. Sekigucht and Obf®
suggested that the drug was present in a sutectic mixture
in & microcrystalling state. Later, Goldberg et 2l dem-
onstrated that all the drug in a solid dispersion might not
necessarily be present in & microcrystalfline state; a certain
fraction of the drug might be molecularly dispersed in the
matrix, thereby forming a solld solution. Tn either case,
¢nce the solid disperslon was exposed to agueous media
and the carrier dissolved, the drug was released as very
fine, colioidal particles. Because of greatly enhanced surface
area cbtained In this way, the dissolutlon rate and the
bioavallability of poorly water-soluble drugs were expected
to be high.

Thie advantage of solid dispersion, compared with con-
ventlonal capsule and tablet formulations, is shown sche-
matically in Flgure 1.6 From conventional capsules énd
tablets, the dissolutlon rate Is limited by the stze of the
primary particles formed after the disintegration of dosage
forms. In this case, an average partcle slz¢ of § um is
usuzally the lower Jimit, aithough higher particle sizes are
preferred for ease of handling, fermulation, and manufac-
turing. On the other hand, If a solid dispersion or a solid
solution is used, a portion of the drug disselves immediately
to saturate the gastrointestinal fluid, and the excess drug
preclgitates out as fine colloldal particles or oily globules
of submicron size.

Because of such early pramises in the bisavailability
enhancement of poorly water-soluble drugs, solid dispersion
has become one of the most active areas of research In the
pharmaceutical field. Mumerous papers on various aspects

& 1958, American Chemical Secisty and
Americen Pharmaceutical Assutiation
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of solld dispersion were published since 1961; Chiou and
Rlegelman? and Ford” reviewed the sarly research in this
ares. Despite an active research interest, the commerclal
application of solid dispersion in dosage form design has
been very limited. Only two products, a griseofulvin-in-
poly{ethylene plycol) solld dispersion (Gris-PEG, MNovartis)
and & nabilone-in-povidone selid dispersion (Cesamet, Lilly)
were marketed during three decades following the initial
work of Seldgucht and Obl in 1861. The oblectives of the
present arcticle are to critically review some of the limita-
tlons of solid dispersion that prevented ity wider com-
merclal application and to discuss how the situation is now
changing because of the aveilability of new types of vehicles
and the development of new manufacturing technotogles.

Limitations of Solid Dispersion Systems

Problems Hmiting the commerclal application of solid
dispersion involve (2} its method of preparation, (&) repro-
dugibility of its physicochemical properties, &) its formula-
tion intp dosage forms, {d) the scale up of manufacturing
processes, and (g) the physical and chemical stability of
drug and vehicle, Some of the issues are discussed next.

Method of Preparation—In their pioneering study,
Sekiguchi and Ob#? prepared solld dispersions of sulfathia-
zole in such carrlers as ascorbic acid, acetamide, nicotina-
mide, nicotinic acld, succinimide, and urea by melting
various drug—carrier mixtures. To minimize melting tem-
peratures, eutectic mixtures of the drug with carrlers were
used. Yet, in all cases, except acetamide, the melting
temperatures were > 110 *C, which could chemically de-
compose drugs and carriers.? High temperatures (> 100 *C)
were also utflized by Goldberg et al. In preparing acetermnl-
nophen—urea! griseofulvin—succinic acid,! and chleram-
phenicol--uread solid dispersions. After melting, the next
difficult step in the preparation of solid dispersions was
the hardening of melts so that they could be pulverized
for subsequent formulatien into powder-fiiled capsules or
compressed tablets, Sekiguchi and Obi? cooled the sul-
fathiazole—urea melt rapidly in an ice bath with vigerous
stirring untll it solidified. Chiou and Riegelman?® facilitated
hardening of the grisesfulvin~PEG 6000 solid dispersion
by blowlng cold it after spreading it on a stainless steel
plate and then storing the material In a desiceator for
several days. In preparing primidone—citric acid solid
dispersions, Summers and Eneveri® spread the melt on
Petry dishes, cooled it by storing the Petrl dishes In a
deslceator, and finally placed the deslccator at 60 *C for
several days. Allen et al.! prepared solid disperslons of
corticosteroids In galactose, dextrose, and sucrose at 169,
185, and 200 *C, respectively, and then placed them on
alumlnum boats over dry fce. Timko and Lordi'? also used
blocks of dry lice to cogl and solldlfy phenobarbital~citric
acld mixtures that had previously been metted on a frying
pan at 170 *C. The fusion method of preparing solid
dispersion rernatned essentlally similar over the period of
time. More recently, Lin and Cham® prepared nifedipine—
PEG 6000 solid dispersions by blending physical mixtures
of the driug and the cerrier In a V-ghaped blender and then
heating the mixtures on a hot plate at 80~85 *C untll they
were completely relted. The melts were rapidly ocoled by
immersion In a freszing mixture of ice and sedium chloride,
and the solids were stored for 24 h in a deslocator over slifca
gel befora pulverization and sleving. Mura et &l.!* solidified
naproxen—PEG melts in an ice bath and the solids were
then stored under reduced pressurs in a desiccavor for 48

" h before they were ground Into pewders with a mortar and
pestle, In another study, Owusu-Abablo et al.!S prepared
& mefenamle actd~PEG solid dispersion by heating the
drug=carrier mixture on a hot plate to a temperature above

the melting point of mefenamic acid (253 °C) end then
cooling the melt to room temperature under a controlled
environment.

Another commonly used method of preparing a solld
dispersion s the dissolutlon of drug and cartler in &
common organie salvent, followed by the removal of solvent
by evaporation®¥47 Because the drug used for solld
dispersion Is ususlly hydrophoblc and the carrer is hy-
drophilic, it is often difficult to Jdentify & common solvent
te dissolve both components. Large volumes of solvents as
well as heating may be necessary to enable complete
dissolutlon of both components. Chiou and Riegelman® used
500 mi, of ethanol to dissoive 0.5 g of griseofulvin and 4.5
g of PEG 6000. Although In most other reported studies
the volumes of solvents necessary to prepare solid disper-
sions were not specified, it Is possible that they were
similarty large. Te minimize the volume of organic selvent
necessary, Usul et 21.'" dissolved e basic drug In & hydro
alcoholic mixtire of T N HCL and methanol, with drug-to-
cosoivent ratios ranging from 1:48 to 1:20, because as &
protonated species, the drug was more soluble in the acidlc
cosolvent system than in methanol alone. Some other
Investigators dissolved only the drug In the arganic sclvent,
and the solutlons were then edded to the melted carriers.
Vern et al.® dissolved 1 g of oxodipine per 150 mL of
ethanol before mixing the solution with melted PEG 6000,
In the preparation of picoxicam-FEG 4000 solid disperslon,
Fernandez et al.2 dissolved the drug in chloroform and
then mixed the solution with the melt of PEG 4000 at 70
*C. Many different methods were used for the removal of
organic solvents from solld dispersions. Simonelli et al.!6
evaporated ethanolle solvent on & steam bath and the
residual solvent was then removed by applying reduced
pressure. Chiou and Riegelman? dried an ethanolic solution
of griseofulvin and PEC 6000 in an oll bath at 116 *C untll
there was no evolution of ethano! bubbles. The viscous
mass was then allowed to solidify by coollng In a stream of
cold mir. Other investipators used such techniques es
vacuum-drylng 22! spray-drying,#-2 spraying on sugar-
heads using & fluldized bed-coating system,?® Iyophilize-
tion,# ete., for the removal of organic solvents from solid
dispersions. None of the reports. however, addressed how
much residual solvents were present in solid dispersions
whert different solvents, carriers, or drylng techniques were
used.

Reproducibility of Physicochemical Properties—
In their ploneering studies, Seklguchl and ObI? observed
that manufacturlng conditions might greatly influence the
physicochemical properties of salid dispersions formed.
They cooled drug—carrier melts under vigorous stirring
conditions to obtain fine and uniform drug particles in solid
dispersions. Varlous investigators observed that heating
rate, maximum temperature used, holding time at a high
temperature, covling method and rate, method of pulverd-
zatlon, and particle slze may greatly Influsnce the proper-
ties of solid dispersions prepared by the melt methed,
McGinity et al.® prepared solid dispersions of tolbutamide
ity urea and PEG 8000 by flash cooling in a bath of dey ice
and acetone or by gredual cocling over a peried of several
hours by immersion in an oll bath. The powder X-ray
diffraction patterns of the tolbutamide—urea solid disper-
sion differed markedly depending on the cooling rate. The
slow-cooled solid dispersion of tolbutamide in urea dem-
onstrated & cotaplete lack of crystallinity for both the drug
and urea, wheteas the flash-cooled dispersions showed only
the absence of drug crystellinity. In the powder X-ray
diffraction patterns of tolbutamide—PEG 6000 soltd disper-

. sions, peaks for both tolbutamide and PEG 8000 were

observed: however, their degree of crystallinity in flash-
cooled samples wes less than that in the slow-covled
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samples. In another study, @ metastable amorphous form
of rifediplne was formed in jts solid dlsperstons In PEG
4000 and PEG 5000 when the drug—carrier melts were
cooled rapidly, whereas slow cooling of melts or powderln%
of sofidified mass resulted in the crystallization of drug.®
Ginés et al. ™ studied the effect of fusion temperature on
oxazepam—PEG 4000 solid dispersions. Microseople ex-
emination revealed the presence of crystalline oxazepam
end the spherulitic form of PEG 4000 In solid dispersions
prepared by fusion at 100 °C, In contrast, a fusion tem-
perature of 150 *C produced a solid dispersion with ne
crystaliine form of the drug and the presence of PEG 4000
In & hedrtic form. Completa dissolutlon of drug In the
carrier at 150 °C in contrast to 100 *C was reported to be
respansible for such a difference in physicochemical pro
erties of the solid dispersions produced. Dordunco ¢t al.¥
glso observed a change of triamterene and tetnazepam-irom
crystaliing to amorphous form in poly(ethyiene glycol) solid
dispersions when the fusion temperature was increased
from 100 to 150 °C. Such changes In physica) states of
drugs in solid dispersions result into differences in drug
dissolution rates in aqueotts media, ¥ Drug-tocarrier ratio
and particle size of solid dispersions were also reported to
influence the dissolutlon rate of drug.®*

The properties of solld dispersions prepared by the
solvent method may also very depending on manufacturing
cenditions. The solvent method usually leads to amorphous
forms of drugs. However, some crystallinity of drug ma
be observed depending on the drug-to-carrier ratio used 3
Although no detailed studles were reported In the litera-

. ture, it is expected that the nature of soivent used, drug-
to-sslvent and carrier-to-solvent ratios, drylng method, and
drying rate may significantly influence the physicochemical
propertles of solid dispersions formed,

Dosage Form Development—Soltd dispersion must be
developed Into convenlent dosage forms, such as capsules
and tabloty, for their clinical use and successful com-
mercialization. As already mentioned, solld dispersions
produced by the melt method are usually hardened at very
low temperatures and then pulverized with mortars and
pestles, Similarly, solid dispersions produced hy the solvent
methed are aiso pulverized after soivent remeval and
hardening. Some of the challenges In the dosage form
development of such materials are difficulty of pulverize-
tion and sifting of the dispersions, which are usually soft
and tacky, peor flow and mixing properties of powders thus
prepared, peor compressibility, drug-catrler incompat-
1hility, and poor stability of dosage forms. However, there
are very few reports in the iiterature addressing these
Important issues.” Even the lmited number of reports
describing any dasage form developmenta) aspects of solid
dispersions anly confirm that the task of formulating solid
dispersions into capsules or tablets may be a very complex
and difficult one, In developing a tablet formulation for the
Indomethacin—-PEG 6000 solid dispersion, Ford and Ru-
binstetn™ reported that the solid dispersion was not
amenable to wet granulation because water could disrupt
Its physical structure, In addition, the dispersion was soft
end tacky, To overcome these problems, the authors
adopted an In sku dry granulation method where the
excipients (caldlum hydrogen phosphate and sodiom starch
glycolate) were preheated and rotated in a water-jacketed
biender 2t 70 *C, and the Indomethacin—PEG 6000 mixture
that melted at 100 *C was then added to the moving
powdor, After mixing, the granules wert passed thmu%h a
20-mesh =leve and allowed to harden at 25 °C for i2 h,
‘Then, the granules were mixed with a relatively high
concentration of magnesium stearate (1%} and compressed
into tablets, To process 100 mg of solid disperslon, 506 mg
of other exciplents were used, thus making the final welght
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of a 25-mg indomathacin tablet 606 mg. Yet, the tablet did
net disintegrate in water despite the use of 2 large amount
of exciplents. It dissolved slowly by erosion, end the dis-
solution rate decreased on aging of the tablet. In another
study, the same Investigators used an essentially similar
in situ dry granulation method for the preparation of tablet
dosage forms for & chlorpropamide—urea solid disperslon,
where the drug, the carrler, and the exgipients were mixed
\n & rotating flask on a water bath maintained at 100 °C.#
The properties of these formulations also changed with
time, and the authors concluded that aging could “Hmit
thelr usefulness as prospective desage forms™, Durlng the
development of a tablet formulation for a furesemide—poly-
{vinylpyrrolidone) (PVP) salid disperslen, Akbuga et al.
observed that method of preparation, cholce of disintegrant
and particle stze of solld dispersions were critical factors
in determining the properties of tablets produced. Despite
the use of relstively large amounts of disintegrants, the
tablets did not disintegrate. Rather, they dissolved by
erosion only, and the erosion rate varled depending on the
disintegrant used. In additlen, the dissolution rate of
tablets prepared by double compression (slugglng and
recompressien of dry granules) was much sfower than that
of the tablets prepared by single compression, The dissolu-
tion rate of tablet was also dependent on the particle size
of solid dispersion used; the rate decreased by a factor of §
when 100-mesh particlas were used in place of 80-mesh
particles. Alse, the compressibility of solid dispersion
decreased with & decrease in particle size. In another study,
Sjakvist and Nystrom ¥ overceme the compression dif-
ficultles due to sticking of grisesfulvin~xylito! solld disper-
slons to dies and punches by lubricating dle wail and punch
faces with 19 (w/) magneslum stearate suspension befors
the compression of each tablet. The authors cbserved that
the dissolution rate of tablet was hlgh?z sensitive to com-
pression pressure, The sticking of solid dispersion to diss
and punches might besome so problematic that Kaur et
al, ¥ resorted to plecing small pieces of grease-proof paper
between motal surfaces and granules before the compres.
sion of tablets.

The lack of disintegration and the slow dissolution of
tablets prepared from solid dispersions could be related te
the soft and waxy nature of carriers used (e.g.. PEG} In
many of the reported studies. Such carrlers essentlally act
as strong binders within tablets. Durlng compresston, the
carriers could plasticize, soften, or mett, filling the pores
within tablets and thus making them nondisintegratlng,
It is also possible that the softened and meltad carriers coat
the disintegrants and other Ingredients used in tablets, and
such a cogting, along with the reduction of porosity of
rablets, make the disintegrants Ineffactive, Use of a very
high ratie of solid dispersion to added exciplent might
alleviate the problem. In one study.’® 270 mg of microe-
rystaliine cellulose {Avicel) was used to Formulate 30 mg
of mefenamic actd—PEG solid dispersion into & tablet with
good dissoution, The use of such a high ratio of added
exclptent would, however, greatly Increasa the size of tablet
end might, therefore, be Impractical [n most formulatlons,

Scale Uap of Manufacturing Processes—Because very
few solid dispersion products prepared by melt or solvent
methods have been marketed, there are practcally no
reports on the scale up of such products. It is apparent from
the discusslon just presented that the scale up of the
methods of preparation of solid dispersions and their
dosage forms could be very challenging. In most of the
studies reported in the Hterature, solid dispersions by the
melt method were prepared in a small scale by heating
drug—carrier mixtures In beakers, frylng pans, etc, that
were placed on het plates and then cooling the melts inan
fce bath, a dry ice-acetone mixture, etc.2-57-1% Because
there could be condensation of molsture over solid disper-
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sions during cooling to low temperatures, strict protection
from molsture was necessary In all cases. The scale up
challenges may be illustrated with the example of the
preparation of a phenytoin-PEG 4000 solid dispersion by
Yakou et al.?* The drug~carrier mxture was heated at 250
°C under constant stirring until a clear homogeneous melt
was obtained, and the melt was alr-cotled by spreading
on stainless steel trays. The trays were stored In a
desiceator for 3 days to enhance solidification of the solid
dispersion. The resulting materiat was then crushed Ina
cutter mill, and the powders were sieved to collect a sleve
fraction of 105—177-um particle size for use In the dosage
form, The scale up of such a method would be difficult and
1t might even be impractical in many cases because of
possible degradation of both drug end carrier at high
temperatures used. The scale up might also necessitate o
large capital investment because a chemlcal plant-like
facility, rather than a common pharmaceutical dosage form
manufacturing plant, would ba required to process and
manufacture the preducts. For scale up of the cooling
process, Lefebvre et al.*° recommended such continuous
operation as cooling on the surfaces of moving belts or
rotating cylinders, and spray congealing. The practical
epplication of the methods, however, was not deman-
strated. Kennedy and Miebergail®! described a hot-melt
fluld bed meathod whereby nonparells could be coated with
PEGs having molecular weights between 1450 and 4600.
A similar method can possibly be used to deposit solid
dispersions on nonparells and might [n the futere find
application In the manufacture and scale up of solid
dispersion forrmulations,

The physicochemical propertles end stability of solld
dlspersions may also be affected by scale up beceuse
hegting and cooling rates of solid dispersions under lacge-
scale manufacturing conditions may differ greatly from that
in smalt beakers %2 Drug--carrier compatibility at a high
temperatura also requires careful constderation, Dubols
and Ford® repbiried the thain seisslan of PEG 600 during
fusion with disulfiram, furesemide, chlorthiazide, and
chlorpropamide.

The stale up of the solvent methed of preparing solld
dispersions may also be very challenging. A chemical plant
environment would be necessary to evaperate hundreds
and even thousands of liters of organic solvents necessary
o prepare solid dispersions for kilogram quantities of
drugs.!”™ The cost of recovery of these solvents may be
very high. Removal of resldual amounts of pote ntlall'{ toxle
organic solvents such as chloroferm and methano! from
large masses of material may be difficult because the solid
dispersions are usually amorphous and may exist In viscous
and waxy forms. Solvates may also be formed with drugs
and carrlers. Because most desage form manufacturing
facllitles are not equipped to handle large volumes of
organic sulvents, one way to resolve the Issue might be the
designation of solid dispersion as an active pharmaceuticat
ingredient or bulk drug substance. In that case, the
responsibility of the manufacture of solld dispersion can
be shifted to the chemical plant. It would be necessary to
conduct all developmentat activities using the solid disper-
sfon, so this approzach might not be suitable for situations
where active pharmaceutical ingredients have multiple
uses (e.g., orel and parenteral). .

The final step in the manufacturing process, which is
the conversion of solid dispersions Into stable and market-
able dosege forms, may be the most difficult one to scale
up, optimize, and valldate. Most of the commonly used solid
dizpersion vehicles are soft and sticky and, as a resuit, the
pulvertzed forms of solid disperstons produced by such
vehicles may net be omenable to processing by high-speed
capsule or tablet filling machines.
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Stability—Ths physical Insiability of solid disperslons
due to crystallization of drugs was the subject of most
published reports In the literature.” In a solid dispersion
propared by the melt methed, a certaln fraction of the drug
msy remak molecularly dispersed, depending on its solu-
bility fn the carrier used, thus farming a solid solution. How
the excess drug exlsts may greatly depend on the method
of manufacture of the system; it may, as a whole or in part,
form a supersaturated solution, separate out as an amor-
phous phass, or crystallize out. The supersaturated and
emorphous forms may, in turn. crystallize out on aging.
Similerly, certaln carriers may also exist i thermody-
namically unstable states in solid dispersions and undergo
changes with time. Chiou' reported that griseofulvin
precipitated out in an amorphous form in a griseofulvin—
PEG 5000 solid dispersion during the time of its prepara-
tion. The amorphous material erystallized ous on aglng,
except when the drug concentration in the dispersion was
5% or less. Ford and Rubinstein™ attributed stmilar
crystaliization as the cause for a decrease in dissolution
rate of drug from indomethacin~PEG 6000 soltd disper-
sions with time. The decrease in the disselution rate of
indomethacin was also dependent on drug concentration
in the solid dispersion. The decrease was greater for &
higher drug concentration because e larger fraction of drug
crystallized gut. In another study, Suzuki and Sunadat®
observed that on expesure of a nifedipine~nicotinamide—
hydroxypropylmethyleeltulose {(HPMC) solid dispersion to
50% RH at 30 "C or 75% RH at 40 °C for | month.
nifedipine converted from the amorphous to the crystatline
state, thus lowering the dissolution rate of nifedipine
drastically. Ne conversion of nifedipine to the crystalline
state was observed when the solid disperston was stored
at an elevated temperature in the absence of hurldity.
Although the presence of HPMC facilitated the conversion
of nifedipine to an amorphous state during the ¢ooliing of
drug-nicotinemide melt to room temperature at the time
of menufaeturing, it did not prevent the subsequent
crystallization of drug under humid conditions. Pronounced
decreases in dissolution rates due to drug crystatlization
were also coported for tablets prepared from solid disper-
sions. 25 No such decrease in dissolution rate on aging was
ohserved by Khalil et al4* In corticosterold—PEG solid
dispersions prepared with a drug-to-carrier ratlo of 1:99,
possibly because most of the drug was molecutarly dis-
persed in the carrler. The corticostersid, however, exhibited
chemical degradation due to oxidatlon by the peroxides
present in PEG, The cooling rate of solid dispersions may
alss slgnificantly nfluence thelr aging behavior. Tt has been
reported that the crystallinity of drug in solid dispersions
15 less influenced by aping when a slow cacling rate Is used

 because thermodynamically more stable systems are pro-

duced during the time of preparation. ™48

The cenversion of drug to crystalline state Is also the
primary stabillty issue with solid dispersions prepared by
the solvent method. PVP, which 15 commonly used as a
certier in such solld dispersions, s amorphous and does
not convert to 8 crystalline state. However, certaln other
carrlers may convert from thelr amorphous states to
crystalline states in solid dispersions. Zografi and co-
workers#5? extensively studied the physicochemital prop-
ertles of the amorphous states of drugs and exciplents and
observed that the crystalllzation of amorphous materials
is fectlitated by moisture. This effect Is why strict protection
from molsture s necessary durlng the preparation and
storage of meost solid dispersions. Doherty and YorkS!
studied the stability of furosemtide—PVP solid disperslon
in the temperatura range of 8 to 45 °C and 40% RH for up
to 1 year, They did not observe any crystallization of
furosemide and suggested that PVP may indeed act as &
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stabilizer in the solid dispersion by retarding crystallization
of drug at a relatively low humidity. Repid erystallization
of furesernide in the solid dispersion was, however, evident
when the humldity wags raised to 75% RH. Similar obser-
vations wore also made by Guflaume et alL® for an
oxodipine—PVP solid dispersion where no crystallization
of oxedipine was observed in 18 months when samples were
stored under 55% RH at varlous temperatures, but the
drug crystallized out at 80% RH. The stabtlization of drugs
in amorphous forms in 50lid dispersions fs an active area
of research In the pharmaceutical field. For an indometha-
cln~PVP solld dispersion system, Taylor and Zografi®®
suggested that hydrogen bonding between the drug and
PVP might offer an explanation for the absence of drug
crystallization, Lu and Zografl* recently demonstrated that
indomethecin forms a completely miscible amorphous
mixture with citric acid and PYP when the weight fractlon
of PVP in the ternary mixture exceeds 0.3 welght fraction.
“Thus, both the cholee of carrier and the drug-to-carrier ratio
are irnportant considerations in the stabillzation of solld
digpersions. -

Breakthroughs in Sclid Dispersion Technology

Because of the various limitations just mentioned, itis
not surprising that the solld dispersion system, despite its
many potential advantages, haes not been widely used in
pharmaceutical dosage forms. Under the present health
care econornic climate, the goal of any drug development
program in the pharmaceutical Industry s to rapidly
progress a new chemlcal entity from the discovery stage
to clinical testing to determine whether it is safe and
clinically effective. The limited supply of the bulk drug
substance at the early drug development phase and the
accelerated time line would not allow & formulator to
address most of the challenges {vide supra} of a sclid
dispersion formulation. Mest importantly, If a compound
proves promising In early clinlcal testing, the scale up of
complex manufacturing processes for the development of
marketable dosage forms cannot be ensured.

Two recent breakthtoughs in the formulation of solid
disperslon systems invalve (1} the developraent of techrislo-
gles to Ril solid disperslons directly into hard gelatin
capsules and (2} the availability of surface-active and seif-
emulsifying carriers. As a result, there s renewed interest
in such systems for use In commercial development of drug
products 545

Direct Capsule-Filllng—Although the filling of semt-
solid materials into hard gelatin capsules as melts, which
solidify at room temperature, was first described by Fran-
cols and Jones in 1878,% it was not until much fater that
the potential application of the technique for solid disper-
sions was fully realized, Chatham®? reported the possibllity
of preparing FEG-based solid dispersions by fllling drug—
PEG melts In hard gelatin capsuies, By using PEG with
melecular welghts ranging from 1000 to 8000, Sernjuddin
et al.. % however, demonstrated that a PEG by self might
not be v sultable carrier for solid dispersion of poorly watsr-
soluble drugs intended for direct filling into hard gelatin
capsules. They dissolved e poorly water-soluble drug,
REV5%01, in molten PEG 1000, PEG 1450, and PEG 8000
and, filled the hot selutions into hard gelatin capsules such
that each size 0 capsule contatned 100 mg of drug and 550
mg of PEG. At ropm temperature, solid plugs were formed
inside the capsules, where the drug remalned molecularly
dispersed in the carriers. Although a sink condition existed
for the dissolution of 100 mg of the weakly basic REV5301
(pKy ~ 3.8) In 900 mL of simulated gastric flutd (drug
solubility = 0.7 mg/mL et 37 °C}, the dissolutton of drug
from all PEG-based solld dispersions was incomplete.
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Fiqure 2—-A schemaiic representaiion of the comparative mssohion of a
pourly water 5ohede dnig from sifece-aciive versus nonstface-ariive vehicles.

Because the water-soluble carrier dissolved more repidly
than the drug, drug-rich layers were formed over the
surfaces of dissoiving plugs, which prevented further
dissolution of drug from solid dispersions. The disselution
was prattically zero at pH > 2, where the solubllity of drug
was low and a drug Jeyer coated the surfacs of the solid
plug as s0on as the capsule shell disintegrated. Corrigan®?
also reported the possibility of such a retardation of drug
dissolutlon from solld dispersions.

Surface-Active Carriers—The direct flling of melts
into hard gelatin capsules would not be & viable method
for the preparation of solid dispersions unless the formation
of drug-rich layers an the surfaces of dissolving plugs could
be prevented. Serajuddin et a).588% gehleved a complete
dissolution of drug from solid dispersions by using surface-
active or self-emulsifying carriers, The vehitles acted as
dispersing or emulsifylng agents for the l{berated drug,
thus preventing the formation of any water-insoluble
surface layers. Although the liberated drug remained
undissolved in the dissolution medium when tts coneentra-
tlon exceeded its saturatlon solubility, it was dispersed or
emulsified in a finely divided state because of surface
activity of the dissolved vehicle.® % The high surface area
of a drug produced in this way would facilltate its dissolit-
toni in the gastrointestinal fiuld, especially in the presence
of bile salts, lecithin, and lipid digestlon mixtures.®

The advantage of a surfate-active carrier over a nonsur-
face-actlve one in the dissolution of drug from a capsule
formulation 15 shown schematically in Figure 2.% The
physical state of drug In a solid dispersion must, however,
be carefully considered in evaluating the advantage of a
surface-active vehicle. As mentioned 2aclier, the drug can
be molecularly dispersed in the carrder to form a solid
solution or it can be dispersed as particles, It can also be
both partially dissolved and partially dispersed in the
carrier. The potential for the formation of a continuous
drug-rich surface layer is possibly greater if the drug Is
molecularly dispersed, whereas the drug dispersed as
particulates may be more prone to dissetiation from the
water-soluble matrix. It i3, however, rare that the drug ls
dispersed Just as particulates and is not at least partially
diszolved In the vehicte. Therefore, a surface-active carrier
may be preferable in almost all cases for the solid disper-
slon of poorly water-soluble drugs.

The Interest in surface-active and self-emulsifying car-
riers for solid disperslon of poorly water-soluble drugs
increased grestly In recent years$85052-67 For ease of
manufacturing, the carrlers must be amenable to liquid
filling Into hard gelatin capsules as melts. Tha melting
temperatures of carriers should be such that the selutions
do not exceed ~70 *C, which is the maximum acceptable
temperature for hard gelatin cepsule shells.®® Some of the
manufacturing difficuities’ mentloned earlier may be en-




countered if solid dispersion preducts using surface-active
carrlers are prapared by methods other than direct filling
into hard gelatin capsules; for examples, the solvent
evaporation method,S9 compaction into tablets from gran-
ules. ¥ ete.

One surface-active carrier that has commonly been used
In: solldl dispersion for the bloavailabllity enhancement of
drugs Is Geludlre 44/14 (Gattefossé Corp., France) S1.62-0557
1t is & mixture of glycery!l afid PEG 1500 esters of long-
chatn fatty acids and s official tn the European Pharma-
copeia as jaury] macrogolglycerides: the sufflxes 44 and 14
in its name refer, cespectively, to its melting point and
hydrophilic—lipophilic balance (HLB) valus. Another surface-
active carrier that generated certain interest in recent
years Is Vitamin E TPGS NF (Eastman, Kingsport, TN),"
which is prepared by the esterification of the acid group of
d-o-tocopheryl acld succtnate by PEG 1000, The material
has an FLB value of 12 and 1s miscible with water n all
parts. lts melting point is, howaver, relatively low (38 °C)
and it may require mixing with other carriers to Increase
melting temperatures of formulations,

in search of alternative surface-active carriers, Serajud-
din and co-workers®?! demonstrated that a commonty used
surfactant, polysorbate 80, could be used In solid disper-
sions by mixing it with solid PEG, Although polysorbate
80 1s liquid at reom temperature, Lt forms a solid matrix
whan it Is mixed with a PEG because it incorporates within
the amorphous regions of PEG solid structure. As high as
50% {wiw)} polysorbate 80 could be incorporated in a PEG
with & lowerlng of <6 *C in its melting point. Even when
75% (wiw) polysorbate 80 was Incorporated, PEG remalned
serisolid, and the lowering of the melting temperature of
the PEG used was <12 °C." The crystalline structure of
solld PEG was minimally affected by polysorbata 80
because the two compounds have low miscibility in each
other. Other investigators elso reported enhanced dissolu-
tion™ and bicavailability® of drugs from PEG~polysorbate
carriers. Law et al.” reported 2 >2-fold increase In the
dissolutian rate of nifedipine from e PEG-besed solid
dispersion after incorporation of 5% (w/w) phosphatidy)-
choline. Increased dissolution rate of drug from solid
dispersions in PEG conteining varylng amounts of lonic
and nendontc surfactants, including sodtum dodecyl sulfate
and polysorbate 80, were aiso reportad by Sjskvist et al™
The authors, however, pulverized the waxy materia) In-
stead of filling them into hard gelatin ¢apsules as melts,

Ease of Manufacturing—-Cadé and Madt™ and Shah
et al.™ reviewed various formulation and processing con-
siderations for liquid-fitled hard gelatin capsules. Initial
formulation development studies can be conducted by
fllling hot solutions or dispersions into hard gelatin capsule
shells manually by using pipets or by using laboratory scale
semizutomatic equipment.”” Equipment s also avallable
to scale up the manufacturlng process and far large scale
manufacturing.” As mentioned eariler, the temperature
of solutions during the fllling of hard gelatin capsules
should not exceed 70 *C.% Solutlons can also be filled Inte
soft gelatin capsules for which the solution temperature
should remaln <40 *C.” Several hard gelatin®8! and soft
gelatin® capsule products prepared according to these
techniques have been marketed Ln recent years.

Bioavailability Enhancement—The reports on the
bloavailability enhancement by solid dispersion in surface-
active carrlers are promising. The human bioavallabllity
of the poorly soluble REV5901 from & solld dispersion in
Gelucire 44/14 under a fasting regimen was much higher
than that of a tablet formulation even though the mlcron-
lzed formn of drug and a wetting agent were used In the
tablet. ¥ The bloavailability of ubidecarenone [ dogs from
solld dispersion In Geludire 44/14 and the Gelucire 44/14—

lecithin mixture were, respectively, two and three times
higher than that of commercially avaflable tablet.% The
bisavailability of another poerly water-soluble x
RP6Y693, In dogs was 4.5 times higher (27.6% versus 6%)
from its solid dispersion in a PEG 3350-]abrasol—palyscr-
bate 80 system then from an aqueous suspension in 0.5%
methyicellulose® Aungst et al.®’ reported that the bio-
avallability of an HIV protease inhibitor, DMP323, in dogs
from a PEG-based formulation decreased from 4.6 to 5.2%
when the dose was Increased from 100 to 350 mg. No such
drastie decremse In bloavallability was observed In &
Gelucire 44/14-based formulation of DMP323; the bloavail-
ability values were 68.9 and 49.5% after doses of 85 and
350 mg, respectively. The bioavailability of ritonavir (Nor-
vir, Abbott), another poorly soluble HIV protease inhibitor
(solubllity <1 ugimL. at pH »2), was enhanced by formula-
tion &s a sofld dispersion In a mixture of such surface-active
carrlers as Gelucire 50/13, polysorbate 80 and polyexyl 35
castor ofl.¥

Spectal Considerations for Surfactant-Based Solid
Dispersions—Solid dispersion [n surface-active carriers
may not bs the answer to all bigavailability problems with
pooriy water-soluble drugs. One of the limitatlons of
bioavailability enhancement by this method might be the
low solubllity of drug In available carrlers,®4° The desired
doses of a drug cannat be solubilized and filled fnte hard
gelatin capsules if adequate solubility in & carrler cannot
be ghteined. Dordunce et al. % reported that the particle
size of & drug In & selld dispersion remained unchanged If
ft s Just mixed with the carrier instesd of dissolving in It.
On the other hand, if the drug is dissolved by hesting in
axcess of its solubllity in the carrler under normal storage
condition, It may subsequently erystaliize out from the solid
dispersion. Either situation would defeat the purpose of
bioavailability enhancement of poorly water-suluble drugs
by solid disperslon, as deseribed in Figure 1.

The erystallization of ritonavir from the supersaturated
solution in a solld dispersion system was responsible for
the withdrawal of the ritonavir capsule (Norvir, Abbot)
from the market.® The crystallization of drug adversely
Influenced the dissolution of the ritonavir capsule, and the
product was switched to a thermodynamically stable solu-
tion formulation. Aungst et al.%7 also stressed the tmpor-
tance of drug solubility In carrlers in the development of
capsule formulations. They prepared high-dose formula-
tions of a water-insoluble HIV protease Inhibiter by dis-
solving it [ carrlers at an elevated temperature only, and
the formulations were used for bloavailability testing in
dogs within 24 h of preparation when no crystailization
occusred. The authors cautioned that precipitation of drug
could occur upon storage at room temperature overa longer
peried of time, and that Jowering of drug concentration in
the carrer would be necessary to ensure long-term physical
stability of the formulation.

To ensure that a drug would net crystallize out of soltd
disperston st the desired storage temperature, it is impor-
tant to screén the drug solubllity in different carriers at
such a temperature. However, no practicat method for
determining or estimating drug solubflity in s carrier ate
relativaly low temperature, where the carrier exists in a
solid state, has been reported in the literature. The relative
solubility of & drug in different carriers may be determined
b{;equillbrating the drug at an elevated temperature where
all the carrlers exist in a liguld state.¥ IF the solubility of
a drug In a carrier at an elevated temperature s much
higher than the concentration required for solid dlspersion,
an accurate estimation of solublity at room temperature
might not be necessary and a reasonable assumption might
be made that the drug would net precipitate out When a
better estimation of solubliity Is needed, ons practical
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approach is the determination of solubifity—temperature
relationship of drug in a ¢hemically related carrier that
exists as llquid at a wider range of temperature. For
example, for the purpese of estimating the solubility of 2
drug in a solid PEG at reom temperature, the solubllity
may be determined at an elevated temperature where the
PEG exists In o liquid state. Then the solubllity of drug at
a lower ternperature may be estimated from the solubllity—
temperature relationship In a related vehicle, PEG 400,
which remalns liguid at & wider range of temperature. This
method assumes, however, that similar temperature—
solubility refationships for the drug would exist in bath
PEGs and that the reladonship would not change when
one of them solidifies. The solubllity may also be estimated
by microscopic examination of soiid selutions with increas-
Ing drug concenttation for any pessible crystallization of
drug, assuming that the drug does not exist a5 a separate
amorphous phase and the crystellizeton oceurs In a
relatively short period of time. A similar milcroscopic
technigue was use for determining the solubllity of dtaz-
epam n liquid crystatline phases of lecithin.®

Another possible lirnttatton of the use of surface-active
carrier reported by Aungst et al.%7 s that the bloavailability
of e drug may vary depending on the amount of carrier
administersd slong with 1t. This variation is because
different amounts of a surface-actlve carrier may have
different solubllization or dispesston effects on a drug in
the gastrointestinal fluld. Serajuddin et 21.%% reported a
method whereby the rate and efficiency of dispersion of
drug in agueous redia from different formulations can be
studied.

In addition to the solubllity, careful attention must be
given to the drug-to-carrier ratlo in the successful develop-
ment of a formulation. When tha solubility of a particular
drug is relatively low, a high drugto-carrler ratio s
necessary to deflver it in a solubilized state, and, therefore,
the dose has to be low if it is desired that the total dose is
delivered as a single unit. As mentoned earlier, any
atternpt to supersaturate the drug In solid dispersion to
reduce drug-to-carrier ratio may lead to stability problerns
and, vltimately, to product fallure.

Attention should alse be given to cpimization and
validation of the manufacturing process. It is not only that
the physicechemical properties of the drug s affected by
the cooling rate, the properties of carriers in e solid
dispersion might also be influenced by the solldificatton
rate of the product.B388 The implication of this observation

on bipavallebiiity and stability of drug product is not
known. :

Future Prospects

Despite many advantages of solid dispersion, Issues
related to preparation, reproducibility, formulation, scale
up, and stabllity limited its use n commercial dosage forms
for poorly water-soluble drugs. Successiul development of
solid dispersion systems for preclinical, clinteal, and com-
mercial use have been feasible In recent years due to the
evailabitity of surface-active and self-emulsifying carciers
with relatively low melting points. The preparation of
dosage forms Involves the dissolving of drugs in melted
carriers and the filling of the hot solutions Into hard gelatin
capsules, Because of the simpiicity of manufacturing and
scale up processes, the physicochemical properties and, as
& result, the bioava!lagﬂity of solid dispersions ere not
expected to change significantly durlhg the scals up, For
this reason, the pepularity of the solld dispersion system
to solve difficult bloavallability issues with respect to poorly
water-soluble drugs will grow rapldly. Because the dusage
form can be developed and prepared using small amounts
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of drug substances In early stages of the drug development
process, the system might have an advantage over such
other commonly ased bicavailability enhancement tech-
niques as micronization of drugs and soft gelatin encap-
sulation,

OQne major focus of future research will be the idemtifica-
tion of new surface-active and self~emulsifying carrfers for
solid dispersions. Only a small number of such cartlers are
currently avallabte for oral use. Some carriers that are used
for topical applicatton of drug only may be qualified for oral
use by conducting appropriate toxicelogical testing. Ons
limitatlon in the development of solid dispersion systems
may the inadequate drug solubliity in carriers, so & wider
cholce of certlers will Increase the success of dosage form
development. Research should also be directed toward
identilcation of vehlcles or excipients that would retard
or prevent crystallization of drugs from supersaturated
systems. Attention must also be glven to any plz?'slologlcal
and pharmacological effects of carrlers used. Many of the
surface-active and self-emulsifying carriers are lpidic in
naturs, so potential roles of such carrlers on drug absorp-
tion, especially on thelr [nhibitory effects on CYP3-based
drug metabolistn and p-glycoprotein-mediated drug efflux,
will require careful consideration®

In addition to bleavailability enhancement, much recent
research an solid dispersion systems was directed toward
the development of extended-release dosage forms. Al-
though a review of ilterature on this aspect of solid
dispersion {s outside the scope of the present artlcle, it may
be pointed out that this area of resezrch has been reln-
vigorated by the availabllity of surface-active and seif-
emuilsifylng carriers and the deveinpment of new capsule-
filling processes. Because the formulatlon of solid dispersion
for bleavajlability enhancement and extended release of
drugs may employ essentially similar processes, except for
the use of siower dissolving carrters for the later use® it
Is expected that the research in these two areas will

progress simultaneously and be complementary to each
other,

Physlcal and chemical stability of both the drug and the
carrier in a solid dispersion are major developmental
issues, as exemplifled by the recent withdrawal of ritonavir
capsules from the market.™ so future research needs to be
directed to address varfous stability lssues. The semisolld
and waxy nature of solid dispersions poses unique stability
preblems that might net be seen in other types of solid
dosage forms. Predictive methods will be necessary for the
investigation of any potential crystallization of drugs and
its impact on dissolution and bloavallability. Possible
drug—carrier Interactions must also be investigated,

Although, ag mentloned earfler, the direct fllling of solid
dispersion ints hard gelatin capsules is a relatively simple
process, there are very ilmited reports on the scale up of
the technology. Further studies on scafe up and validation
of the process will be essentlal, Many problems and
challenges still remain with solld dispersion systems.
Nevertheless, as a result of recent breakthroughs, it will

continue to be one of the exciting frontiers of drug develop-
ment.
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gralpation of the Bioavailability of a Solid
pispersion of Phenytoin in Polyethylene Glycol
4000 and a Commercial Phenytoin Sodium
Capsule in the Dog

§. STAVCHANSEY * and WALTER G. GOWAN

P,bnuﬁnn April 6, 1983,
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Abtract £ Fo this study a solid disperslon of phenytoin in polyethylene giveol
4000 was prepered by the melt method. Tha conlent wmifarmity of the dis-
inficated & range of 98.7-102.0% X-rny crysiallographic data showed
sactenpes in the crystatline structure of 1o phefiytain in the disparsion when
ermpercd with that In the bk reagent, Scanning electron micrographs of
e dispersion show 4 reduction in thesize of the crystals when compared with
the bedk reagent. The commersiol product and the disparsion were compared
uing the USP critaria for the prompt phenytoln sodinm dissolution test. The
alt dissolved 8t & rate four times greater than the disporsion. Blocguivalency
wmpaitons betwee the dispersion conlaining pheryloin and the commercial .
ot phenytoin sodium wero studied in six mixed-breed dogs. All samples
yere anelyzed using a commertia] chzyime immunoassay system, Statistical
smtysls of the plasma Jevels obtained from (he enluiel studies indlcate no
gprdficent dilfercaces (p > 0.05) between aren under the curye, maximum
glssm: concentratlon, and time to peak for the commercial selt and the a¢id
jormulation.

Leyphrases & Phenytoin—bioaveilabifity of the ack] and sodism saht In do
womparison with fn oitre dissolution data 0 Dissmtation—phenytoln an
theaytofn sadium in vfire, comparizon to the {n olpo bloavailabilly (s dogs

The use of fincly subdivided or micronized particles as a
' means of increasing the rate of dissolution has been considered
{1-4), Theoretically, if the dissolution rats {s enhanced, the
oral sbsorption rate should be increased If the.absorption
wocess is dissolution rate limited. Sckiguchi ef al, proposed
wing an inert water-solable material as a vehicle for a poorly
water-soluble drug to enhance the rate and extent of the ab-
sorplion of the drug (5, 6). Several carriers have been employed
o preparc solid dispersions. The most successful include
miyethylene glycols (7-11), urea {12), dextrose (12), titric
acld (12), suecinle acid (13), and polyvinylpyrrolidone {14,
1), Polyethiylene glycols have been used to increase the dis-
shution rate of griseofulvin (7), coumarin (8), dicumarcl (9),
indomethacin (17), and glyburide (11).

Phenytoin is practically insoluble in waler (14 ug/mL)

& L

?ri'm —Photomicrograph of the reagem-g:méa phenytoin {5 5-dipkeny!-
m,::’*’fﬂl- The 10-pm colibration bar It located tn the lower right
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at room temperature (16), whereas the solubility of phenytoin
sodium s ~66 g/dL in water (17). This difference in solubility
resulls in higher bicavailability for the salt (18-20). I the poor
solubility of phenytoln in GI fiujds is partally responsible for
the great variability ehserved In phenyloin dosing, then en-
hancing the dissolution step may result in a more uniform
absorption and improved bicavailability. |

- The purpose of this study is to evaluate the bioavailability

"in dogs of a phenytoin sclid dispersion in polyethylene glycol

6000 using a commercial prompt phenytoin sodium capsule
as the referenco formulation. Data are presented which indi-
cate that the phenytoin dispersion is bicequivalent to the
commercial prompt phenytoin sodium, which is contrary to
what ons would based on the in vitro data obtained from
the USP dissolution test for phenytoin sodium. The designation
“prompt" refers to the fast dissolution category of phenytoin
godiurn get forth in the USP XX.

EXPERIMENTAL

Prepamtion of Formulation—aA 40% (w/w) solid disperslon of phesytoin!
in polyethylens glyco) 60002 was prepared tsing & melt method. The polymer
was melted i 2 beaker oz 2 thermastatically controlid hot plate ot ~65-
70°C. The reagent phenytoin was added with constant stirring until o clear
§iquid was observed, This iquid was poured into a glass mertur which was
encased in fce. Solidification of the melt oocurred on contnet, The mass was
dried in an oven ot ~40°C for 2 keast 1 b 1o remove cxoess moisture, The melt
was triturntsd and then dried for at least 6 . The powder wag sieved ihrough
1 69-mesh sieve, and the batch was divided into 730-mg units.

Condent Uniformity—Five of the 750-mg units of the phenytoin-polyeih-
yitne glycol 6000 disparsion wore cach dissclved in 1000 mLof 0.1 M NaOH,
pH 12.3, in volumetrio Masks, Duplicate samples were essayed using 8 oot
amercial enzyme immoncastay?. The flve determinations resulted in 98.7-
102.0%: of the theoretical amont.

14 3 a0 s 7 UTHek
Flgure I—Pkctom!crogmfh af the
10- s caltbratlon bar 13 located in the lower right corner.

wLS.S-Diphmthydamuln. 994%, OoMd Labek Aldrich Chomical Co., Milwavkee.

Tl ol B-585; Aloon Laborsteries, Fort Worth, Tea.
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e T—Phermacokinetic Parameters Obtained it Plssma after Oral Admhﬂslﬂrnlioa of Pbenytoln

- . . Tresiment A® - Treatment ¥ .
R “Observed . Colulied Ohserved Celoulated .
Farameler Mezn (SD) ; Mean® Mearn {SP) Mean®
. C’;ﬁ%’;m 020 000 020 022 (010 024
Ercluding dog 3 0018 {0.063 0.18 0,19 (0.049) 019
r“iﬁg’:{im # e 38 45 {l.z} 36
Erolud %dngs 52 (048 s0 Y RIE 1
AUCO"L g/ mL/n} L -
All subjert 143 002 148 160 (0500 1.52
Exclypdmg dog 3 . 137 (0,585 133 1.22 {0.470 122

fickes (Fig. 2) shows no large, discrete oryztale in the lormulation. The mafority
of the Sispersion particles were S30 pr. A very small pereentage excesded
50 42m. An sceurate estimate of the size of the phenytoln orystals in the dis-
persion could not be made, although some crysigiline shapes could be discerned
pthe particles., Since none of the lasge rectangular crystals (>40 pen) observed
i the reagent were noted in the dispersion or the residus, the formulation

Thb probably ocourred during the rapid solidification of the melt and durlng
(hé trituration sieps. < o .

perison of the phenytoin and i sodinm takt-Dissolution criteria do exist for
ttz prompt and extended phenyloln sodium, These criteris were utilired to
camparo the dissolution.rates of the phenytoln solid digpersion and the com-
mercial prompt pheriytoln sodforit. Uss of this dissolation'test would Indieste

3 “shether the commercie! prumpt phenytoin sodium samples would meel
J conpendiel standards. 1t would aleo servo to indicate whethér one tould use

foese dissolution criteria 10 compare twy chemically different commerdially
. wailable phenytoln produets: the seltand the acid. The USP dissclutfon test
Jfor pheriytoln sodium slpukates the use of 900 mL of water at 37 2 0.5°C
* Apparatus 19 (basket asfermnbly) rotating &t 50 rpm, S
, - Prior i the dissohution 1est, all samples were placed In size | gelatin capeule.
“This was done 10 compare the rates of dissolutlon from a uniform capsalo size,
- The porcent dissolved'of the cemmercial prompt phenytotn sodlam it 30 min
" 5 75,9%, which s much gredtes than the valae obteined at30 min for the

_"-__

s et e i b (i L}

§ &lH dispersion (14.1%), of the reagent phenytain (7.3%). At 60 min, 22.2
+3 un 13.4% of the solidh dispersion and the reagent phenytoln, respectively, were

] dedohved, Afier 180 tin the percent disscived in-both prepasations was almost
3 i4u2):29.4% for the reagentend 29.2% for the dispersion. The commercial
43 pemun phenytein sodium was 91.5% dissolved at 66 min.

-The faster dlssolulion rate of lho'c[ispcrsim; when compared with the rc

¥ et phenyiol, may be due to (be pariiclesize reduction as previously notedl

i the electron micrographs, The X-tey diffractlon date indicate thet eny

£f dhngs in the solubflity of the two phenytoih samples cannot be dut to o
q roreotuble polymorph existing i the dispersion. Comparison of the rate
R 'of dissohution of each preparation ie presented in Fig. 3. Bach point represents
A ducapsutes sampled and assayed In doplicate. L]

The USP states that i Jeast 83% of a commercial prompt phenyioin sodium
capsule shouid be'dissolved In 30 min, Two of the glze 1 cdpsules eontalaing
e transferred commersial prompt phenyloln, sodivm did ol meet this
wpecification, ‘Thos; sn edditlona) studyawas undertaken, Six intact 100-mg

§ crpsnles (roi dhe same lot were tested using the USP basket dissolution
id ®:ttod ac specificd for pherytoin codium capeules, Al 30 min duplicate
Y &mples were tiken and fiisred through g 0.45-pm Filter, Samiples wese kept
Y Inavater bath st ~37"Ciand assnyod withhi 1 after sampliog. Bachsample

i ¥ ssayed in duplicnte, The ik Intect capsules showed én avernge dissolution

ofBL3%, with $D = 14.5 and CV = 17.0%, The Isege veriation noted In the
th capeules rany be duo to bwo samples that had capsule-shaped messes which

N fmained in the sttating basket appasatus after 30-min. The presence of tkse
‘gl ™sis after a dissolbtion test has been noted in a previous studydone with
8 “ommerelal phenytoin sodinm ‘products (25), A'Stadent’s f test was done to

apare the sl obtoined from the transferred copsules versus the fntact
“ptules. Mo aignificant difference was found (e = 0.95), . -
1 VIro Studles—Bach animui recelved 750 g of the 40%solid dispersion,

mg of the commeycial prompt phenytotn sodlum, or 300 mg of the com-

ol "Tetelal Intravonous phenytoin sodiom. The orsl doses wees adminfstered in
B l;:ehrd gehatin capsules, The 300-mg doseof cach aral formulation was

10 represent netoal desage strengthe commercistly available and dosing
Pctices, The Individunt plasma Jevels cbinined from these trentments are

VEasiLin Dissolution TesyPuation; Hamon Rescarh Corp., Nothridge, Cafl.
HE .

wethod uzed In thin study muat have reduced theparticle size of the Gryatals. -

There s ho comppndial dissolution medlum recommended for the com- |

#3060 mg of commerchal promopt phenytoln 1odivm, # 750-my of the 40% phnytoin solid dmiﬂ;l. € Crleutated altice were obtaincd using EQ. 2.

represented In Figs. 4 and 5. The plasma Jevels of the phenyloln sodium were
normmalieed according to the phenytoln. 1t should be noted that dop 3 exhibils
the highest bload levels in both Figs. 4 end 3. Thé difference in the curves
demonstrates the &lfect of dog 3 on the data, Therefore, the £ {ests’en Caiaia
Ipeit, 814 AUCo.12 were dbae with and without the dats oblained from dog
3. These data abe presented in Tabio I Al arees were caleulated using the
trapezoldat rube. Tho probability vabues in the fpak, Cimn 8nd AUC were the
same regardless of whetber or not dog 3 was included. In sl eases, p > 0.2,

Speculation on the cause of the large differencs fn the G found indog
3 shoyld nclude the obscryation that phenytoin exhibits nonlinear kinefics
in doge (25}, Dog 3 wes &lso the smallest dog end, therefore, reoelved the
largest mg/kg doso sinee ali subjects received the sanie amount, It is possible
that the emall increase in the amount of pheaytain In the dispersion, when

t
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Figure 6—plots cbiained from fitting averaged data to Bq. 2. Plot A repre-
sents the Jit of all slx arimals, plot B represents the il without the dute Jrom
dog 3. Key: (R} 40% phenyroin dispersion: (@} commerclal prompi phenptolin
sodinem, .
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Figure 3—Dissolulion of the test preparations. Each point represenis six

capsufes sampled and ascayed In duplicate, All doses are equivalent fo 92

g of phenytoln, Key: () 100 mg of prompt pheayloin sodium; (A) 230 mg

of 40% solid dispersion of phenytits in golyethylene glycol 6009; (@) P2 mg
of the reagent pheayioln, Bars represent 1 SD. '

so.20 6000

Assay Procedore—A commercial enzyme immunoassay technique wes
utilized to assay all samples, This techalgue has been shown to be comparable
in specificity and reproducibllity (21, 22) to RIA (2t,23) and GC (21-24),

end superior to spectrophotometry (21, 23). The range recqmmended was

sxpanded by adding or deleting oke dijution. Ca¥ibrated sohwtjons provided
by the ranufacterers were used to check the effect of dilptions of camples on

_accuracy. A coefficient of variation of <10% was observed in ¢ach prove-

dure.

Efectran Microscopy—The £izes of the various particles wers estinuated
by oheervation under o scanning cleolron microscope. Figure | shows & ssmple
from thr reagent phenyioin, A great variability in dimensions is observed.
Flgure 2 Is @ milerograph of the dispersion particles. The largo particles are

' ~}0 X 40 xm with several smalier {mgments.

Dissolution Stadies—Six 100-mg cxpsules of the commercial prompt
pheoytoln sedfum wero compared with six 92-mg samples of the reagent

i phenytein arnd gix 230.mg samples of the 40% (w/w) solid dispedsion. All
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Figure 4—Obsérved plasma concentratlons of phenytoln obtalnsd from six

dogs {13=24 kg, Each anlmal recelued 300 tg of the prompl pheaytoin so-
dium, * ’
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Figire 5—Observed plasma conrentrations of phenyioln obtaned from sty
dops {1324 kg). Eoch arimal receloed 750 mg of the 40% phenptoin solld

. dispersion,

samples, equivatent 10 92 mg of the phenytoln, were plnced in size 1 pelatiy
capsules, The dissoltion criteria were those stipulated for the oral phenyioiy
sodium in the USP XX. Dupticate samples were drawn end flitered throagh
0.45-um filters®, and wers assayed at Icast twice. Ay additional study of e
{ntact commerciel prompt phanytoin sodivm capsles using the same criterls
wis aleo performed. :

X-ray Diffrection—Sp2cire were obtained from the reagent phenytoln,
polyothylene glycal 6000, and the dispezsion, A seanning pie of 3* /min way
smade from 6° 10 70°, The minimum peak height was 2% of the releronce peak.

Spectra indicats that the phenyloin n the dispersion Is the rame crystallne

forem o5 that In the reagent. Also, no ghangs wae moted In the polyethyless
glycol 6000 speeten, -
Blseguinlence Stidles—Ebx mixod-broed doga (three of each ), ~13RH

kg in weight, were uscd in this study. The animals weee housed ai the Anlmal .

Resources Center, The University of Texas. The dogs were fasted overnight
prior todrug adminsteation; water was allowed ad ibitum, Eech animelre
ceived 30 mL of water prior 10 and Immediately after oral administration. The

dogs were observed for 30 min and then returned to their cages for bocd
-sampling.

o experim entad design in the study Is o balance of prephrations aver weels
and ench naimal recelved each preparation. The design was repeated tie

for & totsl of two Latin squares, Two dogy recclved cither 300 mg of the

commerelal prompt phemyton soflnm, 300 mg of phenytoln In the 40% &
persion, or 300 mg of 0 commercin) Intravenous phenylain podium on
study day, Studies were soparated by T-week wash-oul periods to allow fo
dn!lfm climinatics a5 well a5 to allow for stabilization of the enimals® blwed
votume, .
Blood aemples were drawn by serial venipuncture. Sampling fimesafte
orel Zdministration were at 0, 1, 3,5, 6,8, 10, 12, 24,72, and $6 1. Sample
were drawnal 0, 10, 20, 30, 45, apd 60 min, and 2, 4, 12, 24, 48, 72, a0 ¥
hafier intravenous Infusion at ™50 mg/min. All blood samples wers callsed

in heparinized evacuoted tubes$ which were gently invorted to allow 1 -
compiete mixing. The sampies were centrifuged at 2500 rpim for 15 min T -

pltsma was translrred fnto polyethylene tubes end frozen unti] assayed
Statisticel Anafysis—A three-way ANOYA was performed on tho fné?

" data.The F ratio, as expectet, was bignificant (er = 0.05) for the intraveed® 3

data for ALMCo—q12 when compared with either of theoral preparations.

F tatic was not significant {z = 0.05) when the two oral formiletions Wert
compared. Paired 7 Lests compared the 40% phenytoin solid dispeesion
the commercial prompt phenytoin sodiom; this resulted in p > 0.2 for Crav
tpears ARG AUCoaz.

"RESULTS AND DISCUSSION

In Vitro Stofies—Figare 1 s the clectron micrograph of the 2l
phenytain. [t shows & great variation in crysta slac; many of the crysial? et

40 pm in length and 10 gm I width. The micrograph of the dispersion -’
. s
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. equations representing
including thess that ytilized 4 lag time, wercatl
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Table [T Bstimates of the Parameters Oblalned frory the Aversped
Phenytein Plasmp Coneentrafions Unlzing Bq. 2

. Trestment® -
 Perameter <A B C D
&t {h™! 0.557 434 0AL9 0447
k;{g" 0721 0.820 120 119
ke (h? D414 0.482 0.268 0.241
Co{ezfmLike) 0671 0.632 0460 £.379
e | 'anmgorﬂlo?cpbenym!nsullddhwsion n = 6 (B) 750 mg of 40%
hesiytoin tobid dispersian, a @ § whb?ufdn 3% (C) M0 'femm&'ﬁ prompt
?Bfrhywzn d:;d';\;m. nef; (s) Sootmgo wmrf\er)c'fg?pmrp? #h‘;:@wm wdwm, n= S
wlthot X

compared with the game mitligram dose of the salt, may have been enough
ta cause this animal to enter the nonfinear kinclics range.

The averaged dats were fitted to 3 mode] with two first-order inpat
steps:

. K .
LYY N 8 (Ba 1)
whert ky and k2 arc tho apparent First-order nate constants for e ovorall

ebsorption process sad e is the ppparent climination rete comstant, The
equation ksed to caleulate the thooretical Hne in:

P O i PR
el e T ke~ k) Gk~ ke~ R .
. a=ke 1 .
e W)
o= k- k:)] Fe.)

where Co s the Fraction of the dose absorbed divided by the valume of distri-
bation. - . .

The estimates For ky, kg, ke and Cp were obtained using 2 ronlinear digital
commputer program {27) and are preseated in Table 11 The plots of the average
dare and the Jines generated from Eq. 2 arc represented in Fig. 6. Other

ing bizxponentizd of riexponential oral absorption midels,
edt; higever, this it ge-
sudted {5 4 smalter sum of squared deviatiops end farger 7 and 3 yalues.
Woights of 1 were used. The parameters obtained were used to celoulnid the
AUCg12, Corain 418 Lok Good agrecment s oboerved between the estimates
obtained from the computer Mz and the obstrved data esseen in Tekle §. Fhe
relative bioavallability of the pbsgrved datais 1.03 forall subjects and 0.90
when excluding dog 3.
The dath Indleate thet the dispersion {s blocquivalent to the commerclal
promypt phenytoln sodinrm whether o7 not the datz frem dog 3 are included
In the satistical analysis, Since the sofubRity,of the sl ad the acld are very
different, the Formulation mejhod must be partially responsible for the In-
greased acld solubllity. The pariicle size reduction, as verified by the micro-

sraphs, of thy phenyioin has been shown to Increast plasma levels in dogs (18). .

The polyethylens glycol 6000 mey have alto affected the solubility of the
dispersion. Previaus studies have sated popsible vehicleffctsie sulubilizing
effect by the vehicdt {13), increased weniability (5, and n decresse VA qgere-
gation 2nd agglomeration in hydrophobic drags (28). - :

1n this stody, the combined effects of phenytolncrystal size reduction and
any vebicle cifects demonstrated biocquivalency with the much more water-
coluble salt, This contradicts thelnefiro dissolutlon stady, which demonstrated
& Rvefold differcnco in the pereent dissolved ot 30 min, and a fourfold dif-
ference at 60 min, IF the absorption of phenytofn is dissplution rate limited,
then a pignilicant difference: ‘should exist i the blood lsvels obtained from these
Lo producis, But acctrding 10 the Cmen Tpis and AUC data obtained from
thé animal studies, fo etatistical difference exists, This implles that the dig-
pertion rpethod must have increased the ionvailability of phenytoin
© s possiblg that the particle shze roduction and any.vehicle elfeets on the
1 el microcvironsent may be respensiblefor (he increased dissolution
tate of phenytain, 1t is plso posaibls that in i pqueons acidie covironment,

the relatively high conezntration of froc phenytoin provided by the dissotution

of {He ealt may vesult in some precipitation of the free acid, us hes been pre-
viously postulated (258). i this ooobrred, then the mae of lsorption of the
pregipitated erystals may be comparesle 1o the rate of absorption of the re-
dueed crystals found in the &0% golid Jispersion, ond (hus, demonstrate

s

{
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biooquivalency. If, indesd, thigie & valid consideration, then any cong

based on this greater dissohutiom rate of the salt implylng better Boavayy DlS(
must be reechmnined. ty
“The sesults of this study indicate that the phenylain solid ;Iispnrﬂo“ o e ReC
solution promcdo:snmmtthewlmiausodbygbqusp Xtodeta= | ooy
“prompt” pheiytoin sodium, yet tbe dispersian was found ”b“’h“lﬁhnl:.: P10
1o the prompt phenytoin sedium, Unless the vehilole played & very signin
partinthe phenytoin-microstvironment frteractlon fybivo, the vse of
ropresentative dissolntion medium to simiylate the gastric finid showlg y, -
considered toimprove the irwitro-froluo carrelation of the ciferen phenyy, yos!
products. This study demonsirates apce agaln the difficaMies that mayy, YUK
encountered when gelecting appropriate dissglution critechs 10 predier by, sHI
avaifabllity. . .
. * Rm’l
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DISSOLUTION ENHANCEMENT OF THREE
GLUCOCORTICOIDS USING CY CLODEXTRING
AND LIQUISOLYD COMPACT TECHNOLOGY,
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USE OF A MCCRONE MICRONTZAING MILL FOR SMALL
ECALE MILLIN 03 OF RADIOACTIVE,
TOXIC OR POTENT DRUGS, RIWpMY, RSHe, JAEester,
mﬁw%mﬁmm Tha,

sesled prinding jar, has beon ahowrs 14 be vary usafid] for
millingfmicroni aonall amoninta of drags thot wo
radiolabaled, Biphly polent or toxie, or In sbort supply,
AdditongTly, the mill (OIM) has besn found to be urefisl
for dleacdly preparing sapecxions of Sroge for owe in
wnimal toxiclty end metobolises gtadien, The
sea Tange has varipd bet 0.0 50p,} o
13 g o preferrod. Altbough the MMM fs capable of dry
maliling proprinte

g operntions, web miliingh an
- nensolveht bas boan found £0 be the :ﬁan ond mort
vifiient, Depending on the applisation, freezs drying,
filbration/oven Srying, and reto-avaportiion havs Bl bean

rotingly chiained: even submberen
pariicle sizen are fheetble for soms materials, Data will bo
shows to Mustrata fhra iofluencs of drig bype, prinding
Hree, grinding fluld, particls tze of tha fred matarfal, ang

ratio on restiitant madlan particls sirs ang
disiributione. Grinding tima v8 median partich cizs
generlly follows u log-Enear reletionship mrd the Bot-to-Tot

isgfon Is cxcallent, W eszelude thet tho MMM & an

fdes) toal Sor these applicationa borsuss It provides: &
sealed mililng chamber for oparstor safoty, virtaally 100%
precapaing yieid, effisient silling proveso with minfmnd
hent strem, wet er dry procaericg spions, portability, ance
of operntion and ¢lenning, end parametor contyols to
eblain & wide mpe of particle nizes.
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PT 6090

NON.CRYSTALLIRTTY, SUPERSATURATION AND
FELATIVE BIGAVAILARILMY: EXPERIENCES WITHA
NON-PEPTIDIC HIV-FROTBASE INHISITOR. L
MIBuweet, EDRush, xm%unm Wezhoog,
MGWIlams, Tha Uy Comnpany, Kalamexco, MI, USA

U-103017 s a atifde pin-popiidio IV Protessn
Inhibitor with  low selubility (4-13 | ovar pH 28) 2,
log PO, w45, axd & MPw152' C, Ihmrfﬁmuf
disodiom walt {salubllity > 500 sgfnl} end solution
frmaulations in very good S beth doge ond humpnt;

ahworption of ogstalline ¥
extramaly poor. Partkls e reductien paly mprgliiliy
improves FA abserption. This report will show, howsver,
that If FA is presented n w ton-crystalfing G10) statt, ol
velntivg hisavadedilicy fBeETe ﬂugsihmmﬁh fo sall
k! NOFA fwmulationg T)
of enorphonr FA and both enterle and non-

saterie solld solation powdcrs prapared by spray dryfog. In-
e b gy un § fioms that NG TA ead el
that. pre wulntaingd for >8 batrs, 'fho NO FA formulationy
dinsolvn direcily to firm dear sopessaturatod solutions,
The seh first eecipltates e mcrphees FA partido; them
then Qesclve o form elpar supersatorated solationy,
Sading of npperaatraiad wlotions with exyutallins FA
rerglis in b decline (hea) In U202047 concmbraticn o the
Teufting sctubilily, Solid dirperaton frmantations that
tontaln A mbxtare of NO £nd eryptalling FA rasult in
lntarmedtots bloavailabiby, They alss exhibit dizsolution,
profles with partis) sop ution then ppant,
declive, preoomably dae b the crystal seado peesent n tha
Lrmylations. We eonslnds that Th103017% propenxity
form stable rupersaturated sclubiony In-slty 4

for the excollent sbsorption thaerved frony both walt knd N¢!
FA formulations,

PT 6092

VALIDATION STUDY OF "WET-GRANULE BIEVING”
METHOD FOR BNDPOINT nmscfx*g:: :As%'fu‘fehm
Tamamets, Randy J. Wald, Finatosh ;

Harita, Torobisa Yorhizawa, Tothlaki Nichibeta and
Grsgory B. Amldon, The Upjoba Company, Trukuba, Japm
and Ealacrareo, i,

For u wt gracalatica process, the consumption. of
slectrlclly and/or amperage of the main impefler s utually
aployed wy an fadicater for end-point debarmination,
Howsver thepa yalass sre frequestly dapondent oo
equipment volume and destm, To uvercoms thia diffienlty, a
cew Inproceds method has boan fevaloped which uhlise‘n
sonfe $ifting of the wet granulation. Since wat gramul
progrosslon 15 deberoained bavod oo wet granule particle alro,
i i expectod that thip gystom will be indvpendent of .
gramistion ¢quipment and derien, ‘The prineipls coctive
of the presont sindy wis (o valldate the "wot-greaula sleving
mathed” nu g too} for aastboring the progrensien of the

nuleth procass, .Rnpﬁmwduﬁhih'ty of the methsd v;:
different polate diing the pranulntien proccen. Small
sandard deviations st all time poinis for all particle slzes of

ol ‘m“”'lhe"dwofﬂmw.ei
graacle He aperating eonditions wak cxurained:
neithar zi:vdl;f intensity nor swing Ume significantly
Enflusneed partlels sire romalts over the ranges Investigniod,
Howover, Che toasmorad porticle elze Ristribulion changed
when "wet-pranule” sazipls was 1eft langoer than 15 minutas,
Wa conclude from faese studies that the "wet granule
sioving” mothed provides oeeful and ruprodugble dnta and
that "web Goed” (fraction through 80 mesh; hield en 32 pm
£ezeen) sereas 22 & ropid und flerfle method for meniboring
the pregraeaisn of the granvlotion s wiil gs for granalation
ondgoint detoction,
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