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Como resultado del Examen de Fondo realizado, con fundamento en el Articulo 45
de la Decision 486 de la Comision de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion: Folios 73 a 106 13/Abril/2009
Reivindicaciones: Folios 107 a 108 13/Abril/2009
Dibujos: Folios 110 a 113 13/Abril/2009
Prioridad: EP 06122264.2 13/Octubre/2006

2. Analisis de la Prioridad

Se acepta la reivindicacién de Prioridad porque esta solicitud fue presentada dentro
del plazo establecido (Art. 9 D 486) y su contenido técnico corresponde con el de la
prioridad reivindicada.

3. Objeto de la invencion

Titulo de la solicitud:
“Hidratos de 2-clor0-5-[3,6-dihidr0-3-metil-2,6-dioxo-4-(triflucrometil)-1-(2H)-
pirimidinil}-4-flaor-N-[[metil(1-metiletil)amino]sulfoniljbenzamida”.

El problema planteado en esta solicitud es suministrar nuevas formas de feniruracilo
para composiciones solidas donde se presenta el caso de formulaciones polifésicas.

Para resolver este problema técnico la solicitud en estudio proporciona hidratos de
feniluracilo I.

El objeto de la presente Solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP): A 01 N 43/48 // C 07 D 239/54

4, Reivindicaciones relativas a un uso o a un segundo uso (Art 14y 21 D 486)

La reivindicaciéon 17, que se refiere a un método para controlar el crecimiento
indeseado de plantas, caracterizado porque se deja actuar un hidrato de 2-cloro-5-
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[3,6-dihidro-3-metil-2 ,6-dioxo-4-(trifluorometii)-1-(2H)-pirimidinil]-4-fldor-N-[[metil-( 1-
metiletil Ya mino ]suifonillbenzamida conforme a una de las reivindicaciones 1 a 8
sobre plantas, su habitat y/o sus semillas.. Es evidente que la llamada etapa de “se
deja actuar un hidrato”, corresponde a la forma de usar el hidrato reivindicado en la
solicitud, aunque en el predmbulo se reclame como método. Se le aclara al
solicitante que un método cuya Unica etapa ¢orresponde a una aplicaciéon o a una
interaccion por contacto, dicha aplicacién/intéraccion es un uso. Por lo tanto dicho

método de la Reivindicacién 17 no es patentable de acuerdo con el articulo 14.
|

5. De la Solicitud de Patente f
Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las reivindicaciones 1-9, no son claras, pluesto que no presentan de manera
adecuada la caracterizacion del hidrato reclamado, se sugiere al solicitante realice

las modificaciones pertinentes, considerando la Guia del Examinador, Pagina 163:
Un polimorfo se puede caracterizar apropiadamenté en una reivindicacion, por sus pardmetros
fisicoguimicos, tales como: ;

1. El patron de difraccion de Rayos X en mono clistal, que es especifico de cada polimorfo,
por lo cual, si la reivindicacion caracteriza el polimorfo mediante este patrén, no se exigiré
ofro dato.

2. Elpatron de difraccién de Rayos X en polvo (DRXP), el cual debe presentar por lo menos
20 picos correspondientes a las intensidades de los haces difractados 0 a los espacios
interplanares dyy Segin los Indices de Miller (hki) medidos de acuerdo con el dngulo de
difraccion de Bragg 28 en el intervalo mas représentatfvo comprendido entre 5° hasta 90°.

3. Las espectroscoplas Raman e IR, f

4. La espectroscopfa RMN-C" e

5. Los metodos de anélisis térmico: TGA, DTA y DSC

La Difraccién de Rayos X es la técnica mas atil pare{ ef estudio del polimorfismo en lo que atafie

a la estructura cristalina, dado que los patrones de difraccion de los diversos polimorfos

presentan siempre notables diferencias, por lo qué deben incluir los picos de intensidad més

representativa para el caso del cristal reivindicada)

Adicional a lo anteriormente mencionado, se indica el pico de fusion del hidrato, la

cual no es una caracteristica esencial de unajforma cristalina, se le sugiere describir

de manera adecuada el hidrato que desea reivindicar, siguiendo las pautas
anteriormente mencionadas. :

i
La reivindicacién 1, 9 y 12, mencionan Ial's mismas caracteristicas, se sugiere
eliminar la reivindicacion 9y 12,

El termino “disolvente orgénico que esta esencialmente esta exento de agua” en la
reivindicacion 10y 11, no es conciso y no permite diferenciar la invencion del estado
de la técnica, se sugiere restringir a un grupo mas especifico de disolventes
probados en el proceso para la preparacién del hidrato.

6. Determinacion del Estado de la Técnita

El Estado de la Técnica se determind con b%\se en la Fecha de Presentacién de la
Solicitud de Prioridad: Octubre 12 de 2007 y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud:

item Documento ] Titulo Fecha de Publicacién”®

Uracil substituted phenyl sulfamoyl .
D1 wWQ00183459 carboxamides 8/Noviembre/2001

: High-throughput crystallization:
Advanced Drug Delivery
D2 Reviews 56 (2004) 275- 300 polymorphs, salts, co-crystals and 6/Octubre/2003

solvates of pharmaceutical solids
I

D3 The'm°°h'm'(ﬁagg‘§a' 248, 6179 Pharmateutical hydrates 7IADIil1994

D4 Advanced Drug Delivery Crystalline solids 21/Diciembre/2000
}
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Reviews 48 (2001) 3-26

D5

FARMACIA PRACTICA
REMINGTON,

VOL 2. 192 Edicion Preformulacion

EDITORIAL MEDICA Polimorfismo 1995

PANAMERICANA Formacién de sales.

Capitulo 83 Preformulacion
{Pags 2226-2231).

D1ihttp:fiworldwide.espacenet.com/publicationDetails/biblio?DB=EPODOCE&||=0&ND=38&adjacent=trued
locale=en EP&FT=D&date=200111084CC=WOSNR=0183458A28KC=A2
divulga (abstract) divulga nuevos compuestos fenil uracil sulfamoil carboxiamida sustituidos de férmula

A

Q - SOz—NRIR2

%3

{n
X %2

donde los sustituyentes significan como se observa en el
documento, y los cuales se emplean como herbicidas y para la desecacion/defoliacion de plantas.

D2 (Fls. 139-164)
divulga las caracteristicas que se presentan en los diferentes tipos de sélidos cristalinos.

D3 (Fls. 165-183)
divulga las caracter(sticas que se presentan para los hidratos come aplicacién farmacéutica.

D4 (Fls. 184-208)

divulga las caracteristicas que se presentan en los procesos de cristalizaciéon para polimorfos, sales,
co-cristales, y solvatos de solidos farmacéuticos..

D5 (ver folios anexos 207-209)
divulga las pautas y caracteristicas que deben tenerse en cuenta para procesos de recristalizacion.

7. Examen de Patentabilidad (Art 14 D486)
La reivindicacién 1 ensefia un compuesto, caracterizado porque es un hidrato de 2-

cloro-5-[3,6-dihidro-3-meti 1-2, 6-dioxo-4-(trifluorometil)- 1-(2H)-pirimidinil}-4-ftdor-N-
[[metil-(1-metiletillamino]sulfonillbenzamida.

Comparacién de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas esenciales D1
un compuesto, caracterizado porque es un hidrato de 2-
cloro-5-[3,6-dihidro-3-meti 1-2, 6-dioxo-4-(triflucrometil}-
1-(2H)-pirimidinil]-4-fluor-N-[[metil-(1- fc. o ? o
metiletif)amino}sulfonillbenzamida. = 1 hd 9 9 o
N ~x

¢Hy 8% _CHICH,),
NG DR
| Y O\\ ,‘,0 0 . - al H CH,
N A5 CH{CH !
NN 3 | P
h | . [Ejemplo 101 Pag. 57)
S ~g o

El termino solvato en la quimica significa "forma cristalina que contiene cantidades
estequiomeétrica o no estequiométrica de un disolvente”. Los hidratos son un
subconjunto de los solvatos en los que el disolvente es agua y esto se confirma con
las caracteristicas divulgadas por |a reivindicacion 2.

CH

El analisis de nivel inventivo del producto reclamado se realiz6 mediante la
aproximacion problema-solucién en polimorfos (Patenting Polymorphs at the
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European Patent Office’} posicion que adoptac;ia por la Superintendencia de Industria
y Comercio para efectos del analisis de la patentabilidad de las formas polimérficas.

Al respecto la Dra Papathoma®, ha sefialado que para analizar la patentabilidad de
un polimorfo se debe: f
1. Determinar el arte previo mas cercano,
2. Determinar la(s) diferencia (s) técnica(s) de la invencién con respecto al
estado de la técnica mas cercano. |
3. Determinar del efecto técnico obtenido por las diferencias técnicas de la
invencién con respecto al estado de | técnica mas cercano.
4. Establecer el problema técnico objetive a solucionar con base al estado de la
técnica mas cercano. !
Comprobar que el problema técnico objetivo de la solicitud fue solucionado.
Establecer el problema técnico objetivo a solucionar con base al estado de |a
técnica mas cercano. |'

oo

Segun la aproximacién mencionada, el arte previc es normalmente el documento
que divulga el mismo compuesto, ya sea ep un cristal diferente o una forma no
cristalina o no definida. Asimismo, se ha definido que para determinar el problema
técnico se debe usar el criterio objetivo, basandose en lo que reaimente esta
indicado en la solicitud y teniendo en cuenta;el arte previo mas cercano.

Ahora bien, segun !a doctora Papathom%, en el caso de polimorfo, se ha
determinado que los problemas tecnicos mas comunes son: (i) Obtener una forma
fisica alternativa de un compuesto conocido y que logre el mismo efecto técnico u (i)
obtener una forma alternativa de un compuesto conocido y que proporcione una
propiedad mejorada o diferente {gj, biodispohibilidad, estabilidad, solubilidad, etc.).

{
De igual manera, sefiala que es conocido J}ue: {i) Los polimorfos difieren en sus
propiedades (gj. Punto de fusion, densidad, reactivada y estabilidad quimica, rango
-de solubilidad y disolucion), (i) la investigacién sistematica de un compuesto para
determinar si el mismo es propenso al polimdrfismo es una rutina en los estudios de
pre-formulacidon y (i) cada compuesto tierfe diferentes formas polimoérficas y el
numero de formas conocidas depende del tiempo y dinero invertidc en la
investigacion del compuesto. ?

I
En este orden de ideas, el nivel inventivo sera reconocido si: (i) Se obtiene un efecto
inesperado del polimorfo reivindicado sobre el arte previo mas cercano o (ii) la
practica rutinaria era insuficiente para encontrar un polimorfo de una forma cristalina
conocida. r

|
Hechas las anteriores precisiones, procede ésta Oficina a realizar el estudio de nivel
inventivo bajo los criterios ya mencionados:

1. Determinacion del estado de |a téé:nica mAs cercano.

El documento del estado de la técnica mas cercano es D1 porque ensefia el
compuesto feniluraciio [Ejemplo 101 Pag. 57]; es decir D1 ya divuiga la existencia de
feniluracilo en forma cristalina. i

i

1 http:ﬂwww.pcb.ub.edu/centredepatentslpdflcursos)diIlunsCprapathoma_polymorphs.pdf.

2 Examinadora de patentes de la EPO del Area Qulf‘nica Pura y Aplicada
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2. Determinacién de las diferencias técnicas de la invencion con respecto al
estado del estado de la tecnica mas cercano.

La solicitud se diferencia de D1 en que se divulga el hidrato feniluracilo, mientras que
el documento de D1 no reporta esa informacion, ademas, si bien es cierto que no se
menciona los picos en D1, la informacién suministrada en la presente invencidn para
caracterizar el hidrato es insuficiente para establecer una diferencia apreciable con
algun forma cristalina previamente conocido en el estado de la técnica.

3. Determinacidn del efecto técnico obtenido por las diferencias técnicas de la
invencién con respecto al estado de la técnica mas cercano.

Teniendo en cuenta io divulgado en el capitulo descriptivo, no existe evidencia que
las diferencias estructurales entre el compuesto de D1 y el compuesto de la
reivindicacion 1 (hidrato) introduzcan un efecto técnico inesperado, que represente
para la persona de nivel medio versada en ta materia una mejora estabilidad en las
formulaciones polifasicas.

4. Establecer el problema técnico objetivo a solucionar con base al estado de

la técnica mas cercano.
E! Problema Técnico Objetivo de esta solicitud consiste en cémo proporcionar
hidratos de feniluracilo alternativa que permita preparar formulaciones polifasicas con
caracteristicas diferentes/mejoradas a las ya conocidas en el estado de la técnica.

5. Comprobar que el problema técnico objetivo de la solicitud fue
solucionado.
De acuerdo con la informacién suministrada en la descripcion de la solicitud en
donde se proporciona soportar el objeto de la solicitud se encuentra que:

- Diferentes Preparaciones de hidratos de feniluracilo {Fls. 87 a 91).
- Como menciona el solicitante, “hay una mejora en la actividad herbicida en
comparacion a la forma cristalina I". (Fls. 104-1086).

Segun lo expuesto anteriormente, la solicitud menciona formas de cristalizacion y
evalla |a actividad herbicida. Sin embargo a partir de esta informacion no es posible
corroborar o evidenciar la solucién al problema técnico objetivo planteado en la
solicitud porque:
» Lacomparacion técnica se realiza entre un hidrato y su forma cristalina (segun
indica el solicitante), lo anterior no muestra igualdad entre fas condiciones de
ensayo o preparaciéon del compuesto.

Por lo tanto, se puede concluir que no existe un efecto técnico probado, porque no
se demuestran las ventajas relacionadas con una mayor estabilidad en
formulaciones polifasicas del hidrato de feniluracilo reclamado en la actual solicitud y
el compuesto que habia sido previamente sugerido en D1.

6. Evaluar si habria sido obvio solucionar el problema técnico objetivo por la
invencion reivindicada.

De tal manera que la solucion al problema técnico planteado por la invencién
reclamada se considera obvia porque las anterioridades D2-D5, puestos que estos
documentos divulgan:

D2: ensefia que compuestos activos pueden existir en una variedad de distintas

formas solidas, incluyendo polimorfos, solvatos, hidratos, sales, co-cristales y sélidos
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amorfos. Cada forma muestra unas propiedades fisico-quimicas que pueden influir
profundamente en la biodisponibilidad, fabricacién, purificacion, la estabilidad y otras
caracteristicas de rendimiento de la droga. El descubrlmlento y caracterizaciéon de la
diversidas formas solidas de compuestos, ofrecen varias opciones entre las cuales,
seleccionar una forma que muestre el adecuado equilibrio de las propiedades criticas
para el desarrollo especifico de un producto (abstract Fl. 136).

D3: ensefia que los solvatos son compuestos cristalinos que tienen un disolvente
incorporado en la red cristalina. [Pag 62]. Ademas que los hidratos se forman cuando
el agua es el disolvente de cristalizacion. Ademas que hidratos y anhidratos de
compuestos bioactivos exhiben diferentes’ propiedades fisicas y discute las
implicaciones de estas diferencias farmaceuilcas y métodos de caracterizacién de
los hidratos. [Pag. 78]. La hidratacién o la deshldratamén de un Solido bioactivo
durante el desarrollo de la formulacién pueden afectar al rendimiento fisico, quimico
y/o hioldgico de un producto farmacéutico. Por lo tanto, un profundo conocimiento
fundamental de la quimica de estado sélido de un compuesto bioactivo es importante
para el exito del disefio de producto compdesto l.as propiedades fisicas de los
hidratos difieren del no-hidrato, por ejemplo, en propledades tales como la
solubilidad, velocidad de disolucién, y la estabuhdad fisica y quimica, que puede
modificar su biodisponibilidad y el rendimiento del producto [Pag. 64-65]. Ademas
gue se sabe en la técnica que los hidratos de los compuestos bioactivos pueden
formar suspensiones mas estables ftsmamente [Pag. 70].

D4: Divulga que muchos compuestos broactlvos pueden formar bioactivos cristalinos.
[Pag. 15] |

D5: ya divulga que las diferentes formas cristalinas para un mismo compuesto
difieren en sus propiedades fisicoquimicas tales como la solubilidad, estabilidad,
velocidad de disolucion, higroscopicidad, b:oglsponlblhdad entre otras, y es ademas
una practica habitual en estudios de preformulacién dentro de los cuales se incluyen
rigurosos trabhajos para determinar su presenc:la en los medicamentos con el fin de
evitar su inestabilidad o falta de efectividad. Dentro de estos estudios, se investiga
habitualmente (i) la cantidad de polimorfos que existen, (i) el grado relativo de
estabilidad de los diversos polimorfos |, (iii) las gamas de estabilidad térmica de cada
polimorfo, (iV) solubilidades,(v) método de preparamon de cada forma, entre otros
(Folio 207 Pag. 2227), y una vez establecido que el compuesto {en este caso
aplicable a la modificacion cristalina Il de fenlluracno) presenta polimorfismo, existen
procedimientos con los cuales el preformulador puede preparar las diversas formas
en cantidades mas grandes para su evaluamén (Folio 186 Pag. 207 columna de
derecha). f

De tal manera, no es posible concluir que la identificacion del hidrato envuelva
actividad inventiva, como quiera que la molécula misma ya habia sido sintetizada con
anterioridad; es decir, la identificacion del nueva forma cristalina reclamada (hidrato)
y caracterizada mediante la técnica de DRX,ino representa un avance técnico real y
tampoco un salto cualitativo a la regla técnica porque el efecto asociado no fue
demostrado en la descripcion de la solnmtud debido a que no se encontré alguna
prueba o ensayo que permitiera determmar las ventajas reales del hidrato de
feniluracilo, con respecto a la forma cnstallna ya conocida con anterioridad que
permita probar, un efecto realmente mesperado asociado a una mayor estabilidad.

Puesto que las reivindicaciones dependlentes 2-9 y 12-16 no mencionan
caracteristicas inventivas adicionales, tampdco pueden ser consideradas inventivas.

8. Conclusion

i
Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:;
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item Documento Reivindicaciones afectadas Requisito que afecta
D1 WO0183459 1-8y 12-18 Nivel Inventivo
Advanced Drug
D2 Delivery Reviews 1-9y 12-16 Nivel Inventivo
56 (2004) 275- 300
Thermochimica
D3 Acta, 248, 6179 1-9y 1216 Nivel Inventivo
(1995)
Advanced Drug
D4 Delivery Reviews 1-9y 12-18 Nivel Inventivo
48 {(2001) 3-26
FARMACIA
PRACTICA
REMINGTON.
VOL 2. 19° Edicidn
D5 E%‘ggfgﬁ‘l' 19y 12-18 Nivel Inventivo
PANAMERICANA
Capitulo 83
Preformulacion
(Pags 2226-2231).

En cumplimiento del articulo 45 de la Decision 486 de la Comisién de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir de |la fecha de notificacion de la presente comunicaciéon. En caso
de no dar respuesta al presente requerimiento, ¢ si a pesar de la respuesta
subsistieran los impedimentos para la concesién, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término
faltante y presentarla por escrito

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal e), del
capitulo quinto del titulo primero de la Circular Unica No. 10 de 2001.

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El aﬁnaerior requerimiento  fue notificado por fijacion en lista, de fecha
w3 DT 22

Elaborado por: Jhonattan Sanchez Sanchez V/SJX
Revisado por: Jacqueline Alfonso Rozo 0
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High-throughput crystallization: polymorphs, salts, co-crystals
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Abstract

The conceprs of high-throughput (HT} screening and combinatorial synthesis have been integrared into the pharmaceutical
discovery process. but are not yet commonplace in the pharmaceutical development urena. Emerging strategies to speed
pharmaceutical development and caprure solid form diversity of pharmacemical substances have resulted in the emerpence of
HT crysialtization technalogics, The primary type of diversity often refers to polymorphs. which are different crystal forms of
the same chemical composition. However, diverse salt forms, co-crvstals. hydrates and solvates are also amenable 1o study in
HT crvsiallization systems. The impact of form diversity encompasses issucs of stability and bigavailability, as weli ag
Jovelopuient considerations such as process definition. Tormulaten design, patent protection and regulatory cantral. This
review highlights the opportunities and challenges of HT envstallization wehnoelogies as they apply to pharmuceutical research
and development,
< 2003 Blsevier BV Al vights reserved.
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A3 Engmernng ol co-crystals
4. Postsercening analy<es and form selection
3 summary and outlook . .
Relerences . . .

I. Introduction

Active phammaceutical ingredients (AP[s) are fre-
guently delivered to the patient in the solid-state as pan
of wn approved dosage form {e.g. wblets. capsules.
ete.). Sohids provide a convenient. compact and gen-
crally stabie format 10 store an APL or a drug product.
Understanding and controlimg the solid-siate chemis-
vy of APls. both as pure druy substances and
turmualated producis. is thercfore an imponant aspect
of the diug development process. APIs can exist i a
varety of disunret solid forms. including polvmorphs.
solvines. hvdrates. salts. co-crvstals and amorphous
soluds. Each form displavs unique phvsicochemical
propermes that can profoundly mtleence the hiouvail-
ahility, manufacturabiliy purification, stability and
ather perfermance characteristics ol the druy 1!
Heneeo 1t s enmeal 1o anderstand the relationslup
between the partivalar sofid form of o compound and
its functional properties, Discovery and characteriza-
ticnt of the diversity ot solid forms of a drug substance
provide opuons from which 10 select a form that
exhibits the approprate balance of critical propesties
for development inta the dug product, mponantly,
the desired properties may vary with each mode of
delivens e oral pubmoiry, parenteral. transderml.
ete 1o such that the solid form may ditter for each
wpiinzeed dosare form, Cnven these opnions, e
choree wnwe design of phannaccuticad sohd Tomis cin
b crtically mportant o suceessui drog devclopiment

Solid Torm discovers and design depends on the
nattre of the molecuie of mterest and o pe of phy<icai
property chalienges taced in s developmsent, The
preferred solid form s generally the thermodynami-
cally. most stable crvstathine form of the compound
[0, However the stable crystal form of the parent
compound may exhibit inadequare solubiliv: o dis-
solution riie resulting in poor aral absorpuion. partie-
ularly for water-msoluble compounds. In ilus case
altermnine selid forms may be investignted. For
ontzable compaounds, preparanon ot sall forms using
pharmaceuiically acceptable acids and bases is 2

common strategy o improve bicavilabibiy 1000 4

fhvenced Ty Dol !-.'} P T s N

. o _ . 202
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Like tl'lw parent compound, pharmaceutical salts may
exist in several polymorphic. solvared and or hydrated
fonns.}

Mokt APTs und their salts are purified and isokared
by crystallization from an appropriate solvent during
the t“m}il step in the synidietic process. A large nuinbe
of t'ﬁclinr.s can intluence erystal nuelcation and grow th
during this process, includig the composition of the
ervatiflization medunn and the processtes) used 1o
cenerle supersituration and promote crvstalhizanon
15 |3 The maosi naiable variables of composinon
and processing are sunimarized in labie 1. Solid forn:
scrccn’mg 15 used 1o undersiand the effects that these
variables have on the polymorphic outcome of »

envantlizanon experiment, o that @ robust pracess
cant bg dentified w produce the desired ervstal fone,
Tradihonaliv, the study of solid form diversiy of
acityd compounds has schod o ihe use of g vanen
of cofimon process methads for generation of new
torms] coupled with maodern chasacierization methods
for anhilysis of the solds produced 12 11} Mot often,
howefer. a combination of solvent reerystalizauon
(cooling or evaporative. as well as slurry conversion)
and thermal analysis fe.g.. hot stage microscopy.
differgntial scanning calorimerry) are emploved for
iival form screening. Such methods are inherently
stow bnd only allow exploranon of a small fraction of
e chmpositon and provess space that can contribule
wy togn diveraits . Betire sugwesting a fenn for desel-
gl sty sy Rove camicd out onby g lew
doze) crvstdzanon espenmenis amd possibhy pree
raeesg . handmt of diterent aalts of a compound Tiwe
|min}rc=|.~un~ tor the himied number ar experimenis
e ”Fe constrints on availabihity of compeund and

scientisi:” analvoeal capacity in a given nme frame.

and they are therefore often forced o make form
wn deasions on incomplete dam, Accordingiy,
.

s nol spnsing thar anespected and undesiied

selec

Ou'.cx}mc.\ wartand dos vecwr Tater on m development

Dgspite mare than a century of research | 5] the
tundamental mechanesms and  molecular properies
that Wdrive crystal form diversiy, specitically the
nucluf;lln:n‘. of polvmorphic forms, are net well wnder-
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s Addine tpe ® Incubation time
and concentration
* pH
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Applicable to sl npes of sereens,

stood 11300]0 As a result, predictive methods of
assessing polvmorphic behavior of phamaccutical
compounds by ab initio calculations remain a formui-
dable challenge. Even in cases where the eaistence of
o erysialline torny is predicted, the stabiliy relative 1o
ather crvsialline packing amangements has been dif-
ficult o estimate with accuracy [171 Moreaver, the
prediction of packing stuctures for muliicompeonent
(e.g.. solvates. hydrates. co-cryvsials) or ionic systems
15 not yet possible [17]. Due to these limitations, solid
form discovery remunns an experimental exercise.
where manual screening methods are emploved o
eaplore form diversity of a compound.

Connrol over solid form throughout the diug
development process i3 of paramount imporiance,
Reliable preparation and preservation of the desired
form of the drug substance must be demensaated.
and has become mereasingly seruninized by regula-
tory agencies as more sensive amd  quaniianve
solul-state analvucal methads have become available
LMy smueies o mfluenve and contro! the
ervstalhzatton process o produce the sohd form ot
mterest have been repoered. Some examples mwlude
stereochemical control using tailor-made ausihianes
[V 21 targeted solvent recrystaihzaton {220 24,
and templatng using a vanery of surfaces fe.g..
organic single crysial subswrates 231 surfaces of
metastabie ervsml Taces 1252610 inoreanic crvsial

surfaces 127] and polymeric matenals [2X1). Recem
studics have alsa begun 10 uncover the role of
reaction byproducts and other nnpuritics in deternin-
ing polvmorphic ourcome and ervstal properties
P29 220 and in tact it has been shown thar in some
cases such species can stabidize metasiable crystal
forms In addition. new processing methods
continue 1o be developed w anprove discovery and
characterizaiion of new forms. including precipianon
by supercritical fluid (35307 laser induced nuche-
ation [37-39] and capillary crystallization [40 421
However. there remains a lack of fundamental un-
derstanding of the nucleation process and the specific
factors that contribute to crystallization of diverse
forms of a compound [13.21.23]. In order to fully
contral the crystatlization process. the link between
the physical or chemical processes that influence
nucleation and crvsial growth needs 10 be hetrer
catabished s m this ares thar new expertmenial
methodeloges have the potential 1o enable develop-

e oay
T

ment of this haowledye base

There s reason w beheve that the alrcady coonpine
vated limdscape ot pharmaceuiical sohid Torms wail
hecome cven mare comples in the future. Bois now
mereasingly apprectated  that hydrogen bonded co-
crvstal siucnures between active agents and molecukes
other than water or »olvent can be prepared. For
example. co-ervstals ot aspiring rac-ibuprefen and
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ruc-flurbiproten have been prepared by disrupting the
carboxvlic acid dimers using 4.4' -bipyridine [43).
These structures are formally molecular composnds
tor co-crysials) but do not involve tormation of
covalent bonds or charge transter from or io the active
substance. Recent demonsorations of these principles
with diug compounds have been published =3 4,

Exploration of a given compound’s polvmorphs.
hvdrates, solvares, salts. co-crystals ind combinations
of all of these appears ineactable by conventional
expernmental methods, and as the number of potential
methads for explorng and controlling crystal fonn
diversity conbinue to expand. existing strategics will
become mereasingly inadequate. In an ¢ffort to un-
derstand tarm diversity in a more comprehensive
manner. high-throughpui (HT) erystallization systemis
hav e recently been develaped. This methodology uses
A conthingiorial approach @ solid form gencraiion.
where lavge arravs of conditions and composiions are
provessed moparallel T sperments are performed o
sl seale o reduce the marerial denunsd and 1o
arterd the largest number of condinons possible,
The faree number of erystalhzation tnals pertormed
m these eaperiments retlects the reahity that nucleation
rate has an exiremely non-linear dependence on the
experimenial conditions, and as such. (he probability
el a chance accurrence of a particular torm i< -
creased by a HT approach. Supersaruration (salubiliny)
and induenon tme of the vanous posstble solid forms
are ndependentls contralled by these condinons.
eesulting e highly non-linear tme dependence of
crstalhization. In addition. the combinatonal ap-
proach permists exploration of a chenueal continuum,
where use of many solvent mixtures mas allow one to
assess what underly ing physical or chemical processes
are required 1o produce a particular sobid form. Once a
variety of conditions that can be vsed 0 produce a
given crystal form on the microscale are identitied in
the HT screen. scale-up studies are tvpically con-
ducted o optinuze the process for labamtony seale
proaducton.

I this review, e development and appheation of
novel HT ervsslhizacon technelogies far explomnon
at solid torm doversity are diseussed. The aperanonad
teatures of o tully mtegrated. avtomated HT ervsial-
nzatwon syatem are presenied. highlightng the design
requiremients tor hardware and software compenenis.
as well as peneral specifications for consumahles,

SL Morssene ool Advooreed Druag Defnoere IT\ fowy 620, 273300

L,apa ties of the approach, including salt sclection in
carly Jead optimization (ELOY and pre-clinieal devel-
opment, polymorph and solvare screening v ighly
pnl\,n‘o phic systems. comprehensive discovery of

crv=ia] forms 1o reduee the risk of Tate displays of

f. tudies are used to illustrate the beoncfits and
I
]

;\01}’|1§ﬂ:'p|21~1]2. vampartson of expenimental amud pre-
dictivé methods of sold torm discovery, and eny-
neerify of co-crystals, The need for post-sereening
characrerization of crvsial forms to enable ranking and
select{on of the muost suiable form for development 1
brictly reviewed. Finally. the implications of HT
crystallization technotogics on the future of sohid form
scrccliing processes. intellectual propenty protection
and régulatory compliance are discussed.

2. Development of high-thronghput ervstallization
technologies

HT eivstatlizaton svstems e been developed
rna_\lclz‘!pu!:_\ and comprehensively explore the mula-
paramcter apace 1that conrithaies o sohid fomm dis er-
aily |_-u_.1r 1o In s sumplest desenption, HT
crvatdthizanon can be broken down into three kev
expefinental steps: experiment (DOEL
crecdiion of experimental protacols and waadvas ol

desivin of

dati, Svstems designed o ey curn these expernments
cenefally cansist of both hardware and software
components that drnve amd oack experineniation,
ana perantt data storage, remeval and analvsis. Sack
~'_\.\'t¢}1*.< shouid be designed o be Gesible and scalable
10 c11§u:‘c that oo vanets ot experimental precedures
can be camicd out enher concurrenily.
Thus! the svstem ean be emplosed at sanous stages
of dl!ug development. where ditferences exist in the
quality and quantity of compound available. While it
18 hiphly destrable o have the abiliy to mine and
modg¢l experimental data. and to use the subsequent
knowledge 10 gutde further experiments, noi all HI
erystliization svstems are equipped with these feu-
in Seenon 3.

serdls or

mrcsif. the hardware and software con-
suderfrions o design and development of o fully
mtegred. sormanes-dinvers HT envatathzation sys-
tem

While the concepts of HT sereening are widels
appited in the pharmaceurical mdusny, most soiably
i e dme discevery arena 15240 the application of

re Jusenbed,
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HT approaches to drug development, in particular
solid form screening. are just beginning to be real-
1zed. These latter approaches. however, are more akin
io HT experimemation than HT screening, Hence.
several important distinctions, which reflect on the
design of HT experimenial systems, need 1o be made.
First. the goal of HT screening is to get a small
munber of successful outcomes. which are then
passed on to the next stage of development. Litile
effoit is rypically made to leam why certain outcomes
were positive and why others were negative. In
contrast, HT experimentation, such as HT crystalliza-
tton, ix cmried out with the goal of having cach point
in the eaperiment produce muhiple types of data thas
can be nterpreied. and the inerpreation used to
auide the experimental process 1o a successful con-
clusion. Second. unhke waditional HT screening
assavs where experiments are generatly conducted
under constant experimentat conditions, HT ervsialli-
zation experiments for solid form discovery are best
conducted using a variety of process methods. each
having varying experimental conditions {e.g.. ramper-
ature vanations as a function of time) over the course
of the experiment. These additional process variabies
permit maximal diversity in the experimental space.
increasing (he likelihood har comprehensive cover-
age will be achieved. Finally, there s a distinerion 10
he made i terms of relutive “hit rates™ . In bosh H
sereemny and HT crvstallizanon, o “hat™ can be

Solids
detaction

Exparimantal
design

e e mekt
Selids
generation

Rearray and
quench

Scheme |

Primary
analysis

thought of as a set of conditions that gives rise to a
desired result. In HT screening. the desired result s
tvpically an activity. or potency. that exceeds a pre-
defined threshold. In HT crysiallization, a hit is
defined as the formation of a salid. The typical
abserved hil rate of HT sereening is on the order of
0.1% of the toral number of samples analyzed. In
contrast. HT crystallization experiments can vield hit
rates ranging from tens of percents to nearly 100%.
depending on the type of experiment and the process
mode(s) used. For example. while only a handful of
compounds from a selection of thousands may cxhibit
the required potency. 10-50% of crystallization irials
may yvicld solids. In fact. the range of wells that vield
solids 15 very wide. depending on process mode and
experimental time scale, as will be discussed in
subsequent sections, The mnpact of these differences
is manifested in the design and operational require-
menis of HT experimentation sysiems.

A fully integrated HT crystallization system con-
sists of o number of components. including expen-
mental design and execution softwure. robotic
dispensing and handling hardware. awtomated high-
speed micro-analviical wols. end-ta-end sample wack-
ing and integraied cheminformancs analysis software
for data visualizatian, madeling and mining. A sche-
manc overview detailing the workflow o1 such a
systein s depicted i Sencne b {330 These features
are supported by o comprehensive informaucs foun-

Sacondary
analysis

Comprehensive
intormatics analyses

N 43 53 80 100
SOrAN b i

Initial informatics

Functienal

classification analyses

<y

A schemare ilusiiation of the worbtlow of g fully inregraned HT ervatallraiion system 193
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danon that 1§ used o handle the large quantines of
data generated. Specifically. informatics tools are used
1w de 55_1 statisticatly relevant and diverse experi-
ments. drive the awtomation hardware to perform the
spu.ltlui operations, and provide an analytical func-
non o analyze. compare and soit the resulis of
CXPErimeits  An important feature of these svsiems
i» the abiliny o mine and model experimenal dan and
use the knowledge geneiated 10 guide finther experi-
meais. These funcoons are supported by use of
relatonal diabase that provides o mechanism of
cunununicstion heiween ~ystem components,

When desigiing a HT ervstatlization expenment, or
acb of evperiments, @ larpe vanety of pammeters of
composition and process are involved. Experimental
designs must be aimed ar conering o large mulhifacto-
val parameter space. with the goal of determining
which experiimental faciors affect the desired outcome
In pracuce. 1t s desirable o place constriants on the
experimentad space. making common statistenl design
methods such ax full or partial Tactorial designs inap-
proprgte o wnpractcal. For example, hardware lim)-
wnens, includmg minanum and maximum dispense
volumes or masses and aceessible emperature mnges.
as well as constraints related to chemical compastbiliry
(1o reactivity of components, miscibility, ete.) or
ioxicity limits of components (i appropriate), need
o be considered. Thus, alternative DOE methods that
can acoominedate such constraints are regquired. D-
optrmai design 134 9% g5 an example of o DOE
eorthm thin can ke o set of consinis, sueh as
the ones deseribed above, i combination with o targe
analyeal madel and determime the opuwnal set ot
aypenmental points fo test Another commonhy used
DOE algonithm is daversuy generation. with which the
experimentalist selects a set of pertinent chemical
properties and uses the algorithm o evenly spread
cxperimental points over ihe chosen property space. In
additon, seme svstems wtilize a solubtliny caleulator
taal 1o esnmate the solubibine of the APL in the given
sohvent additve naxnre, The caleuluted informatson s
then used 10 select the appropriate concentration of
APT wr vach minture so that i supersaurated with
rospect Lo the rererence phase an the han est iempery-
wre. Hlere, the driving {oree tor ervstallizanon can also
be vaned by wilering the composition of each sample
based on the AP] solubility in that mixture. With such
DOE 100ls. expenments may be designed 10 etfective-

Jehvain e Deng Dednery }ift'r.'r'-xs Shoplingy 275300

ly and simultancously explore the diverse composinon
and proccss space described in Table 1.

ldcall\f DOE algorithms should also incomporate
prior knowledge or experimental resnlts. which have
been siored in a database as a set of rules or models. o
limit $n experimenial space 10 have certain pre(iic:cd
L‘hilld\.]\.“‘\“L‘s For example, over the course of time.
regression nuwde] may be develoaped between a set m‘
known o calculated chemical properties and a pa-
rametgr of experimental interest. The model could be
used \]m'i ny the design of o new experiment in onder 10
test afly those chemicals that are predicted o give a
desirable result. Smee a large number of factors need
w be fensidered durmy experimental design, the DOE
aterface available 10 the scientisi must not only be
flexible and easy 1o use. but must also offer wols that
md df;..\lgn crficiency and effeciiveness and pernii
Nt s screnttic knowledae generied over tme

At the end of the experimental design process, the
resulting set of experimenial conditons s translared
inte o series ol commands for the T systems. and
siurccg n o rebational datbase for Laer setrieval by the
seftwire that contrals the awomanen, When an ox-
[htll'ﬂ.\.ﬂl 15 activated. the overall operation of the
'uuon‘immn svstems is managed by the HT informatics
sy stesh. which § is responsible for phvsical aperation of
the HT plattorms as well as data tacking and storage.

Execution of experimental commands is carried owt
by 1uimmled faboratory equipment that comprises the
H1 u'\ stallizanen systenn Specinlized automated sys-
e ]m!orm several of the functions i sequence af
;‘\-cnlr that make up the experiment. Each station 1~
contrglled through an inerface
svstef that ensures the sawmples are processed al the

W the informatics
COrTeet stanons. i the correct order, with the selected
L‘xpenimenml parameters being followed. Parameters
of appration are recorded. including the time at which
an acfion s 1aken, Atier exeeution of the experimental
steps] the software interface retrieves any pertinent
miforination generated by the automated plattorm,
such fiv dssiy reselis o operanonal pinameters, shes
these data 1 the relatonal database, amd updittes the
teactlect the compleaon ot

OPCTEIoNa.

.~t:eti:1 ot the expenimenn
b

Ilgeneral. the hardware required tor a 1T enosial-
lizatidn system is comprised of four major functional
cleménts: sample preparation, solids generation. solids
detection and sample analysis. Sample preparation

|

|
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nvolves adding the compound of interest {AP] to the
diverse set of conditions used to conduct crystalliza-
non studies. Typicallv. the APl is dispensed as a
sofurion i a suitable solvenr. followed by solvem
remaval 12 yield the solid APL Solvent removal can
be achieved by passive evaporation or by controlled
active evaporation (e.g.. use of a vortex dryer).
Aliematively. the AP! can be delivered in the solid
state with suitable powder handhing sysiems. Depend-
ing on the amouni of saruration desired. the crysial-
ization vessel used, and the APls solubility in
solvents or solvent mixtures of interest. APl masses
ranging from a few hundreds of micrograms to several
milligrams will be present in each vessel. Once the
AP has been delivered 10 the crystallization vessels
(ubes. vials or microwell plates), combinations of
solvents andior additives are added to cach vessel. By
taking advantage of the power of combinarorial
approaches, large numbers of unique combinations
cun be dispensed from manageable sets of starting
marterials,

Compatibility of equipment compenents (syringes,
dispense tips. wbing, cte.) and consumables (plates.
tubes, ¢re.} with solvents and other compounds is a
key hurdle faced in the development of combinatorial
cryvsiallization tor smalt molecules. Unhike pratein
crystalhizanon systems 130,571 which are commaonly
hased on the siung-drop method in agueous media.
small maolecule crystallization emplovs a range of
crvstallization additives und processes. The additives
mchude arganic salvents with varying properes (¢.y..
aleahols, acetone, hexane, eibvl acelate, ele.), waler,
acids. bases and co-crvsial formers. as well as other
compounds (c.g.. small molecule templating agems,
surfactants. pharmaccuncal excipients, cic.). This
wide range of matevials needs o be handled hy
appropriate liquid handting techniques 10 enable the
combinarorial assembhly previously mentioned. Ideal-
. hguid transfers are achieved using multichannel
pipettors with andividuatly controllable channels.
Depending on the crystallization vessel design. the
volumes of reagents dispensed will be as low as a few
nucroliers 1o as high as several hundred microliters,

Potential for cross-contamination and tendeney
toward unwanted solvent evaporation from crvsialli-
zation wells are challenges that need 1o be addressed
m o HT crvstallization svstem. A Targe number of the
salvenis used 1o crvsiatlize small molecules have high

vapor pressute under ordinary laboratory conditions.
Scaling of the crystallization vessels is key to being
able to centrol composition during crystallization
from these solvents, Due ro solvent fugacity, vessels
need to be pratected from ingress of the components
of neighboring wells. These problems have been
solved by different means, such as sealing of individ-
ual mbes with a Teflon-backed erimp seal [40] or O-
rings/gasket seals and clamped covers [47.51].

HT crystallization must enable several process
modes that are compatible with the compound (e.g..
chemical stability, thermal stability, ctc). In some
cases. multiple wodes of aperation mayv be combined.
The most cormnan modes of solids generanon will be
discussed below. inchuding thermat cooling crysiath-
zation. anti-salvent and ¢vaporative crvsiallizaton.
Less common process modes include meli crvstath-
zation. flash or gquench cooling and template-directed
crvstallization. It 1s important to note that generation
of maximal diversity in solid form requires multiple
modes of operation {6,18,58].

In thermally induced cooling crysmallization, sam-
ples created in the sample preparation process de-
scribed above are subjected to temperature ramps.
Prior to heginning the temperature ramp. samples are
exposed 10 an elevaied wmperatwre for a hon period
of tuime in wrder o dissolve the AP[in the ervsialliza-
tion medium, Although dissolution can be achieved
most simply by diffusion and convection from the
heanng process, addition of external energy can speed
up the process (e.g. sonication). Samples may be
optically inspected (see Fig. 1) and vessels thar contain
undissolved sohds can be flagged in the databasc for
further anatysis. For instance. undissolved samples
may be freated as slurry conversion eapenmenis and
monitared over ume for crysinl form changes. The
thermal eyele is then initiated, using controlled cooling
1o induce supersaturation. In this mode of crysialliza-
tian. samples contnually experience an under coohing
and. based on the level of supersaturation in the vessel.
may recrystallize at a given temperature afier a period
of time. Thermal crystallization tends 1o generate a
cumulative nimber of sumples that are produced vver
time 1 a fashion approximating a square root function.
as illustrared in Fig. 20 This means bat intually there 13
a small botus of ~hits™. afler which the rate of
crystallization tails off aver a period of time. typicaliy
in dovs o weeks. This resulis in o manageable hin rate
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Fig 1. Pheto of aplical inspection station. (Inset shows close up ot
cryvaipdlization vessel that conains ervstals ) (Counesy of Frans.
Fonu Pharmacenticals, 20029

tor analysis, on the order of approximately 10%: in
dggregate. This mode of solids generation has the
lowest throughput rate, tvpically, because experimenrs

spat s owechs, wath svastem residenee tines ur’

months bemy possib.e

also known as
Sdrown out™) envstallizanion. rehes
on the tactthat an APs soluble o varving degrees in
the crvstalhzauan medium. but is lacgely msolable in
a parteular sobvent or selvents (e g.. the anti-soivent).
Asa result this mode of erystallization can operate at
high-throughput rutes. with samples being tumed
around hourly, When orystallizaiion vessels contain-

s contrast, anti~abvent addimon,
cerash-om™ for

g APHn reagent anvnres are exposed o aliquots of

apti-sohvent, pearls all vessels will contam APT that
has precipitied oul of seluton. This creates a chal-
lenge o the analviical process. as the near L00% hit
rate leads 1w o large bolus of samples. There are.
however, advantages 1o this mode of solids genera-
tion. such as the ability to produce microfine crvstal-
lites and amorphous solids. should they be desired.
Lastly. evaporative crystallization can be carried
out on the combinatortal array ot sumples. This mode
ul’ operanon rehies o gradunily inereasmng the con-
centranon of APT i the vessel 1o achweve supersatu-
raiton aud oo eredse the depree of supersaturiion
by prererernal evaporahont moorder 10 duce rvss
tllization Uancenration of samples can be achicved
cither passively or actvely by conmrolled How of tnert
2as winle maintaining wemperature, Wih evapararive

Avh e e Dreg Deinen .ﬁ'un w30 2y 2T A= 30)

nmho“dt differential rates of solvent loss from mia-
fures nLceull in unknown composition of the crvstalii-
cation medivm at e time of crystal nucleation. In
nddm*n. the degree of supersaniranon changes over
the criurse of the experiment. often resulting i the
appeatance of multiple ervstal forms, The evaporative
medejol selids gencration typicatly produces through-
put aqd hit rates mtennediate between the thermal and
anti-shiveni processes,

.~\:<Jsuggc.<icd ahove. in appropriately confipured HT
cr}'.\mlliiz;niun svstems, severad process modes may be
used i seres o m paraliel [40]0 Frequentdy. the
preparation of replicate plates (i some systems
“davghior”™ plages [=7.510 08 necessany lor parallel
pl'OLL}.sinﬂ by difterent process modes. Systems may
be additionally equipped with the abiliny 10 scvially
plﬂu?i!‘n sample arravs using different process mades
4] IThis feare 15 particularly astrachive for cases
\xhenq onfy small quantities of sample are avatiable.
||1th'dsmg the drive 10 generate uscful intormation
from kvery sample, Here
by -_!ﬁum;ll muodes first te.y

samples mav be processed
- therma! envstallizanont,
tien d ~evondan process siep can be apphed o mas-
nnrae e hotrate. Anether example where this featuee 1s
wsefiy] i she eose of salt selection. especially in early
drug dliscoveny Upon the addition of sali formimg acuds
or bates, the solubiluy of the compound i~ modulared
bv s im salt formation. often resulting in reduced or

nep-gxistent driiving forces tor crvsiathzation e ¢,
subsaturation) of the salt species. particularly in poin
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solvents. It should be noted that rapid onser of super-
siuration can be experienced n any of the process
modes discussed and can result in oiling out or precip-
itation of amorphous solids, rather than generation of
crystalline solids. Thus. it is important to moniior and
control the crystallization conditions throughout the
experiment.

In general, the percentage of wells that yield solids
varies. depending on process mode and experimental
tume scule. For example. evaporative modes usuully
result in g sohd in vinually every vessel. while slow
undercoohng resulis in far fewer (on the order of low
pereenis). The differences in hit rates between these
process meihods arise in part from the differences in
the supersaturation anained, For evaporative ¢rystalli-
zarion. supersaturaton 18 achieved in all cases as the
concentration of the active compound is continuously
increased as solvent is evaporated. ln contrast, the
composition of wells processed by thermal crvsialti-
zation is fixed. In some cuses. because there is limited
Juta on the precise state of supersaturation for each of
the targe variery of experimental compositions and
potential crystal forms. some wells may remain
subsaturated during the proeess. For these wells,
additional process sieps, such as partial evaporation
or anti-solvent addition, may be emplayed 1o generate
supersaturation to vield a solid. In contrast, as men-
toned previously. a fraction of the wells may not go
fullv into solusion at elevated temperatures. In this
case. the remperature of the system may be raised w
achieve tfull dissolunion. additional solvent may be
added to solubilize residuul solids or the sumples
may stnply be monttared for slumry conversion osver
time, To overcome these ehallenges, we have devel-
aped a solubility caleulator 100] using growp contribu-
iion theory 1o estimate the solubility ol the reference
<olid phase ar speeified wmperatures in each <alvent
composition. These data are then used at the DOE step
to define the viable concentrations of the active com-
pound for erystallization (i.e.. minimum concentration
required 1o achieve saturation and maximum solubility
limit or concentration) in each solvent mixiure. Addi-
vondly. the umescile of the experiment hus a siunir-
wiant impact o the observed hi rate. Hit razes will
appraach 100% for viable en stalhizauem condnions in
the hmut af misite imc. bul i practice mast cxpen-
ments are conducted aver davs 0 weeks. 50 abserved
hit rates retlect this wempaoral influence. In fact. sumilar

Er=--0141
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behavior is observed in manual experimentation. Note
that only some HT crvstatlization sysiems are config-
ured 10 pennit selective sampling of “hits”, providing
the ability 10 fusther incubate un-crysiathized samples
to monitor for slow growing crystal forms.

Solids detection can be achieved by examining each
sample using machine vision systems. Samples may he
monitored over time 1o detcet precipitation in vessels
that were previously devoid of solids. This simple. vet
robust process can rapidly and non-destructively de-
termine state changes in the cryvstallization vessels and
signal when a particular vessct or set of vessels is ready
for solhid-state analysis. Depending on the sample array
configuration. the signahing of ~hits™ results in har-
vesting of samples by one of rwo approaches. In the
“cherrv-picking ™ approach, only those samples that
have been flagged us containing solids are selected for
turther processing {401]. In contrast. using a sacrificial
approach the entire plate must be moved forward after
a predetermined froction of the samples in that anay
have produced precipitates (47534 The latter. of
course. can be carried out without an online detection
svstem. Here, samples ean be processed in baiches,
without regard 10 whether there are actually solids
present in a vessel. This simple process appreach is
effective, but has significant limiations, the primary of
which being that samples are destroyed after a fixed
amount of time regardless of their state. Henece. it is
advantageous to employ an online detection and har-
vest system so g samples can be differentially and
asyachronously processed. with only those vessels
containing sohids undergoing analysis [30.0d1],

Sample anabysisos the inal acuon in eaccaton of
the HT ervstailizanon pracess. Dependimg on the mode
orvperation and the chuwe of analvtical measurements
cmiployed. ihis process may involve several sreps. Maost
HT ervstallization svsiems use Raman spectroscopy
and or powder N-ray diffraction (PXRD) tor primary
analvsis of harvesied solid-state samples. Both techni-
ques have advantages and disadvantages in terms of
ther abiliy 1o discriminute between forms of a solid
tten polvmorphs. salt forms. solvates. hydrates)
Poobde o The rae of generanon of samples for anal-
sais Dihely dietates which technigue 15 wsed for the
primars approsch, Generally speaking. Raman spev-
truscapy can be empleyad i a more rapad ashion than
PXRD. since acquuisiton toes for Raman are consid-
erably ess dependent on sample size, as i depicted in



SN T

axd S Marssene erul 0 ddvunced Dig Dolivers Reveows Sa 02004, 275- 500
|
000 . T T T T hich renresents the e o fvid
. & microXRD. reetaminophen Spectiun, w m_l upn..nuuf the contents of an mdivid-
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g using Flnndard dernvaive methods and the amplitude of
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= o each peak is caleulated. These data are used 10 calculate
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£ sk i moto coeflicient. from which the Raman spectra are
z - binned inro groups of similar samples using a clossifi-
L . . - .
= - - cutmxl alporithm such us hierarchical clustering, This
(H—se i8-8 48— 8s . metiidd often uses peak positions, rather than ampli-
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Sample size {mg)

Fig. 3. Comparison of acquisition times of Raman and N-ray
powder diffraction data as a function of mass of AP {r5) (Data
collected on 1Y Max Rapid. Contact Rigaku MSC. 4009 New [rals
PDrive, The Woodlunds, TN, LISA T73R1-520),

Freo 50 Inaddinon, plare-based PXRD mcthods are
suseepitble to problems with prefernred orentation
effects. which may prevent accurate classitication of
samiples. As a resuli. Raman spectroscopy methods are
often used as a primary means of characterizagion i HT
crystallization svstems. Although one disadvantage of
the Ruman technigque 1s interference due to fluorescent
samples. the wavelength of the excitaion laser can be
chunged o the near-1R to reduce fluorescence of
problemaric swmples. Recent advances in PXRD in-
strumentanen. brought an by the increasimg demands
ol HT crvsttlhizanon, make it possibhle to achicve
sl anabysis tumeseales with PXRD and Raman.
on ihe order o1 less than one amnute per sample
Jependmiz un the capabilities of partenlar mstrment,
tsed Clearly the bess opion s 10 employ both metd-
ads for snmal sansple evaluation, wlich can be reahized
with the appropriate informancs suwuicture. as described
w Sechon 3.

Onee the promary solid-state charactenzation Jaa
are collected and stored. samples are generally clussie
fied mo groups tor bms) that displasy similar character
bies fe.g, Ranm speciva or powder X-ray ditfraction
MICS | sy miormates 10ols. A s ancty of methods
can be used o accomplish the binning. For mstance,
Raman speetra may be compared (based on relevan
features ar over the entire spectral range) and clustered
using calculated sinidarity measures. such as Tanimoio
coctiicients. In one method {40.60.61]. each Rauman

order to reduce the significance of potennal preferred
orentation eftects, which can resule in modulation of
refatiye peak intensity for certain crystallographic
pl:mc#. The window over which rwo peaks are consid-
ered 10 he at the same position {e.g.. 1 cm™ ' wave-
numbir). as well as o nunumum height for a filtered
peak o be considered for clustering. can be selected by
the u%er. allowing regions of interest {e.g.. spectrnl
rangc!ﬁ) 1o be explored in greater detath, With appropri-
ate sefumgs, a Raman spectrum that has only one peak
or fcz\fmrc m g slehtly different location than obser ed
in othjer pattems can be dutferentiuted and binned as
unique. indicating o different or new crysial fonn.
Durine clustering. each spectrum is assigned an arta-
trary fumber, i.€., a sorted specuum number, 1o ense of
lz'alc]\'irng, and the resultant clusters are grapbed as
showp in Fig, 4. where the red-colored regions repre-

Sarted Spectrum Yumber

oo & M 2% 35 3 4% o
Sorted Spectrum Number

Fra. 41 Raman cluster diagram shewing s-by-a mains of 2onec
spectdm pumbers [or all samples resuhting from the L potymorph
servent [of Ritomnir Clusters are mdivated by warmr-colored treds
regrang. which have heen cuthned 10 puide the eve, and mdwaie
differeft selid forms 0%
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sent bins of similar samples. Altemnatively. the results
from scveral analyucal methods such as Raman and
PXRD can be used to simultancously classify samples.

Regardless of the choice of primary analytical
method, and in keeping with traditionai methodolo-
gtes for solid form screening, it is necessarv 1o further
characterize the sohds generated in HT crysmllizanuon
svstems 10 accurarely determine their solid form and
properties. Most HT systems mtegrate mulniple ana-
tvrical methods as part of the screening process, These
so-calted secondary analytical methods often include
tharmal property measurement (e.g.. meliing point)
and optical microscopy (for erystallinity. habit. etc.).
Depending on how the samples are processed and the
degree of computerized support. these techniques may
be applied to all samples, or a subset of selected
samples. For systems that analyze all samples by
secondary techniques, several HT plate-based meth-
odds for optical microscopy and metting point deter-
minanion have been developed {47311 Tt is important
to note that, n this case. all samples are desiroved
durmg charactenzation of the meling point. When
repheates are reimned, the functional propenies such
as dissobution rae and hvgroscopicity can be analyzed
using ewther manual ar HT methods. tFor more infor-
manon on funcrional anakvsis, e Sectian 4 on post-
screening analvses and form selection.)

With the aid of informatics tools. ihe data seis
obtained can be used 10 generate mformauon abeut
the experimental space. Sofiware mterfaces hat adlow
aceess 1o the duta permit classification and regression
analyvsis 1o be pertormed. The resulis are displayed in
Tegh-dimensional viswalization tools that ¢an be used
1o purde further caperiments woward opiinizing pro-
cesses 10 make cach torm. For instance, sample
composttion and processing information can be linked
ta the resulting crystal form and morphology, Corre-
fation of wends between experimental tactors and the
praducts can lead to hypotheses that can be used to
direct the design of follow-up experiments. An exam-
ple of ths was reported by Peterson et al. (40, where
the knowledge gained from ferative eXperimeinls was
used wodrive new experimental designs, which ulri-
neely sielded e desired outcome. e the isolanon

aird characterization of the laghly unsiable farm T of

acetmnnophenr (paracetamol,
While these new methodaologies provide unprece-
Jented eapabiiinies for solids form discovery. itz ¢lear

that there rentains a need for some level of manual

_processing. particularty in the case of detailed form

characterization such as single crvstal structure deter-
mination. scale-up of the desired form and under-
standing the effects of downstueam processing on
potential form conversion. HT methods provide the
landscape of possible forms and their properties and
shoutd be uvsed in conjunciion with traditional meth-
ods 1o enable rapid. efficient setection of the optimal
forms for development.

3. Applicatiens of high-throughput crystallization
screening in pharmacentical research and
development: case studies

HT technologies offer unprecedented capahilities
for form discovery and characterization. Potential
applications range across the entire pharmaceutical
vulue chain, including sereening of active molecules
m discovery during ELO, form selection for preclin-
ical candidates. fnat form eoplimization for early
chimeat candidaies. process chemistry  development
of ervstailization processes for bulk drug and inter-
mediates, as well az identification of new ar enabling
solid forms for product life eyele management. While
nunierous impact poinmts have been identitied. only
limited informauon on the use and performance of
HT form screening svstems is avatlable in the liter-
ature. indicanng that the benefits of these new mieth-
mfologies have just begun to be pealized. In the
following sections, case studies on the application
of HT envstathieanon syatems are reviewed, Spectal
arention s given to the unpheations of new form

discoveries,
21 High-throughpur sale selection

Preparation af salt forms of an aciive compound is
commouly used w modulme physicochemical proper-
fies. Innoest cases. the goal is w increase solubility tor
Jissolution rate) w improve bioavatability or 10 en-
hance the manutucmrability of poorly soluble jomz-
able compounds 11341 Salts mav also be emplosed
1y merease chenneal stability [3 or 10 reduce the
solubilitg of a given compound for cenain applications
te 2., susiained release dosape formsy in2] Thus. it is
important ¢ constder the route of administranon and



dosage form requirements when selecting a salt fonn
for development. Smee the choice of counter-ion
affects the properties of salt forms {3.4]. salt selection
studies mvolve the preparation of a number of different
salts using a variety of pharmaceutically acceplable
acids or bases with diftering properties (e.g., acidin
hasieity, melecular size. shape, flexibilitv. ete.). The
relevant physicochenncal properties of each salt are
characterized. including degree of crystallinity, hygro-
scopivity. agueous solubility. crysial habit and phys-
ical and chemical stability, Based on these properties
of the salt forms. their suitability for development can
be evaluated. Several strategies for sweamlining and
opumizing salt selectnon procedures have been
reported, imctuding in-sit rechniques for ranking the
solubibiy of sabts 3] tiered approaches in which the
beast me-consummyg stadics are carrfed our first and
used to remove from ennsideration salts that are not
vighle *adp One issue nol readily cansidered by
eviing sivategies s the polymorphesm and solvate
torming behavior of the differens salt forms of a
compound, which could be used @5 an additional
criterion when more than one salt mayv be viable. but

the degree of palymorphism and solsate formation of

each may become a criterion for farm selection.
HT crvsialhzation technolagies have been used to

mare rapidhv and comprehensively identify the range of

sl forms that may be prepared Tora @ven compound
ur senes of cospownds, and characterize their ¢rvstal
torm diversin tpolymaomphs, salvates. hvdrares) How-
ever, only a few studies have been published or
presented. Several HT salt selection stidies on well-
charactenized pharmaceutical compounds have been
carried out 10 demonstrate the pewer of these technol-
agies m solid form dhsvovery, For example, i a smail
HT anudy tice., Yo wells) on the aniibacterial sultathia-
zole, salt formation was explored using varving stois
chiometric ratios of pharmaceutically accepiable
orgamie and mineral bases in an arrav of solvent
comdinons +%4 The sereen resulred i the rapid iden-
aicaten and charactenzanon of 10 salt fonms and
showed that the salts exinbited o minge of melong
ponls depending o the counter-ion type ind ataich-
metre vane, Sinvilar HT salt selection espenments on

vafteme and naprosen resuited iy the wdenttication of

numerous saits of cach compound 47 A 51
I the discovery phase. HT crysiallization has been
used 1o identifv soluble salt forms of componnds

2%t SioMorsserte coal Advanced Peag Defivere Reviens 860 204y 273500

during ELO 1o facilitate carly animal dosmg. thereby
prm'iéing the abiliy to uncover underlving chemical
and-or biolugical responses elicited by candidate mol-
ecules. wmeluding toxicity or effluy o34l Such
information permiis rapid 1dentification of prohlemat-
Ic cmzmpouml.c or scatfolds. allowing resowrces w be
directed 10 projects with greater opportmity for suc-
cess. HT ervstallization can facilitate selection of leads

:

thut are more likely 10 survive preclinical deveiop-
mcn[.!HT crystallization has been wsed successtully w
iclemify multiple new salt forms and the potvmomhs
and splvates of cach compound belonging to 1wo
discovery programs using less than 200 myg of com-
pound por screen [39]0 Approximately 130-200
experiments were pertormed an each compound using
a libwary of pharmaceatically acceprable acids or bases
with gnoarray of solvenl compositions and process
condibrons. Rach sereen resulied in discovery of

muliple new sal forms, and i some cases poh-
mm‘pl],ls and solvates Interestngly, similar szl ivpes
were Jdentificd for cach compound in @ given senes.
as iflpsrated in b A where the frequency of
oecurtenee is plotted as a function of counter-ion for
cach Hiscm cry serics. Clear wrends in the degree of
solid form diversity ol salt forms, including polvmor-
phisny and solvanon hehavior, were also evident
withinp each compound series. These daa indicare
the pt:cmini for identifving sabs sunabie for most
cnmp]

unds tested i a paniculay scaffold or seres.
busedjon analvsis of only a portion of the senes, 1 e . @
pinll'ui'm-husml approach o ~alt selecnon, provided
the clemistyy sunounding the jonizable functonah
1 1oy signilicantly altered during Turther struciure

activipy relatonship 1SAR) development. Further-
solubility measurenients of cach sall form m
physilogically relevant fluids allawed ranking of salt
formsl in a given scries, and comparison of salis
berween series was alse possible. The avernge turn-
;11'0!.111{1 hime per screen was approximately 2 weeks,
such I;hn! leedback en the phvsicochemical properes

more,

of eadh compound was provided o the medicinal
Chemipts v o simtiar dme scale as potency. selectivin
and neraholism sereens.

Salt sclecuon i normally pan of the <tndand
|1|‘c|h1'i11n!:1tmn studies carmad out during preclimeal
develepmient. swhere rapud wdentilicanon of e poss
ble salts of o compound and therr propertics ean
factlitate product development. To further facililae
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such swdies. n microplate technique capable of n-
vestigating an array of conditions has been developed
to determine which counter-ion and solvent candi-
tions can be used io prepare crystailine salts of the
compound [66]. Euch piate is prepared by first
deposting approximately 0.5 mg of compound inte
cach well using an appropriate amount of stock
salution. The counter-ion type s systemanically var-
ed along the rows of the plate and differcim crvstal-
lizaiion solvents are deposited down the columms of
the plate. Crysiallizarion i monitored by optical
micrascopy over the coutse of the evaporaiive crys-
mllization. which can be accelerated by flowing a
stream of div nitrogen over the plate. Once salt forms
are identified, shey are sealed up for more detailed
characterization.

The microplate approach wis Jemonsiiuied by
Baximy o1 al. "nnj throwgh several eaamples. however
e detand of the specific sereemnyg protocod and
results was provided. Al duee of the reported exam-
ples are on campaunds that are weak bases with ph)
between 4.1 and 5.3 Only o small mumber of siable.
crvstalline salts could ke prepoared for the twa very
weuk bases (Lo pA |~ 4250 a8 apposed w ihe larger
varien found for the stronger base. In cach case. the
sali forms were seated-up tor more detailed analvsis
dmd comparison to the respactive tree base compound
o determine the optimal torm for development. This
approach provides o vseful mechamsm for prelini-
nars. small-seule salt formasion studics, Both the
crvsiatlization media and process modes accessible
by 1he technique are somewhat limised, resulting in a
narraw explaration of experimental conditions for sali

cotimer-on of the »ali

for compounds from discovery senes A and 13 {5407

formanon. For example, only solvents compatible
with plate matenals can be used. thereby veducing
the probability that a crystalline phase can be identi-
fied. In addition. current protocols only provide for
svaporanve crvstallizanon, likely due 10 difficultes
with sealing of the plates. In this case. the composition
of the crystallization medium is not well conirolled,
The wsility of HT crvsiallization in ELQL although
demonsirated by mitial repons of feastbiliy, 1s less
well documented than the use of HT on later stage
compotiids.

3.2 Sofid form discovery in highly polvmorphic
SVSIents

The stutement by the tate Walter MeCrone in 1965
that the mumber of forms of a given molecule is
propartienal 10 the tme. money and expenments
spent on that compound™ [67] has gmned credence
morecent sears, s dlustrated by she significant n-
credse moreparted envsial form diversity of pharma-
ceuneal sofnds Depending on when alternative soiid
torps of a compound are wdentified. the appearance of
torm may or mav noel be a welcomed
discovery. Occurrence of a new {orm in research or
ewrly developmenn o potentially enabling, AL luer
stiges, the appearance of new forms. particularty
stable ones thur are not bicequivalent or deemed
unprocessable. can have cntastrophic consequenves
for praduct performance as welb as regulalory com-
pliance te.g. control of ervstal tarm). Addinionally.
recent rulings on the use of aliemative, commercially
viable solid torms not protected by patenis §rem

4 noevel
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imnovator companics have opened the market to
vencric competition (68 79 In order o mitigae
these risks, and 1o save nme and reduee costs, many
pharmaceutical companies have begun o re-evaluate
iheir suategies for solid form screening and are
looking to HT crystallization technotogies to addre.s
the needs for more rapid and conprehensive explo-
ration. In thys section. the application of HT crvstal-
lization to highly polymaophic systems is reviewed,
including specific cases of compounds exhibiting
lnent polymorphism.

Poiymorphic sysiems are quite common among
many types of organic ervstals [7]. For the purposes
of this revicw, compounds exhihitng more than three
podymorphic forms will be classified as being “highly
poelrmorphie ™. While only a handful of well-known
orgaine compounds are considered for pracucal pur-
poses o he pon-palvmarphic, et aspin et

sucrose ud gaphthalene 7o should be stressad g

one will never be uble w exclude the possibunn off

polymuorphs appeacing, even o centuny ater the minad

discovery ot the compound. So Far, no polvmorphs of

aspirmt have been found. despiie 1he proposal by
Paxne o al, [860] that polvmorphic torms mas oaist,
In contrast. acetaminophen form 111 was abserved by
Burger in 192 using thermal microscops -~ but it
mok another 200 vews tor a ervsial shucture o be
proposcd b Ny reports exist on the palyvimorphic
patire ol speafic drag compoeunds with one or o
alternative packing mades tor the same chemical
compositian, However lieriwe evanples of com-
pounds with more than three pucking modes aie
vonsiderably rarer. as will be summanzed shortly, Tt
shauld be noted that the mereased number of repens
on highly polymaorphic compounds in recent vears is
tikely the resuli of enhanced screening pracuces and
muore sensitive characievizalion wehniques,

theghiv pelymerphic compounds present several
challenges i drug development. First, the generanan
of different fomms is often nof a simuliancous event.
hut rather o gradued evolunon of form diversiy Teading
1o the branding of & compound as hemng highls
polvmomplue. Conseauenily, onee more than one torm
1> dentified. concern s rawed that additional fonns
may eventualiy be discovered. Foromstanee. the 13
pobvmarphs of phenobarbitone evolved over ¢a, |3
vears T ioand a fonth polymorph of carhamazepine
was reparted i 2002, a full we decades afier the

. ; , P ..
Ian M Morpactic arue ddvan ed Deag Delnen fovioas Soclong, 273300

publi¢ation of the structures of the intial three forms
[83]. Second. selecnion of the preferred form of o
hghly polvmorphic compound for devclopmen:
demajids a compley ser of thermodynamie and kinetic
invesfigations, due to the geomewric increase in the
rumber of stabilin retanionships that need 10 b
esmhilzshcd. Mere complexiiy anses when some pols-
mm'phw pars are enantiotropic, exhbiting a swich e
the identity of the stable form as a function ot temper-
ature: Third. concerms over bio-performance and the
impaét of a large number of polymorphs on processing
lead (o regulatory issucs that need to be addressed.
Decision trees {58] have been established to aid
scienfists in assessing the impact of polyvmorphic
change and have heen incorporated inta the TCH
vhdedines P~ 1 Tasrlyv, she analytical chaltenge of
monitorg polvimorph content i the dosage form
meredacs a5 the npumber of possible forms grows,
paridileris watiy low dose compounds where thy
corvdntrtion wdig s tie fonmalanon sosall

Tl Bterariie v aighiv pobvmamhic phamweeut-
icals gis relanvely sparse, but several examples of
comppunds Knowin to e four or more poivinomplue
tonns are available i the erature and are summa.
vized Jin Tabiv 2. In addiion o these drug examples.
the pharmacentical ingredients mannitol and aspar-
ame pave heen shown 1o exhibit 4 and 3 polymorphs,

respernively The phenonmenon 1 inactive exo-
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prents may well be under-appreciated due to lack of
study.

In general, pharmaccutical polvmorphism is likely
1o be underreported in the hieratre, since much of the
polymarphism research is carried oue in companies.
As a result of growing interest in the subject and
advances in techniques to study polvmorphism. it is
expected that reports of extreme fonn diversity will
vrow. Conferences on the subjeci. such as the ACS
ProSpectives symposium, reflect the appreciation for
the complexities introduced by the appearance of
polymorphism in nrportant materials such as phanma-
ceuticals. Waork has recently commenced w under-
stand the opportunities and chailenges of using HT
rechnologies in pursiit of sapid idenutication and
characterizauon of the large munber of forms pre-
sented by highly polvmeorphic compounds. Three
published vase swdies and o exomples that are in
press at the e of this review will be highlighted.

Form TV of carbamazepine wis reportedly discov-
ered as the result of erysallization mals in the
presence of hvdroxypropyl cellulose HPC [R3]. Sub-
sequent to this publicaton. Lang et al. {28] published
the use of polvmers to influcnce polymomphic form
wsing a 96-well plate svstem for the screening of
polymorphs of carbamazepine and aceraminophen.
In all. 84 differem polymers were emploved 1o direct
nucleanon. Form [V of carbamazepme was found w
crvsiallize trom methanol in the presence of hyvdrox-
vpropyi cellulose. polyid-methvipentene). polvtf-
methylstvrene) or palyt p-phenylene ether-sultonet,
Lsing the same approach. the monoclinic and artho-
thombic forms T and 11 respectively. of acctanuno-
phen were also isolaied. While obscervation of
metastable Torm H1 was not reported in ihis study.,
the strategy of emiployine polymeric additives is of
mierest. as it can direct e caurse of crvsallization
ad because polymerte impurities may be s contact
with o drug substance and or fonuuolation at varwots
poiits i development,

Another approach, reporied by Anguet? el !
idenzified seleciive vondinons tor the ervstadhizaton ot
carbamazepine polymormpits forms 1 und 1110 as welt as
the dihvdrate, Trom methanol and:ar methanel water
solunions by thermal processimg i a ameroher cell
forar gee. 35100 pdi Opucal [aser wapping was
tsedd i it ko arger the microcrysials tar real-time
form anivais using Raman spectroscopy. The envistal-

lization process was monitored optically and with
Roman spectrozcopy as a function of temperature
and time. The study revealed the conversion of form
110 form 171 as evidenced by a change in characieristic
crysial habit from needles to prisms. Raman spectros-
copy on the solution phase measured the saturation
solubility of each crvsial form produced. Although
only several experiments were carried out in this study.
the authors advance the microfluidic cell format as a
potentially viable system for HT polymorph screening.
A third report details the use of in situ Raman
spectroscopy to optinuze process conditions. The com-
pound MK-A has four anhydrous polymorphs and
several other forms. including two hydrates and nu-
merous solvates {8n}, The siudy gives an example of
the complex thermodynamic relattonships (monotropic
and enantiotropic pairs) that can exist in highly poly-
marphic svstems and demonstrates the power of in-sit
methads for moniroring the crystallizaton process,
The angiotensin-TT antagonist MK-996 is an exam-
ple of o highly polvmorphic compound ( Tabile 23 |87
The swucture of MRK-996. depicted in Fig. &, contuins
seven rotatable bonds. the conformations of wlhich
could fead 1o many configurations for crvsial packing.
HT erysiatlization experiments with ME-596 in 96-
well amays comprising over 1300 discrete recrystalli-
zatton riaks from o a ser af 2] solvens or solvent
mixtures viglded 186 sohds. which were hanvesied
Todavs a7 PXRD analvsis of these
solids suggested the presence of ar least |8 distine
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torms, some resulting from solvent-mediated reerys-
wdlization. A hvdrate {originally named form 1.

obtaimed by slusry conversion in the presence of

aqueous solvent mixtures in the HT experiments. was
the form previeusly selecred for pharmaceutical de-
velopment, Importan:ly, a torm (form T reported by
the mnovator 57w he o “disappearing polvinoph
i~ once form | appeared, was also found in the HT
screen. Clearly. sufficient experimentation with ratio-
nally selected diverse conditions atfords the possibiliny
1o regenerate elusive forms,

Sertraline HCL the active ingredicnt in the antj-
depressant Zolefts, is found in various crystal forms.
The molecular structure tor Sertraline HCY s illustrar-
ed in Fre 7 Information on various solid phases can
be found i patent disclosures fited by several com-
pantes {89 921 Survey of these documents, which
published hetween 1992 and 2011, revenls dama for 27
purported crvstal forms of Sertraline HC L meluding
17 polymorphs, 4 selvates, & hvdoates and the ameor-
phous solid. Further analysis and compansoen o
characterization dat for the various farms presented
m the patents revealed that miatures have been
mistuken for real polymorphs on at least two occa-
sions. and at least iwo polymorphs were disclosed
mave than once (by different workers each time). in
addinan. he hydrate torms reported were not readity
wleniified as polvmorphic and many of the forms e
ihely mansent. e.un ondy ademified by vanable-tem-
perzinre and hunuditv-conmrolled XRD. With the help
ol HT ervstalhizasion. the exient of tie pubvmormhism
of the HOT salt wis estmuted ot eight jorms so far
o0 Two new sohvates were alse found i the HT
studics. Care should be taken in aselaion of such
torms. particularly at small 1o mwenmediate seale. as
desolvaton of solvates due to ageressive drying

B &
C N T cl
Me
Frg 7 The molecusr shircnuee af the seleetive seratonin ieupial e

il (S5 senmnne 1301

during processing may cause one 1w overlook solvated
forms' {93]. Comparing the results of the HT study 1o
the cénpruence of histoncal data, one can conclude
that ﬂT sereening gives rise to relevant forms of the
drug in a nme frame of weeks rather than years. One
meiastable torm. pelvmorph IV, remained elusive
the hands of the authors 220 The lack of abservaton
of farm IV mayv be due 10 a subtle purity difference
betwden eurly barches a1 Pfizer and the muserials
available for testing in the HT screen. Clearly. impu-
riry effects should be explored further [321.

To date. HT studies en highly polymorpliue maien-
als highlight the importance of varying processing
conditions (including solvent conditions, degree of
super%ammtion. method of crvatallization, desolvation
of solvates. nclusion of additives, thermal microsco-
p.etes) to find s many forms as possible. 1t has been
shown that multiple pracess modes. including HT
procegsing. coupled with detwted follow-up charac-
wnzabion studies of form <seabilioy, facilite insight
o drystal form deversity o0 Such o mubimode
sttegy hecomes valuable i the guest for the mos:
complehenan e ditaset possthle ror a given pharma-
ceutidal matenal.

Urdoubtedlv. the definition of highly poiymorphic
mntellnls and their frequency will evolve in the age ol
HT cfvsmailization ot and with the aid of ever
wpraved sobd-state analvtical capabilites © s s 99
[he ¥alue o1 emploving nuiuple processimy techni-
ques o clucdate as many ervsial forms as possible wiil
be ddmonsnated. as 1o expected that no single
[c‘rlllquue will wenerate ali forms ot a given compound
With
used. s complement 1o other wehmgues, o wdentity
15311ci of polymorphism carlv. thus allowing druy

ut doubt. HT ervsialbizaton strateges wall b

develppment scientists o react appropriately o infor-
mation on form diversiry of their compounds.
|

|
23 Avaidig fatent polvierpitism

Moy few vases ol Brent polymorphsm hine been
reporfed i the Titeranoe, Toas likely thar muany mee
instifees ol the phenomenon have oceuried. bui
anlesp prodoct developmient was slowed, produc
portofnimee wi anpacied. or generic simpelinen
SIS 1}1[‘C;1lu113xl, Jospoilighi s not usaadly cast o the
= A~ an example ot a public polymorph ssue.
torm 2 at ranitding hvdrochloride was discovered 2
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3 years into development but it was {and is) the form
still marketed by GlaxoSmithKline [75.76.96]. Parox-
vtine hydrochloride hemihydrate. the active ingredi-
ent in Paxil®, was discovered during deveiopment
afier only an anhvdrate had been known for a number
of years [97]. The hemihydrate is the form marketed
by the innovator. bui recent litigations have occurred
between the innovator company and generic compe-
tition around the anhvdrate torm,

One of the most recognized cases of laent poly-
morphism occurred wirth Abbou Laboratories
Narvir®, Two vears after enirv into the market o
previcusly unknown. but thermodvnamically more
stable. polymorph of the active ingredient (Ritanavir)
appeared. This new form {{orm 11y was approximately
30" less soluble i the hvdroalcoholie formulation
vehicle. resulting in poor dissolution behavior and
eventual withdrawal of the original Norvu® capsule
frony the marker 19a ], At some considerable cost. a new
formubation of Norvir® using form Il wus eventually
developed and Jaunched [99]. In u recent HT crystal-
lizution study on Ritonavir, a wotal of five forms were
found: beth known polymerphs and three previously
unknown forms [991. The HT polymorph screen, which
consisted of 2000 experiments was carried out with less
than 2 g of the APT and used muliipie. and sometimes
combined. process methods. The three new forms were
desenibed as a metastable polvmaorph. a crystalline
solvate and a non-stoichiometric hvdrate. Interestinglv.
the solvate was easily comverted 10 form 1 via the
hvdraie phuse using u simpie washing procedure, wid
provided an unusual route o prepare the form 1 7 dis-
appearmy polvmomh™ [8R] Since the ervstals of form
I prepared using this micthod rettined the smadl needle
morphotogy of the solvate. the authors suggest thar the
process may offer a patential strategy for panicie size
anel morphology control. The results of this srdy
cmiphasize the need for more comprehensive studies
of form diversity in the early stages of drug develop-
ment to avold risks of formy conversion downstream.
and highlighi the advantage of combining paratlel HT
crvstallization experimentation with detailed physico-
chemical analyses w idenify the diversity of suhul
forms m owhich & gnoen molecule can exist. Clearls.
At stage discovery of new fonmns or form conversion
v have serious competitive and regulatory implica.
wons (e.g.. process contral), especially in cases where
he new forms are not bigequivalent,

3.4, Prediction of crustallization and polvmorphism:
applicarions to pharmaceutical form stdies

Crvstal structure prediction is a challenging area of
research, Due to the overwhelming influence of pack-
ing forces in determining crystal suucture, it remains
extremely difficult o predict the structural impaci of
subtle conformational effects and weak interactions
between adjncem molecules in a crystalline amvange-
ment, Although significant progress has been made in
the last decade. crvstal strucnures are by and large not
retiably predictable from first pnineiples [88] While
this impuortant area of theoretical rescarch is wo large a
wpic to be considered m deral here. o brief overview
of the successes and challenges will be presested. and
the patemtial for using HT crvsiallization as a valida-
aon woad madel develapment will be highhghted Far
a more detated discussion on pelvimorph and crvsial
structure prediction. refer o the anticle by Price | i00]
n this issie.

Polymomph prediction of pharmaceuwticals is thwar-
ed by the complexity of active phurmaceutical mote-
cules. The number of degrees of freedom in lorsion
angles and the molecule count in the unit ¢el {which
can be deduced by such techniques as solid-staie NMR
[y are frequently too great to allow computations on
a reasonable time scale. Additionally, predictions are
tpieally carried out one space group at a time. This
hnuration is mitigated by the fact that over 90°%, of the
oreanic compounds my iie Cambridge Struetural Data-
bie (OSDY L ervstalhize in enly a few space proups

T We know of only one example where predicnons
have been extended 1o nulucomponent svsiems [ 102]
The prevatence of multicomponents systems. some of
which have charge anster (zalis) and many of which
exist as hydrates, sotvates or mixed hydrate/solvaies,
essentinlly mits the usetulness of the prediction merh-
ods o neutral compounds, Various other iechnical
isaues remain as the sctence of ervstal structure predic-
non maiures 00 Some of these issues were high-
Fighied i swo Blind dests thar were conducted s 1ecent
vears e odeiermne the accursey and robusiness of
crvsial struciure predicnon g g In e Tatest round.
L7 methods were used to predict structre, sichlhing
onhy three vorreet predicnens 4], For one ot the
compounds uscd in tw study, cxperimental character-
ization af a second. more stable, polvimorph provided
the key 1o the correct prediction by three participating
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rescarch groups. The structure could have easily been
ovcrlooked. leading to the misinterpretation of the
resulis as an apparent failure of the computational
methods. Thus. compounds that are amenable to strue-
mure prediction are not alwayvs studied experimenially (o
the exient necessary 10 ensure that the relevanr forms
v e m factbeen discovered and cluracterized ahead ot
computatonal smdies

Despite the challenges. o tew methods have been
developed thar allow spvenne prediction off simul;,
ielatively nigid organic compounds with onlv a few
fupctienal groups in several imporant space groups
STt ro6) Palyvmorph Predicior™ has heen imple-
menled walhin the commereial seRware Cerius2 (2
Palymomph by Accelrvsy. In general. corrent predic-
uon methods penerate large ensembles ol difTerent
packig armangements atong with caleulations of rel-
ative energencs. In oreality, miony of ihe calculaied
structures are not abserved, giving the appearance of
over-prediction of polymorphism, This was apparent-
[v the case with acetminophen {paacetamaoly (107,
In their study of the drug, Beyer et al, f 117) ealeutated
F structures. 2 of which were the known monoclinic
(stabley and orthorhombic forms. The remiaining 12
structires were considered as candidates for the meta-
stabie form TL which had been observed by thermal
nieroseopy methuds 182] but tor which ditffraction
data were unavailable. U s caleuwlations of mechan-
wal properizes and morphology. Bever et al. separated
e 12 energetieally feasthle simictines o e
groups, based on the Diheithood of cach struciee o
exIst s i stble o Shonly anter the publicanion of
the predicnen studs. the experimenial powder patiom
of form HI became anvailahle <40 Rienveld rebinenirent
and companson of the experinental dittraction results
with ihe theoretical powder patterns published by
Beyer et al. yielded a monochinic structure sotution
for form 101, This stucture s in tact part of the
prediction set. but was considered an undikely con-
render based on s extreme plate-hike muorphoiogy
The potennal tor complementarity of HT crystalliza-
pon and polvmorph prediciion 1 evudent from these
studies. i one wense. pohvmomh prediction can serve
as aovardstich tor rish assossmient” when 1t comues 1o
tornt diversity. but mevitably ane wall require exper-
micnial data 1o assess the seope of polymerphism that
can be elicited and the precise relative stabilities of
ditierent crvsmalline arrangements.

Opportunities do exist for current use of predictions
in solld form discovery. For instance, certain hydro-
gen-bénding maotifs or molecular layer types may be
observed in predicted souetures. Such information can
be used 10 aid 1the design of crvsallization exper-
ments) [Emighi be desizable 1o emyploy a particular i pe
or inrdraction with salt selection or co-crvstal fanm-
ton by the smatege setection of envstallization can-
dinong. solvenis, addinives wnd processing methods
00 In addinon, since mansient or metostable
cr_\'sraaline species may be diffienlt 1o characterize
accuriely. one may use predicted structures ta cst-
mate parious physical data. For eaample. powder
ditffra¢hon patierns may be used 10 assist the accurale
descripiion of these metastable forms 0} Continued
develppment of theoretical methods coupled with
validutzon ol the prediciions by extensne ervsiathiza-
Hon aé‘rccmng will lead o better madeis and compu-
l;umnjﬂ methods, At present. experimental methous

Mmusr Flzrili be relted upon 1o assess the potential form
diversity of i given compound. It will be important w
concuh‘cnll_\,f push the limits on theoretica] prediction
and HT crystalhization. in order to advance our under-
standihg of the nature and eatent of polymomplusm in
phm'tqntemical compounds.

35 Bacineering of co-on sl

Cobervstals of drugs and drug candidates represem
Eew e of nutertal for pharmaceutical develop-
awntThes are pant of 2 broader fandy of muliwom-
poreri envstiads ihae o mcludes ~alis, salvates.
clathrfiios, inclusion ervstads and hvdrates as shown
m e s DO The primaany difterence between salvaies
and cpeerstals s the physieal stae ot the soelated
pure fomponents: o one component is a liqud al
room [ remperature, the cryvstals are desionated as
salvafes: it both components are <olids~ 21 room
tempdrature. the crvaals are designated as co-vrvsials
A\ hllq at fiesi glance these differences mayv seem
irvidly they have profound impact o preparation,
stabiljy and ahinatels on the abihin o develop
prondubis,

In Lgcnn‘;al. s usually casier wonmally prepare
solvates than co-en stals, and ndeed. solvates are otten
found; as by-products of polymomh and salts sereens
Co~caﬂLsmIs have been prepared by melt-crystallization.
grinding and recrystallization from solvenis [1]. Sal-
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vent systents tor co-erystals must dissolve all compo-
nents. but must not interfere with the interactions
necessary for co-crvstal formation. The need o s

many solvent combinatons and the avadability of

muliiple co-crysial tormers ercates a diversity that s
ideally suited for exploration by HT systems.

Co-crysials have the potential o be much mare
useful in pharmaceutical products than selvates or
hvdrates. The number of pharmaceuticnlly accept-
able selvents s very small. and because solvents
rend 1o be more mobile and have mgher vapor
pressre, it s nol unusual w observe dehydration
Jdesolvation in solid dosage forms. Solvenr loss
trequenty leads 1o amorphous compoeunds, which
are less chemicatly stable and can crystallize into
less soluble forms. In contrast. most co-cryseal
formers are unlikely 10 evaporate from solid dosage
torms, making phase separation and other physical
changes less likely,

Examples of co-erystals have existed in conducuve
organic crysials. non-linear optical crvsials. dves.
photographic materials pigmenta and agrochemicals
for some ame * 7] Two recent papers by Fleischman et

+

Al 75503 emphasize the imponance o uaderstandimg
Csupranelecalar svnthons™ i sypthesizimng co=crvs-
als containmg pharmaceuticat agents. For example.
the alnlity 10 nsert 447 -bipyriding between the car-
boxvlic acid dimers of aspirin. rac-ibuproten and rae-
flurbiprofen was recently reported 143] The three
examples clearly demonstrate the generaliy of the
use of a pyndine-carboxyhe acid heterosynthon H

¢Soneme 3to replace o dicarboxylic acid dimer
homesvisthon 1A second study focused on finding
muliple selvates and co-eryvstals of carbamazepine
130 Carbamuzepie potvmorphs ervsiathze as anude
dimers, cach af whieh nes up the polar amide fune-
tonad pronps through homasynihon L Crvstal sirue-
nures shows that each dimer conrins a peripheral H-
hond donar and acceptor panr that remmn unsed due
W seamee constrainig imposed by the dimg mole-
cuie. Simple H-bond accepior solvents like acetane
and IR0 inser themselves to O voids betweer the
wdjocent puns of dimers 431 Muluple co-crysials
formers hiving hydrogen bond accepiors fikewise
insert themselves into the void. The homosynthon
can also be breken 1o form heterosynthon V. an
amide-carboxylic acid dimer [43]. This was achieved
10 form sodvates with acetic, formic and butyric acids.
and co-crystals with trimesic and nitro-isophthalic
acid.

A recemt sdy of adducts of acetaminophen
(paracetamol) with cthers and amines provides addi-
donal exampies of supramoiecular svathons for co-
civstal Tormaton o While amide-amide humo-
avnthon couid have formed. both known forms of
the pure material consist o hnear head-to-tail chains
held sogether theoegh mont” VI the chainy are cross-
finked through synthon VI The lnear chain sie-
re s preserved o co-crysials with 4.4° bipyridine,
but the cross-linking bueraction VI is replaced by
Vil in which the 4.4 bipyridine 1s hvdrogen bond-
ed 1o the amide hyvdrogen. The chamns remain cross-
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hoked bur only shrough pi-stachimy mieractions be-
meen 44 bipyndine pars on netghbornng chams. In
co-crystaly with piperazine, the acetaminophen fornis
heid-10-hend chains threugh 1IN Rach chain s joined
o the next through a laver of piperazine molecuies
that interact through heterosynthons N and N1 The
paper alsa meludes many solvates that will not be
reviewed here. but their synthons should be apphea-
ble to vo-crvstal foomation.

The whove studies focused on demonstrating the
use of supmmolecular synthons to create novel ervs-
talline phases. The variety of structures observed
provides hope thar some forms will have saperior
pertormance in pharmaceutical dosaze fomms, Hows
ever the sudics stop short of peoviding daty on the
physical properties, such as selubilioy, necessan o

evade ther anley Farthermore orhe the sacchern

2 nratimainude co-onstals of carhamazepene Lopre-
sent nhurngeeuneally aceepiable vomcrvsiais, Cneiads
appear o beo

techmique tor making combination products o two

contamng two drugs o AITAN
drugs, but unless the two drugs are dosed onls m
storchiometric ratios consistent with the co-crysil
composition, such erystals would stll need o he co-
formulated with at least one of the bulk drugs in arder
to sansty the clinical requirements.
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Supraieuceata ssnbons absdned 10 co-or siaks

We recentiy reported on the discovery and dissu-
luties}y properties ot pharmaceuncally aceeptable co-
cry \Iti\ camsisting of hvdrogen-honded rimers of o
mn' tles of co-taeonazele and one molecule of a

J sarboxyviie acid resulting from a HY orvsialhiza-
ton doreen 1440, The arvstal structure of the suecinw
acid Eco-cn'sml (b %y pevealed an unanticipated
interdgerion between the triuzote of inaconazole and
the ciirboxylic acid theterasynthon Voin Svhemwe 3
The e\rended suceinic acid molecule fills a pocket.
hndﬂmu the azole groups. The interaction between
the 1{d-diacid and the strongest base on itraconnzole
{pipepazine) is absent i the co-crysial structure. Othes
I A-diacids mefoding fumarie acid. 1-malic acid and
Te ok nt-tutane acuds also yelded co-ervaalbs
b

l:-\mgn'.n..cnc acad wih

i
with mraconszole. not he made
of from 1.3
geametric fil
appefes tobe move mperiim than acid-base chemis-
v dirceing enstalhization: ol the compounds ol
.ll'hdn.izuh with L d-dicarboavhe acuds,
ldcnnlua.mn of multiple erystal forms of the same
drug|with acceptable sotubility. dissolution rate and
stability enables sclection of the optimal form tor
dosage farm development. To demonsiraie thix fea-
e, the sdiszolution of iwacenazole

co-crvstals could
Z-feuiachemisiny,

of 3 -dicarhoavhe acids. Hence.

ca-crvsiats
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Fig ¥. Trimer unit of the itraconazale succinic acid ¢o-crvsiat fiom single crvstal N-rav structure ¢ from 143, with permissigm,

aqueous medium was studied to assess their potential
impact on bioavailability of the dug from a solid
dosage form. Fig. 9 compares the dissolution profites
of the co-crystals into 0.1 N HCI 1o those of crystal-
line wraconazole-free base (95 % of all crystalline
particles < 10 pm) and commercial Sporanox ® beads
(amorphous itracenazole). The malic acid co-crystal
rivals the dissolution ol the commercial product. In
general. the co-crysials behave more similarly to
Sporanox ' than the crystabling-tree base. The co-
ervsial torms achieve and sustain 4- 1o 20-fold higher
concentranons than that achieved from the crvstailine-
free base. The practical implication is significant.
since the ability to form o supersanivated solution,
even transiently, can have dramatic impact on absurp-
non aind bioavailability,
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Co-crystals represent a class of pharmaceutical
materials of interest, both in terms of projected diver-
sity and applicability. The study of co-crystals. along
with polymorphs, sulvates. salts and hydrates. s
perfectly suited 10 HT crystallization experimeniation
and should be considered part of the form sclechon

Processes,

4. Post-screening analyses and torm selection

Several funcoonal characteristics must be consid-
ered w the selection of a swirable ervstal form for a
pharmaceuticial dosape form. HT eryvsallization has
the potential ro creae o larger pool of erystal forms for
which funciiond parameters, such as dissolution rate.
chempval stahnins, thon and compressthibin, must be
Jeternuned aned compared. Strategics o accomplish
ranking of the numerous furess must be devised, An
examiple i~ the adaptanon of HT for solubiuy men-
curement. The plot m g 9 ibustates resalts of 2
plate-based kinetic dissolution assav i which vanous
forms of o compound were placed in simulated gastric
fluid and monitared for dissolution as a function of
tme. The schemantic i Fig. 10 shows how such an
anaiysis cun be accomplished in a 9o-well Ailier plate.
The concentrativn at a given time paint 15 determined
afier filtration of the suspension by quaniification
using cither UV or HPLC with UV deiection,

While the entire plate s Mdtered at one ume,
ditlerent e pemts can be achieved by g ihe
adddiiion oi dissoiiion medium sach that ihe ahiqut
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Fig 1. Schenatic of o 9w ell dissolution filter plue

for the lengest time point desired 15 dispensed tirst andd
the shonest one comes Jast, Instcad of vanang the
form along one axis of the plae. vne can choose 10
study the dissolution of a single form mia severn
different miedia 4see g 0w kquilibriom salubiliy
can be dewermined moa vanetv of solvents and at
different temperatures usig o similae principle ro the
Jissolunion plate. A demonstiation has been provided
using automated React-TR wnalvsis [a93, Odher fune-
womtl paramerers, such as sold-state stability and
thermal properties. can be adapted 1o HT, Such
sysiems for ranking the stabiline of forms generated
troon HT crvstaliization await publicaiion and review
ar a fure date.

5o 5ummary and outlook

HT crysiallization methodotogies are capable of

screening hundreds or thousands of crvsmllizanon
conditions in parallel using small amounts of com-

pound for the wdentification and characierizanon of

diverse forms of active pharmaceutical ingredients. As
demuonstraied by numerous ease studies trom several
stares of pharmaceutical developmeni. siuch technol-
agies have begun 1o show promise in enabling mare
comprrehensine enploranen of ~alud o daoeian
Tae weemdugies e theby o prosade o andsoape
A poiestial openatnng conditions Gom which et ~
amnd cngineers can design robust and scababic process-
on lor manster o manufacterng

The abiity o conduct extensive enysialiizazions

with sl amounts of matenal wsing a saricty of

solvents, adduives and conditions necessanly gener-
ates large sets of data. However, the information by
iself is of limited value. unless it can be propely
analvzed. In order to extract maximum knowledye

|
from the studics. 1t is essential to have the abiliy to
desig] eaperiments. track samples i the process.
colleet the data in a relational database, and mine the
information u<ng aatistical lechnigques and models in
propetty space that asaist the seicntist 1o mavinize the
value Pt the dara. Such models atempt o fitan ouipw
variable to physical properties or descriptors using
technifues similar to those used in taditional quann-
tative Esmmurc activity relationships (QSARY These
models cun be corefully extendad to mixiures contain-
ing campounds thag were not included in the originul
experiments if vatidation suggests that the models are
sutficiently stable. Significant models that are found in
ihe .mhl_\ sis of'the data can he stored in the databuse for
Later wetrieval and vze w direet icrative experiments,
The pi\wcr ofthis approach becomes increasmgly more
visiblg when several propenrties are being co-optimized.
as el be veny important in the pharmaceutical devel-
opmenfn provess where such properties as oral bioaval-
abilith, stability and processability need 10 be
recongiled. The avoilability uf'a map of conditions tha;
lead 1 the formation ot ditferent forms (salts, hvdrates,
solvintes, palymomhs. co-crystals) of the drug can be
valuable 1o the precess chemistz or engineers as they
develdpp sealable processes 10 produce materiads st

able fr development and regisiration.

Fmi‘ many vears. the value of composition ot matie:
(CoM) patenis on new chemical entintes. inctudimy
wherd approprinte. pharmaceutically acceptable salis,
has heen well appreciated. However. 1015 only wathin
the Mst decade or so that the application of CoM
patenfs hus been significantly extended 10 cover all
formy of the compound. meluding hyvdiates, sobvaies,
co-erystals amd polymorphis. Unhke sals, which tor
the njost pant can be prophenically clamed hased on
an whderstandig of 1he chiemical structure ot the
camppind and < omzaton consianis, the evstency
rrdopdentay ol Indrates, solvatess ca-envstdls and
g\'-!,‘.'l"hurpn:- nave deficd predicion Theretome, 1o

erderfio obion paent protection on these forms, sonwe

ol which mey have signficantdy different propertes
dind rflevance as development candudates. 1 s essen-
Hal td prepare them, identify conditions for making
themyand evaluate thewr properties as valuable new
pharpaceutical materials.

I generad. diserete ervstal forms are considered
non-dbvious and pareniable. Given the diversity and
sreatér complexiny of chemieal structures of todav's
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drug candidates [110]). coupled with the advanced
teehnology 10 1dentify novel forms. it is common to
find multiple forms of drugs {61]. some similar. some
dramanically different in terms of their in vivo perfor-
mance, These torms are all candidates for separate
intellectual property protection. Therefore, it is incum-
bent on the innovator of a new diug candidate 1o
identify and patent these forms in order to optimally
protect their investment in the compound. Recent case
studies sugpest that identifying and patenting all forms
of new chemical entities should be a primary strategy
of all innovators of novel drugs. In this regard. the use
of HT crvstallization technologies for rapid, compre-
hensive discovery and characierization of solids form
diversity offers significant advamages tor the devel-
opment of a strong itetlectual property posiiion.

With the advent of HT crystallization methads.
apprecianion for the landscape of physical form for
thug development has begun w change. Use of these
<yvstems has the potential 1o faciliate drog develop-
ment by saving valusble time in selecting the oprimal
physical or chemical form of a given compound. HT
svatems that generate rich darasets offor the ability 10
develop 2 more fundamental understanding of ihe
crysiallization process, based on knowledge generaied
trom [arge numbers of experiments on diverse com-
pounds. Having such information at an early siage
minimizes the risk of process modifications resulting
it form changes and provides the opportunity 1o gain
mare comprehiensive intellectual property covernge.
In addision. comprehensive form don help address
important regudatory questions related to the number
of solid forms of an APl and the relationships between
hent
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Abstract

A hydrate is a solid adduct containing both the parent compound {¢.g.. the anhydrate of
adrug or excipient} and water. This review discusses only the crystalline stoichiometric hydrates
in which the environment of the water molccules exhibits various defined patterns, and
emphasizes pharmaceutical hydrates and their behavior. The presence of the water molecules
influences the intermolecular interactions (affecting the internal energy and cnthalpy) and the
crystalline disorder (entropy). and hence influences the free energy. thermodynamic activity.
solubility. dissolution rate, stability. and bioavailability. In addition, many solid-state propertics
are altered, including mechanical behavior, such as ableting, grinding, and preduct perfor-
mance. The physicochemical characterization ol hydratesisincluded in a low chart of questions
to be answered as part of a “decision 1ree” during the process of product development.
Pharmaccutical hydrates may be characterized by a variety of complementary physicochemical
methods most of which are well-known, This review details the characterization of hydrates
by solid-state nuclear magnetic resonance spectroscopy. Raman speciroscopy, and isothermal
microcalorimetry, and considers a variety of pharmaceutical examples.

Kevwords: Bioavailability: Dehvdration: Drug: Hvdrate: Pseudo-polymorphism: Stability

I. Introduction

Pharmaceutical solids may come in comact with water during processing steps,
such as crystallization. lyophilization, wet granulation. aqueous film-coating or

* Corresponding author,
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spray-drying. Moreover, they may be exposed io waler during storage in an
atmosphere containing water vapor or in a dosage form consisting of materials that
contain water and are capable of transferring it to 'other ingredients. Water may be
udsorbed onto the solid surface and’or may be ubsdrbed in the bulk sohd structure.
The former is dependent on the specific surface arda while the latter is independent

ol the specific surface aren of the solid [1]. |

With some crystalline solids. solvent in the surrounding medium may become
incorporated into the crystal lattice of the compouﬁd in stoichiometric proportions.
These molecular adducts arc termed solvates. Hydrales are formed when water is
the solvent of crystailization. In hydrates water dccupies definite positions in the
crysial lattice, usually by forming hydrogen bond(s) andfor coordinate covatent
bond(s) with the anhydrate drug molecules. This article discusses only the crys-
talline stoichiometric hydrates in pharmaceutical solids.

Tncorporation of the solvent molecules into the crystal laitice produces a new
unit cell different from that of the anhydrate dnd. consequently, the physical
properiics of the solvate may differ from those ’)I‘ the anhydrate. This effect is
anitlogous 1w polvmorphism, o term which indicates the oxistence of at least two
different erystal structures of the same chemical substance. although solvates are
strictly moleculur adducts. To distinguish snlv;ﬂjes from polymorphs. the term
pseudopolymorphs has been applicd 1o solvates [2} Like muny other chemical
compounds. however. certain solvates may themselves exhibit polymorphism, as in
the case of fluprednisolone monohydrate {3]. succindd sulfathiazole monohydrate |4].
and nedocromil sodium monohydrate [5]. It is impprtant to emphasize that the two
crystal forms must have the seme stoichiometry in "nrdcr to be termed polymorphs.

|
2. Nature of the water molecule environment in hydrates
1

The water molecule H.O behaves as if & consisl# of u tetrahedral distribution of
two positive and 1wo negalive regions of charge. On cach negatively charged region,
the waler molecule interacts wath its neighbors \-i.Ja a coordinate covalent (dative)
bond or by accepting a hydrogen bond. On each positively charged region the water
molecule interacts with its nmeighbars via a dona{lcd hydrogen bond. Thus, the
neighbors of a4 walcr molecule in a hydrate inclufe clectron acceptor groups {or
proton donors). such as M”* R-OH. R,R,NH. and ¢clectron donor groups (or
proton acceptors). such as R-COO . R-O'. (1 . The neighbors of a walter
molecule muy include other water molecules sui(alal)- oriented for hydrogen bond
formabion, The water molecule nuy also participate in the various types of van der
Waals interachion {dipole-dipole. dipole-induced Ldipoie and dispersion forces),

Some of the numerous possible environments of a water molecnle in o hvdrate
are presented in Fig. 1. Wells {6] has proposed a Elassification of water motecules
in hydrates based on the number of nearest H-O neighbors. Fig. | shows that
wuler molecule in a hvdrate may have ¢a)y four, (b] three. () two. (d) one or {e)
zero wisler molecules as nearest neighbors. When ‘several tvpes of water molecule
occur in the same crystal structure. Hnite or i?nﬁnilc hydrogen-bonded  water
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Fig. |. Environment of water molecules in hydrates. The non.shuded larger circles represent waier

melecules. the smaller shaded circles represent multivalent metal 1ons, ind the arger shaded circles
represent univalent metal ions or any eleciron accepling (or proton donatling) groups of electron
donating (o proton accepting) groups other than water. (Reproduced from Ref. |6} with the permission
of the copyright owner, Clarendon Press, Oxford, UK.)

networks may be formed [7]. Thus. water molecules in Fig. 1{a) and (b) will yield
all possible types up to and including three-dimensional water networks; Fig. 1(c)
occurs in rings or chains of water molecules (nmers, 3 <» <infinity): Fig. 1{d)
occurs in pairs {dimers) of water molecules. while Fig. 1{c) represents a single
{monomer) water molecule (associated with metal 1ons in the case of satt hydrates).

3. Reasons for the differences in the physical properties of hydrates

Incarporation of the water molecule(s) in the crystal lattice of the anhydrate or
a lower hydrale changes the dimensions, shape, symmetry and capacity (number of
malecules, o) of the unit cell. As a result. the anhvdrate and each hydrate of a given
chemical compound exhibit different physical properties as described below [8].

A change in the volume af the unit cell upon hydration corresponds to a change
i the molar volume and hence to a change in the density of the substance.
Incorporation of water molecules into the crystal lattice of the anhydrate or of the
lower hydrate alters the following behavior of the crysials: (a) the interaction of the
clectron vibrations with light quanta changing the refractive index: (b) the interactions
of the molecular motions with heat quanta changing the thermal conductivity: (¢)
the movement of the clectrons in an clectric ficld changing the electrical conductivity.,
Formation of additional bonds between the host molecules and the water molecules
and changes in the bonding beiween the host molecules themselves alter (the
cooperativity of the molecules in the crystal lattice and hence alter the melting point.

Fig. 2 summarizes the ceffect of hydration of a drug on its physical properties [ 5).
Incorporation of the water molecule(s) into the crystal lattice of the anhydrate or
of a lower hydrate changes the intermolecular interactions within the solid and

E-=--0187
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hence modifies the internal energy and therefore the enthalpy of the solid. As a
result of hydration of the solid, changes in the shul::c and symmetry of the unit cell
alter the entropy of the solid. These changes in the enthalpy and entropy result in
changes v the free cnergy and chemical powmtial of the solid. Finally, the
modification of the chemical potential changes the fugacity and therefore the
thermodynamic activity of the sohd. l

4. Pharmaceutical implications of the differences in the physical properties of
hydrates

4.1, Applications of pharmaceutical hydrates

The change in the thermodynamic activity of 1hc; solid due to hydration aliers its
pharmaceutically important properties, such as the solubility and the physical and
chemical siabikity (Fig. 2). The change in the solubility of & drug usually changes its
dissolution rate. The alierations in the dissolulionfrate and the stability of a drug
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may. ultimately. modify its bioavailability and product performance. Some of these
pharmaceutical consequences which result from the differences in the physical
properties of hydrates are discussed in the following section,

4.2, Solubility

The solubility of an anhydrate form of a crystalline nondissociating organic
compound A in water [4.9] is proportional to the equilibrium constant K, in the
equilibrium

K,
A{solid) == A(aqueous) (n

The solubility depends on temperalure, pressure and the nature of the solid form
{hydrate or anhydrate) and is approximatcly proportional 1o the thermodynamic
activity of the tatter. The equilibrium solubility of a hydrate of A 1.e. of A- mH,0.
in water is similarly proportional to the equilibrium constant K. in the equilibrium

L
A - mH, Ol solid) === A{agueous) + mH-O 2

The formation of hydrated crystals from anhydrous crysials is represented by the
equilibrium

Kn
A(solid) + mH,0 == A - mH,0(s0lid) (K}

_alA - mH,0(s0lid)}]
" d[ A(solid)]e[H, O]

where K, 1s the eguilibrium constant for the process shown in Eq. (3), and
alA - mH,0(solid)]. a[A{solid)]), a[H,O] are thc thermodynamic activities of the
hydrate, the anhydrate and water, respectively. The hydrale A - mH,0 will be
more stable than the anhydrate A(solid) when K, > . that is. when a(H,0) >
[@ A - rtH,O(solid)]/{a] A(solid)}K,, })"". Corresponding relations hold for the vari-
ous hydrates of a drug.

A rule applying to solubility behavior is that the anhydrous form of a substance
is always more soluble in water than the corresponding hydrate(s} which crystal-
fized {rom waler at the same temperature [4.10}. Because the hydrate has already
mteracled intimately with water, the free energy released on crystal dissolution and
the further interaction with water is less for the hydrate than for the anhydrate. Fig,
3 compares the aqueous solubilities of the hydrate and the anhydrate forms of
theophylline at various temperatures {11} and shows that the aqueous solubility of
the anhydrous theophylline is consistently higher than that of the theophylline
monchydrate below 60-C.

Because Eg. (1) 18 miven by adding Fgs. (2) and (3

K.=K,/K. (5

(4)

and
AGY = =RTINK, = —RT In(K_IK") ©

RN Ry
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where AGy 15 the standard free energy of h_vdrulinn" which is represented by Fqg. 34,
R is the gus constant and T is the absolute lcmpcr‘mure. The value of AG) cun be
calculated from the solubilities of the anhydrous and the hydrated forms of the
drug in place of K_and A7 respectively. The correﬁpomling standard cnthalpy and
entropy of hydration, AH” and AS;. can be célculaled from the temperature
dependence of the solubility ratio (K,/K7) using the van't Hofl isochore equation.

An application of the theory discussed above is illustrated in Fig. 4 and Table 1.
Fig. 4 shows that the van't HolT-type plot for the anhydrous and hydrated forms of
theophylline and Table 1 shows the thermodynamic quannties caleulated for
anhydrate—hydrate systems of theophylline and g!lulclhimide {4). In Tuble | the
enthalpy of solution AH, is more endothermic for th:e hydrate than for the anhydrate
of cach drug. corresponding 10 a negative value for the enthalpy of hydration, AH,,.
Similarly, the standard Gibbs free energy of solutioh. AGT = — RT In(solubiluty), is
less negative for the hvdrate (solubility v K7) thdan for the anhvdrate (solubility
. K). corresponding 10 a negative value for thejstandard Gibbs free encrgy of
hydration AGY for euch drug, The stundard entropy of hydration AS) is negative,
indicating that the hydration process is enlhalpy-dtrivcn for each drug.

4.3 Dissolution rute

. . . ! A

If dissolution 1s a transport-controlled (usually 4 diffusion rate-controlled) pro-
cess. the intrinsic dissolution rate f of 4 solid, which is 1he rate of dissolution per
unit surface area (i.e. the mass Alux). is given by |

J={dmidig Ay =KC - C) (N

|
!
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Fig. 4. van’t Hofaype plod of molal solubility (mol kg ', lop scale) against the reciprocal of the
absolute tempereature for the anhydrous and hydrated forms of theophylline in water. ( Reproduced from
Ref. [4] with the permussion of the copyright owner. American Pharmaceutical Association, Washingion
DC. USA))

Tuble |
Thermodynamic values caleulated from van't Hoff solubility - temperature plots for anhydrous hydrated
systems of theophylline and glutcthimide.

ASyical K7 mal=h Y

Compound AGY Y

Transition  AH jtcal mot 'y Al
temp.! € : {cal mol 'y b qeal molt !y - -
Hydrate  Anhydrate at 15 ¢ at ransilion
temp '
Theophylline 72 t0 700 7400 - 3300 — 310 —10.0 -9.3
Glutethimide 52 11700 9700 - 280 —-538

- 2000

-6.1

Reproduced from Ref. [4] with the permission of the copyright owner. American Pharmaceutica!
Association. Washington DC, USA,

* Heat of solution in water. " Heal of hydration = 8/, of the anhydraic —AM, of the hydrate,
* Standard Gibbs free energy of hydration = ~ BT(solubility of the anhydratefsolubility of the hydrate).
Y Swndard entropy of hydration = (AH, - AGD) T AL T =298.15 K (25 ). ' A1 the iransition
temperature. where Al = 1.

where 4 18 the area of the solid exposed to the dissolution medium, & is the mass
transfer coefficient, €, is the molar solubility of the solid. C is the molar concentra-
tion dissolved and dm/ds is the dissolution rate. The mass transfer coefficient
& = Dfh where D is the diffusivity of the solid and / is the thickness of the diffusion
layer which depends on the geometry of the system and agitation conditions. Under
sink conditions, i.e. when C,» €, Eq. (7) can be written as

J=k(, {(8)

B
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Fig. 5. Concemiration profile during dissolution of anhvdrous lmd manehydrate theophyvihine eryvstals at
23 C: 3. anhydrate; .. monohydrate. { Reproduced from Refj[ 16] with the permission ol the copyright
owner, Marcel Dekker, New York, USA )

As discussed carlier. the aqueous solubility C\:of the anhydrate is greater than
that of its hydrate form at temperatures at which the hydrate crystallizes from
water. Consequently. according to Eq. (8). under the same transport rate-controlled
conditions, i.c. for the same value of 4, the disjolution rate of the anhydrate is
greater than that of the corresponding hydrate; (5,82 .15} Fig. 5 illustrates the
ditferent dissolution behavior of theophylline moJﬁoh\drale and anhydrate a1 23 C
[16]. The results show a significant difference inlthe initial dissolution rate of the
monohydrate compared to the anhyvdrate. Durir!g dissolution of the theophylline
anhydrate, the solution becomes supersaturated with respect 1o the hydrated form.
which precipitates and grows untii the concentrdtion reaches the solubility of the
monohydrate crystal form.

It 1s often ditficult to determine the aqueous toluhnmv of the metastable forms
because. upon equilibration. the metastable forms may undergo spontaneous trans-
formation to the thermodynamically stable form. In this case the solubility of the
metastable form may be estimated From its mm.il intrinsic disselution rate [14]. 1f
the mass transfer cocflicient of the drug from the metustable form (Form A) and
the thermodynamically stable form (Form H). under identical hydrodynamic
conditions are assumed to be cqual. then Eq. (§) leads 1o

Ju C f
= 23 ‘ 9
s . )

nay
where J,, and J, are the mass fluxes for Forms'H and A respectively and C | and
C., are the solubilities of the lhcrmodyndmlt_dﬂy stable form and the mciastable
form, respectively. Thus, knowing the vilues for Jiy. J, and C, . the value for C,
can be calculated from Eq. (9). This concept 1s jllustrated in Fig. 6 which presenis
the concentration proftle during the disselution of disks of the anhvdrous and

monchydrate thecophylline at 23 C {16]
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Fig. . Concentrtivn profile during ntrinsic dissolution of anhyvdrous and monohydrale theaphylline
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- 4.4, Bivavailahility

. The differences in the solubility and the dissolution rate of the anhydratc and the

hydrate may alter the bioavailability of the drug. Poole et al. [17] studied the
- physicochemical factors influencing the absorption rate of the anhydrous and tri-
hydrate forms of ampicillin. When the anhydrate and the trihydrate were adminis-
tered as an oral suspension or as a capsule to dogs and to humans. the blood serum
concentrations of ampicillin produced by the anhvdrate were found to give higher
peaks which occurred carlier than those produced by the trihydrate (Fig. 7). 1t was
deduced that these differences in the blooad serum concentranions of ampicillin were
the result of differences in the aqueous solubility of the unhydrate and of the
trihvdrate. On account of the similar solubilitics of the anhydrate and the trihydrale
in dilutc hydrochioric acid. Hill et al. [18] suggested that the differences in
hioavailability are related 1o formutation factors.

Three crystal modifications of nitrofurantoin {two anhydrates and a mono-
hydrate) have been studied [19]. Gouda et al. [20] and Ebicn et al. [21.22] reported
that the dissolution rate and bioavailability of nitrofurantoin commercial tablets in
humans decreased afler 1 8 weeks of storage at different relative humidities at
higher temperatures. Gouda et al. [20] concluded that the dissolulion rate decreased
through the agglomeration of the mixture of powders in the preparation. However,
the possibility of crystallographic transformation was not investigated. In order to
clarify 1he decreased dissolution rate of nitrofurantoin preparations after storage

B~~-0173
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250 mg doses of oral suspension® . anhvdrate, _. lrlh\dfd ¢ (Reproduced from Refl. [17] with the
permiasion of the copyright vwner. Freerpla Medica, New Jcr\c\ LISAL

under high humidity conditions, Otsuka ct al. [2 3] analvzed the physicochemical
stability of the unhydrate and the monohydraie under high and low humidity
conditions. Otsuka et al. [23) concluded that ¢rystallographic phase changes of the
drug can occur during the storage period at refatively high or low humidities and
suggested that these crystallographic phase chunges may be among the mosi
important factors controlling the bioavailability of the preparation. Similarly, the
erratic bioavailability of theophylline [24] or nf carbamazepine (23] from solid
dosage forms has been attributed to the phase -Lhdl'lEf.‘ corresponding o hydrate
formation during dissolution.

i

4.5 Physical stability of suspensions

The mean particle size diameter and the pdrul*le size distributions of suspended
insaluble drugs are important considerations in forn1ulatir12 physically stable phar-
maceutical suspensions [26]). A chunge from one pscudopolymorphic form to the
thermodynamicaily stable crystal form or a change in the crystal habit duc 1o the
degree of hydration of the drug may induce cry RIE?!] growth in the suspensions which
may lead to caking and deflocculation of the suspensions [27 3}

Metronidazole benzoale can exist as an anhydrhic and as a monohydraie {29]. The
monohydrate is the thermodynamically stable form in water below I® C. Hoelgaard
and Moller {29] showed that the phase transition of the anhydrate to the monohy-
drate is followed by a drastic increase in the parlnle sice causing physical instabilny
of the suspension. Supensions containing the monoh\.drdle resull in a physically
sluble suspension when stored below the transifion temperature at about 38°C,

|
i
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Anderson and Bundgaard [31} reported that the phase transition in metronida-
zole benzoate suspension can be inhibited by formation of an inclusion complex of
the drug with fl-cyclodextrin. Through complexation, the marked crystal growth
resulting from the phase transition is inhibited.

Similar results have been reported in the case of carbamazepine. Anhydrous
carbamazepine (ransforms to the hydrate in aqueous suspensions. New crystals
grow by the whisker mechanism [32] and the transformation takes about 1 h [33).

4.6, Chemical stahility

Some solid-state oxidation reactions of crysial solvates require prior desolvation
[34]. Byrn [34) suggested that stabilization of such compounds could be accom-
plished by preventing desolvation. Dihydrophenylalanine. when crystallized from
dilute 80 ethanol, yiclded prism-shaped anhydrate crystals which were found to be
stable to oxidation. However, crystallization of dihydrophenylalanine from a satu-
rated solution. in either 80, ethanol — water or in methanol -+ ethyl acetate, yiclded
ncedle-shaped hydrate crystals which were oxidized by air at 100 C giving 7004
phenylalanine in 10 min. Simtlarly, the pscudopolymorphic solvate of hydrocorti-
sone 21-1-butvl acetate was found to be more sensitive to oxidation by air than the
polymorphic solvate or non-solvate of the drug | 33]. The hydruted form of vitamin
R .{cyanocobalamineg) is chemically more stable to light and heat than the an-
hydrous form {36].

4.7. Tablerting

Hydrates form an integral part of many solid dosage forms, either in the form of
excipients. such as magnesium stearate. lactose. glucose, dextrose or calcium
diphosphate. or in the form of an active ingredient, such as cephalosporins,
ampicillin or theophylline [37] and the other drugs discussed in the present review,
York [38] has peinted out the importance of studying pseudopolymorphism in
pharmaceutical excipients.

Lerk ct al. [39] studied the binding capacities of x-D-glucose dehydrated at
temperatures from 60 to 135 C. Fig. ¥ shows that the crushing strength of tablets,
compressed from fully dehydrated x-D-glucose monohydrate, increases with the
increasing dehydration tiemperature. The authors suggest that the increased binding
capacity of the particles is due to the change in the texture of the particles upon
thermal dehydration.

Commercial magnesium stearate exhibits batch-to-batch differences in its physical
properties. Several of these differences, most notably differences in moisture con-
tent, have been shown to correlate with the ability of the compound to act as a
lubricant [40--44). Vartations in the physical properties of magnesium sicarate
batches duc to hydrate formation have been shown to affect the mechanical failure
propertics of powder beds [45] and tablet die wall friction [46]. Ertel and
Carstensen {40] examined the lubricant propertics of threc batches of commercial
magnesium stearate and threc hydrates of purc magnesium stearate and concluded
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|

that the lubricant properties of pure magnesiunL stearate are influenced by the
erystal structure of the compound, specificaily lhc crystal spacing which is depen-
dent on the hydration state.

Otsuka et al. [47] investigated Lhe effects of labletting pressure of hydration
kinctics of theophylline anhydrate tablets. The refuhis showed the hydration of the
theaphylline tablets decreased with increased mblémng pressure and that the tablets
cxpanded 1 -17% in volume during hydration lb the monohydrate.

According to an announcement made by the' Food and Drug Admimstration
[48]. the anticonvulsant drug curbamazepine éan lose up to one third of its
effectiveness when stored in humid conditions ’such as hathrooms). Lowes [49]
reported that a pseudopolvmorh of the drug. the dihvdrate form. was produced
when three anhvdrous carbamazepine tablet tormulanons were stored at ambient or
at clevated humidity conditions. The tormanon‘ot the dihvdrate was found 1o be
influenced by tablet composition and by manuf{icluring conditions.

]

4.8 Grouding |:

The physica) manipulation. such as grinding, ql a pharmaceutical compound may
exert a substantial influence on its solid-state pmpernes O1suka and Kaneniwa [S0]
studied the effects of grinding on the physmochcmncal properties of cephalexin and
showed that a noncrystalline (1.e. amorphous) I'onrm was abtained upon grinding the
drug for 4 h. Furthermore. the dehydration pomt and the decomposition point of
the ground cephalexin were depressed by about 25 C and 30 C. respectively. When
similar studics were carried out on cephalothin sodium [51]. the results showed that
the degree of crystalbimity of the drug decreased with increased grinding time. The
authors suggested thal the hygroscopicity and the chemical stability of cephalothin
sodium in the solid state are closely related m;lhe crystallinity.

Table 2 lists the hydrolysis ralc constants tor the solid-state decomposition of
d-methoxyphenyl aminoacetate hydrochloride lllndel’ various conditions of admix-
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Table 2

Degradation rate constants for the solid-state decomposition of 4-methoxyphenyl aminoacetale hy-

drochloride (MPAA) under various conditions of adminiure and storsge with x-lactnse monohydrate

Condition Rale constant/
{min~" x 104

MPAA: 39 C: 1084 RH 59

MPAA: 37 C: 804 RH 116
MPAA + x-Jactose monohydrate (gently mixed): 37°C: 80% RH 25.5
MPAA + a-lactose monohydrate (factuse ground for 10 min then gemtly mixed):

3T C: R0 RH 46.7

MPAA + x-lactose monohydrate (mixture ground for 10 min); 37-C: 80% RH 504

Partially reproduced from Ref. {52] with the permission of the copyright owner. Elsevier Publishers
B.V.. Amsterdam, Netherlands.

ture and storage with x-laclose monohydrate [52], The data show that the rate of
hydrolysis was substantially increased by gentle mixing of 4-methoxyphenyl
aminocacetate hydrochloride with x-lactose monohydrate. The degradation rate was
further increased when the lactose was ground for 10 min prior to gentle mixing,
suggesting that the degradation is promoted by the relcase of water from the
x-lactose monchydrate,

S. “*Decision tree” when working with pharmaceutical hydrates

The discussion in the preceding section emphasizes the importance of characteriz-
ingt the pharmaceutical hydrates so that the problems of phase transformation
affécting the physical andfor chemical stability, bioavailubility and processing
ddting product development can be avoided. Consequently, during the devclop-
ment of a cdosage form, it is essential to investigate whether the solid under
consideration forms a hydrate(s) and. if so. to determine the conditions of temper-
ature and water activity under which the different pscudopolymorphs of the drug
arc thermodynamically stable.

Fig. 9 shows a decision tree or a flow chart | 1] which provides a set of questions
which need to be asked during the process of product development in order 10 sct
appropriate analytical specifications and controls. Fig. 9 also lists the solid-state
analytical techmques that can be used to answer the questions presented. In order
to verify whether or not the substance is likely to exist as a solvate, it is crystallized
from solvents with varying polarity. As an alternative to varying the polarity of the
solvent the water activity of the solvent medium may be varied using mixtures of
waler with @ suitable orpanic solvent [3]. The ¢rystallized solid is analyzed by the
methods hsted in Fig. 9 1o revedl its composition and steichiometry. If the presence
of a hydrate 1s affirmative, then important physical propertics, such as the dissolu-
tion rate. solubility. and stability of the crystal forms are determined and compared
with those of the anhydrale or of another hydrale of the same compound. [f the
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the permission of the copynight owner. D Stepen R Harn, Pur1lue Loniversity, West Lafayetie, IN_LISA

physical properties of the hydrate and of the an}‘!x_vdrane or those of two or more
hydrates of the same substance are found to be;significantly different from cach
other. then the composition of the pure drug substance and thut of the finul product
has to be monitored to ensure the presence of a single crystat form.

]
6. Methods employed for the characterization of hyvdrares

]
- . |
6.1, Comron, well-estublished methods ‘

|
The established frequently-used techniques for' the characterization of hydrates.
include hot-stage microscopy [2.53]. X-ray powder diffractometry [16.34]. differen-
tial scanning calonimetry {54-57]. thermogravimetnic analysis [54-356.58]. Karl
Fischer titrimetry [58). infrared spectroscopy [I(J?.34]. single crystal X-ray analysis,
[34]. and solution calorimetry [59). Becuuse these methods have been extensively
reviewed, including the reference cited, they wijl not be discussed in this article.
However, some of the newer methods will be piesented.

;
6.2 Solid-stute nuclear magnetic resonance speclroscopy (solid-siaie NMR)

|

Sohd-state NMR can be used in phurmacculidlzul research for the characterization
of polvmorphs and pseudopolymorphs, cspcci:ull_v hvdrates. On account of the
incorporation of water molecule(s) into the crystal lattice. the molecular environ-
ment of the various nuclei, such as carbon. mayv be diffcrent in a hydrate than in the
corresponding anhydrate. This leads 1o a différent chemical shift interaction for
cach nucleus and. consequenily, 1o a diferent ijotropic chemical shift for the same
nucleus in the two different pseudopolymorphs' [60].

Byrn ot al. [61] reported the solid-state '-‘(}L NMR spectrum for the different
hydrates of cefazolin and compared it with the solution "*C NMR spectrum. Each
crystal form exhibited a characteristic NMR ipcmrum indicating that solid-statc

NMR spectroscopy can be used 1o determine qualitatively which hydrate 1s present.
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Similarly. Martinez et al. [62] applied solid-state '*C NMR in their investigation of
the solid-state chemistry of cefaclor dihydrate and found the results to be consistent
with the intermolecular interactions in the crystal structure,

Suryanarayanan and Wiedmann [63] used solid-state NMR for the quantitation
of the relative amounts of carbamazepince anhydrate and carbomazepine dihydrate
i a mixture. In this study. high-resolution NMR spectra were obtained by means
of c¢ross polarization. dipolar coupling and magic angle spinning techniques.
Although the NMR spectra tor the two crystal forms appeared to be the same, the
proton rclaxation time of the dihydrate was shorter than that of the anhydrate,
Consequently, a delay time of 10 s boiween pulses resulted in signals only from the
dihydrate (Fig. 10) in mixtures of the dihydraie and the anhydrate. This apparent
differcnce in the proton relaxation time was utilized for quantitative purposes alter
construction of a standard curve. By employing glycine as an internal standard and
by measuring the peak arca of the dihydrate, the amount of dihydrate in 2 mixiure
of the two crystal forms was determined.

Solid-state NMR spectroscopy may be termed a bulk technique, because the
signal is independent of particle size. Furthermore, the signal is directly propor-
tional to the number of nuclei once the acquisition parameters have been estab-
lished. Establishing the experimental conditions and correctly assigning the signals
in the spectrum, however, can be a time-consuming. although rewarding, process.

6.3, Raman spectroscopy

Low frequency lattice vibrations (10 10 150 cm~'). which correspond to librations
and to translations of the entire molecule, are easily aceessible only 1o Ramun
spectroscopy (64]. Because the different crystal forms, including hydrates. of a
compound yield different vibrational spectra. Ramun speciroscopy can be used to
characterize and to idemiify the solid phases of a substance.

Bellows et al. [64] characterized the two anhydrous polymorphs and the tri-
hydrate of ampicillin by laser Ruman spectroscopy. The results showed that each
crystal form of ampicillin exhibits a characteristic pattern that s ditferent from that
of the other crystal forms. Thus. Raman spectroscopy can be used as an identilica-
tion technique for hydrates,

Some of the advantages ol Raman spectroscopy [65] arc small sample size. short
experimental time and no special requirement for sample preparation. However. the
technigue is more suitable for concentrated species rather than for those present in
smull amounts. such as impurities. Furthermore, the measured relative inlensitics
do not provide quantitative information on the concentrations of the vanous
species. Therelore, Raman spectroscopy cannot be used as a substitute for other
conventional techniques in the characterization of hydrates,

6.4, Isothermal microcalorinerry

Most of the physical and chemical processes involve changes in the heat content,
i.c. enthalpy [66.67]. These enthalpy changes can be used as a measure of the ruates
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of reactions. In an isothermal heat-conduction microcalorimeter, the heat produced
by a sample is exchanged with the surroundings at a rate that is proportional to the
reaction rate. Thus, the monitored signal is the rate of exchange of heat and is
recorded as a function of time (0 yield 2 curve that 1s a conlinuous representation
of the reaction rate. The magnitude of the signal is proportional to the sample size
and to the overall enthalpy change of the reaction. The ntegrated curve yiclds the
total heat evolved or absorbed in the reaction and thus affords the extent of
reaction, A high-sensitivity isothermal calorimeler is capable of deiecting very small
heat flows { +50 nW) produced or absorbed by a sample system [68] and thus,
measures the thermal activity, i.e. the rate of heat production, with a sensitivity of
about 10* grecater than is possible with a conventional differential scanning
calorimeler [69].

Angberg et al.. in a series of publications [70-74], evaluated the use of heat-
conduction microcalorimetry in pharmaceutical stability studies. In one of the
publications [72]. the incorporation of hydrate water into anhydrous lactose was
investigated. The results showed that. with the help of microcalorimetry, it was
possible to detect the hydration process of anhydrous lactose after only 1 day of
storage at 58% RH. Furthermore, for a sample stored at %4% RH for 112 days. the
high-sensitivity microcalorimeter could detect the continuation of the lactose hydra-
tlion process which appeared to be complete by the conventional DSC technique.

Pikal and Dellerman [69] tested the stability of cephalosporins in the solid state
and in aqueous solution by high-sensitivity isothermal calorimetry. The results
showed that, for the crystalling solids und for the amorphous solids with low to
moderate moisture content. the heat of reaction is roughly independent of temper-
ature, water content, and polymorphic form. ARl the amorphous solids, and the
crystalline non-stoichiometric hydrate of ceftazidime. showed decreased stability at
high water contenl becausc water can be a reactant in the decomposition of
cephalosporins | 75).

Microcalorimetry is a sensitive and non-destructive technique in which no special
sample preparation is necessary. Moreover, the heat flow measurements can be
continuously monitored. However, due 10 parallct processes, the heal flow curves
for mixed and complex systerms may be difficult to interpret |67}

7. Conclusions

Hydrates form an integral part of many pharmaceutical dosage forms. In this
review the role of hydrates in the formulation and processing of pharmaceutical
dosage forms has been discussed. The reasons for the differences in the physical
properties of hydrates. the pharmaceutical implications of these differences and
some of the methods of characterization of hydraics are presented. Tt is evident that
hyvdraton or dehydration of a pharmaceutical solid during formutation develop-
mcnt or in a final dosage form mayv adversely affect the physical. chemical and/or
bialogical performance of a pharmaceutical product. Therefore. a thorough funda-
mental knowledge of the solid-state chemistry of a drug and that of the excipients

~-018
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included in a formulation is most important for the successful design of a dosage
form. !

f
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Ahstract

Many drugs exist in the crystalline solid swate due 1o reasons of stubility and case of handling during the various stages of
drug development. Crysralling solids can exist in the form of polvmarphs. solvates or hydrates. Phase wansitions such as
pelymurph iterconversion. desolvation of solvare. formation of hydrate und vonversion of crystalling ro umorphous form
may oceur during various pharmaceutical processes. which muy alter the dissolutivn rate and trunsport characterisiivs of the
drug. Hence it is desirable to choose the most suitable and stable form of the drug in the initial stages of drug developiment.
The current focus af research in the solid-siate area is 10 undersiand the origins of polymorphism at the molecular level. and
1o predict and prepare the most stable polymorph of a drug. The recent advances in computational 10ols allow the prediction
of possible polymorphs of the drug from its molecular structure. Sensitive analytical methods are being developed to
understand the nature of polymorphism and to characterize the various crystalline forms of 2 drag in its dosuge form, The
aim of this review is to emphasize the recent advances made in the area of prediction and characterization of pelymorphs and
solvates. o address the current challenges faced by pharmaceutical scientists and w anicipate future developments.
v 2001 Clsevier Science BV Al rights reserved.
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1. introduction

Masi organic and inorganic compounds of phar-
macentical relevance can extst in one or more
ervstattine forms. When applied o solids. the adjec-
tive, cvstafiine, amplies an ideal crvstal in which the
structural units, termed  wnit cells. are repeated
regularty and indefinitely in three dimensions
space. The unit eelt has o detinite orientasion and
shape defined by the wanslational vectors. w. A, and
o, and hence has a definite volume. 1 thai contains
the atoms and molecules necessany for gencruiing the
crystal. Each cryvstal can be classitied as a member of
one of seven possible ervstal svstems or crystal
classes that are defined by the relationships between
the individual dimensions. w. A, and ¢ of the unit vell
and between the individual angles. w. 3. and ¥ of the
unit cell [1.2). The structure ot a given cryvstal may
be assigned o one of the seven ervsial svstems, w
wne of the 14 Bravans lattices. and 1o one of the 230
space groups [1]. All the 230 possible space groups,
ther symmetries. and the svnumetnies of their digtrac.
ton patterns are compiled in the nternational Tables
for Crysallography 3]

The common erystalline forms found for a given
drug substance are polymnorphs and solvates. Crys-
talline polymorphs have the same chemical com-
position but different internal erystal strucrures and.
therefore. possess differemt physico—chemical prop-
crties, The different erystal stuctures in polvinorphs
arise when the drug substance crvstallizes in differ-
cot envsab packmg armngements and or different
canformations. The occwrrence of polvmaorphisn s
quite conumon ameny organic melecules, ad a jurge
number of polymarphic drug compounds have been
noted amd catologued |47

Solvaws. also known as pseudepolvimorphs. are
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ervstalline solid adduets containing solvens mole-
cules within the crystal structure, in either swichio-
metrit or nonstoichiometric proportions. giving rise
io mfiqur.‘ differences i the physical and pharmma-
ceuti%al properties of the drug. If the mcorporated
solvent s water. a solvate is termed a hvdrate.
Addyors frequently crvstallize more eusily because
two molecules often can puck together with less
dir‘ﬁcfull)' than single molecules. While no definite
explinations can be given. possible reasons include
adduet  svimunenry.  adduct-induced  conformation
c]un?ges. and the ability wo form hydrogen bonds
:hrm_’ngh the solvent molecules |2.8.9]. Desolvated
solviites are produced when a solvate is desolvated
;md.ihe crystal retains the struciure of the solvawe
{1 Desalvated solvates are less ordered than their
CI'}'T:![“HC counterparts and are ditficult o character-
ize. because anaiytienl studies indicate that they are
unsphoated materials tor anhydrous ¢rvsial torms)
whdn. i fact, they have the structure of the selvated
m;jml form tfrom which they were derived |11].
ecause different ervsialline polvmorphs and sol-
\-;u;s differ in crystal packing. and‘or molecular
corfformation as well as in latice energy and en-
Irofny. there wre usually significant differences in
1he;“|r physical properties. such as density, hardness,
tabletability. refractive index, melting point, enthalpy
of:fusimL vapor pressure. solubility. dissolution rate.
other thermodynamic and kinertic properties and even
color [12]. Differences in physical propertics of
vapious solid forms have an imponant effect on the
prtcﬁ'sing of drug substances into dmg products
115 whiie differences in solubtlity may have imph-
cations on the absorption of the active diug from its
ah‘snge form [14]. by affecting the dissolution rate
arfd possibly the mass ransport of the molecules.
T’lcse concerns have led to an increased regulatory




F-~-p1g5

SR Uippngeenta er wl Adhaneed B Doelnery Renvien o 8 (200 3-20 N

interest in understanding the sohd-state properties
and behavior of drug substances. For approval of a
new drug. the drug substance guideline of the US
Food and Drug Administration (FDA) states that
“appropriate” analytical procedures need to be used
to detect pelymorphs, hydrates and ameorphous forms
of the drug substance and also stresses the unpor-
tance of controlling the crystal forin of the drug
substance during the various stages of product
development [11]. It is very important to control the
crystal form of the drug during the various stages of
drug development, because any phase change due to
polvmerph interconversions, desolvation of solvates,
formation of hydrates and change in the degree of
crystallinity can alter the bioavailability of the drug.
When going through a phase transition. a solid drug
may undergo a change in its thermodynamic prop-
ertics. with consequent changes in its dissolution and
transpor characteristics [13].

Vartous  pharmaceutical  processes  during  dnig
development significantly influence the final crys-
alline form of the drug in the dosage form. The
various effects of pharmaceutical processing on Jdrug
polvmerphs, solvates and phase transitions have been
describad in detail by Britain and Fiese [16] and will
be discussed in later chaprers. Briefly. processes such
as lyophilization and spray drving may lead to the
formation of the amorphous form of drug. which
tends to be less stable and maore hvgroscopic than the
crvstalline product. Also. processing stresses. such as
drying. grinding. milling, wet granulation. oven
drving and compaction. are reported io accelerate the
phase tansitions in pharmaceutical solids. The de-
gree of polymorphic conversion will depend on the
relative stability of the phases in question. and on the
type and degree of mechanical processing applied,
Keeping these factors in mind, it is desirable and
usual to choose the most stable polymorphic fonn of
the drug in the beginning and to control the crystal
form and the distributions in size and shape of the
drug crystals during the entire process of develop-
ment. The presence of a mewasable form during
processing or in the final dosage form often leads 10
instability of drug release as a result of phase
transformation [17].

CUryvstallization plays a eritical role in conualling
the crystalline form and the distribution i size and
shape of the drug, The sigmiticance of crvsullizaion

mechamisms and kinetics in directing erystallization
pathways of pharmaceutical solids and the faciors
affecting the formaiion of crystals have been re-
viewed in detail by various researchers [12.18.19}. A
crystalline phase 1s created as a consequence of
molecular aggregation processes in solution that lead
1o the formation of nuclei, which achieve a cerain
size during the nucleation phase to enable growth
into macroscopic crysials 1o take place during the
growth phase. The factors affecting the raie and
mechanisms by which crystals are formed are:
solubility, supersawration. rate at which supersatra-
tion and desupersaturation occur. diffusivity, tem-
perature, and the reactivity of surfaces towards
nucleation. The various forces responsible for hold-
ing the organic crystalline solids together. such as
nonbonded interactions and hydrogen bonding. have
been discussed in detail by Bym er al. [2] and Etter
[20].

Various analvtical methods are being currently
used 1o characterize the erystailine form of the dmg
during the various sieps of processing and develop-
meni. These methods have been reviewed recently in
detail by many authors {7.10.21-23f The single
most valuable piece of itormaiion about the crvs-
talline solid. including the existence of polvimorphs
and selhvates. 1s the molecular and crystatline strue-
wre, which is determined by single-crystal X-ray
diffractometry  [2]. Powder X-ray  diffractometry
provides a “fingerprint’™ of the solid phase and may
sometimes be used 10 determine crystal stuucture,
Onee the existence of polvmorphism (or solvate
tormation) is definitely established by single-crvsial
and powder X-rav ditfruciometry, spectral methods,
such as Fourier transform intrared absorption (FTIR)
spectroscapy.  Fourter transform Raman scatiering
{FT Raman} spectroscopy. solid-siate nuclear mag-
netic resonance (SSNMR) specrroscopy. uliraviolet
and visible (UV-Vis) and/or fluorescence speciros-
copy |23) may be employed for further characteriza-
tion. Of special significance are thermal methods.
such as differential scanning calorimetry (DSC),
thermopravimetric analvsis (TGA) and optical micro-
scopy using a hot stage [24). These methods are
almost atwavs emploved for further characterization.
Modolated  (temperature)  differential - scanning
calorimetry (MDSC) in combination with DSC and
optical microscopy are ahle 10 idemify the glass
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ransition of amorphous forms with much greater
clarity and allow unique insights into the glass
ransitional and polymorphic behavior of drug sub-
stances [26).

Because solid-state NMR  speciroscopy can be
used to study crvsialline solids. as well as pharma-
ceutical dosage forms, this powerful method s
tinding increasing appheation in deducing the nat
of polvinorphic variations |27]. such as variations i
hydrogen bonding netweork and molecular contorma-
tions among polymorphs [28.29] and for the de-
termination of molecular contormations and maobility
of drogs in mixtures and dosage forms [2]. Solid-
state C-NMR in conjunction with the techniques.
known as high power proton decoupling. cross
polarization (CP). and magic-angle spinning (MAS)
offers information not obtained readily by other
techniques. Recently. wwo-dimensional  C-solid-
state NMR spectroscopy has been used to study the
three conformational polymerphs of 3-methyvl-2-{( 2-
nitrophenvljanine]-i-thiophenecarbonitrile [30]. Lise

of wwo-dimensional NMR and total suppression of

spining side bands {TOSS) pulse sequences allowed
the separation of isowropic and anisotropic chemical
shifts for the ihree forms. This 1s a very powerful
method tor analvzing differences in the chenucal
environment and is finding increased application in
the study of conformational pelvmorphism.

With advances in analviical methods. the cwrent
tocus of research in the sohd-state area 1s o under-
stand palymorphism and pseudopolvmorphizm ot the
molecular level, Knowledge of the crvsmal packing
arrangements and the various intermolecular forces
mvelved in the different packing arrangements will
help in the prediction and preparation of the muost
stable polvmoerphs of a given compound well in
advance. 1o avoid surprises during product develop-

ment. A current emphasis s on the development of

softwiare 1w predict crvstal structures of polvmorphs
fromt molecular structures. A thorough understanding
of the phyvsicochemical properties of polymaorphs und
solvates (hvdrates) is of primary importance 1o the
selection of a suitable crystalline form and develop-
ment of a successful pharmaceutcat product. Bray et
al. [31] have shown that. by thorough characteriza-
tion of four different erystalline forms of L-738,167.
a fibrinogen receptor antagonist by various analyiical

Avhmeced Druy Da‘hwnz Roeveew s A5 (2001 3-26

le.c]mig]ues, it was possible to determine the suitabili-
v of one or two forms for the development of
pharmbceutical oral dosage forms.

The, present review aims to emphasize the recent
advanges made in the area of prediction and charac-
1cnzu;mn of puolymorphs and solvates. auempts to
addreds the current challenges and problems faced by
pharajaceutical scientists and intends to anticipate
finurg) development, This review does not attempt 1o
1\1'0\'5«£c solutions 10 the problems but attempts to
review comprehensively the advances made in recen:
}fears?.m help address these problems.

i
2. Reécent advances in the identification,
predfctiml and characterization of pelymorphs

2.0 lT\'/m\ of palvmorphism

B‘L.ul on differences m the thermodynamic prop-
crtich. polvmomls are clasaitied as either cnantio-
tropés or monotropes. depending upon whether one
forn] can transform reversibly to anoter or nat. ty
an dnantiotropic system. a reversible transition be-
twedn potvmorphs is possible ot a definite transition
wmperatre below the melung pomnt. In a mono-
troplc system. no reversible transition is observed
berween the polymorphs below the melting pomt.
Foup usetul mules have been developed by Burger and
Ramburger 3233} 10 determine qualitatvely the
cnafiotropic or monntropic natwre of the relation-
ship between polymorphs. These miles ave the heat of
5I'(llihi[i{\l1 rule. heat ot fusion rule. infrared rule and
dun}.ir\' rule

IT. by use of the above rules. it is established that
the, pnlxmm phs of a panicular drug are cnantiowopic
or Luonmmpu then the next goat is to define the
1I1clmod\ namicaliy stable (or metastable) domain ot
each crvstalline phase of a substanee as a function of
ILIL:[lptldiLllc. The ploi of the Gibbs free energy
difference. AG. against the absolute lemperatare. T,
giJes the most complete and quantirative information
on'the stability relationship of polymorphs [22]. with
1]14 mosi stable polymorph having the lowest Gibbs
ﬂec energy. The AG between the polymorphs may
b\'_ obtained wsing several techniques operating :

F
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different temperatures, such as solubility [34] and
intrinsic dissolution rate. Yu 357 has derived thermo-
dvnamic equations to calculaie AG between wo
polymorphs and its temperature slope from  the
melting data. This method 1s essentially an extension
of the heat of fusion rule, which is based on
statistical mechanics, Exwrapolating A€ 1o zero gives
an estimate of the transition temperature. from which
the existence of monotropy or enantiotropy is in-
ferred. The integration of different types of data
provides the AG vs. T curve over a wide temperature
range and allows the consistency between techniques
10 be checked {22]. Another approach to establish the
arder of stability among various polymorphs has
been studied using pressure versus temperature plots,
e.g.. for sulfanilamide and piracetam [36]. This
approach is based upon Ostwald's principle of least
vapor pressure, according to which the swable poly-
morph exhibits the lowest vapor pressure. The
accuracy of this approach to establish the stability
hierarchy among the polymorphs has been shown o
be very much dependent on the accuracy of the
experimental data.

t recent vears. the main focus of research has
heen the characterizatzon of polvimorphs arising from
structural differences 113 the crvstal lanice. It has
heen established for some thne thar organic maole-
cules are capable of forming different crvatal latices
through two differemt mechanisms. One of the mech-
anisms s termed packing polvmorphism, and repre-
sents instances where conformationally relatively
rigid molecules can be assembied into different
three-dimensional swuctures through the invocation
of different intermolecular mechanisms. The other
mechanism is termed conformational polvmorphism
and anses when a nonconformartionally rigid mole-
cule can be folded into different arrangements, which
subsequently can be packed into alternative crvstal
structures. The distinetion between packing poly-
morplisieand - canformarional  polvmorphisne is
somewhat artificial because different packing ar-
rangements impose different conformations on the
malecules. however slight, and different conforma-
nons will inevitably pack differently. The strucrural
aspects associated with polvmorphs have been re-
viewed recently [2]. as have the analogous features
of sohvaie and hvdrate systems |91 In the next

section. the results of some more recent investiga-
ttons are discussed.

2.2. Packing polvmarphism

An nvestigaton into the struciures and charge
densities of mwo polymorphs of p-nitrophenol has
been performed with the aim of deducing the differ-
ent modes of inter-molecular hydrogen bonding that
lead to the formauon of the two structures shown in
Fig. a and b [37]. A detailed analysis of the charge
density of the two forms indicates charge migration
from the benzene ring region 10 the nitro and
hydroxyl groups that accompanies the transformation
of one form into the other. In addition. polarization
of the oxvgen lone-pair electrons was found w be
substantially larger in the crysial forms than iy the
free molecule. resulting in considerably larger dipole
moments in the solid state.

During the study of a new crystal form (form 1) of

Fig. 1. Molecutar packing dingrams of the () (b poivmorph of
pnirophene!l, (b o polymorph of p-nitrophenol. showing 50%
probabelity  displacement ellipsoids ([37]. reproduced with ihe
pemsssion of the American Chemical Sociev).



F=--p189

|

S SR DNippaguentg et ul. ddh anesd Denge Dednen lR.'\ ftos A8 (20 X226

chlordiazepoxide. it was found that the heat of
transition between the two forms (forms 1 and 11) is
rather modest. and kinetic factors penmit the exist-
ence of the metastable phase [38]. Both structures
contain four crvstatlographically independemt mole-
cules linked iy dimers through hydrogen bonding.
but the dimers are packed differently to yield the two
crvstal forms. Because the dimers in the fundamental
units are spaced ditferently in the two forms. it was
proposed that the solid-state enantiotropic trans-
formation entoiled rearrangement of the dimer units

A different approach has been taken during an
evaluation of the different structures formed by
sulfathiazole [39]. Using a graph set approach (o
classify the known structural differences and simi-
larities among the various forms. it became possible
to identify packing motifs common to three of the
four ervstal structures. Fig. 2 shows the unit cells of
the polymerphs L 1L I and IV, where malecales are
paired as hvdrogen-bonded dimers. At the end of the
process. the authors were able to deduce possibic
Links between the observed patierns of hvdrogen
bondy. processes of nucleation. and the ervsial
growth observed from a number of solvent systems.
Interestingly. the analysis did not indicate a relasion-
ship between the appearance of a particular polv-
morph from solution and the growth of its fastest

[
o) Form 1N

N

(@ Form 1

'

{h) Form 11

Fye. 2. Unit cells af four polvmorphs ¢, 1L M ad 1V i
sulfathiazole showiwng hydiogen boads, with the diumer simienne
clearly discernible ([39]. reproduced with the permission of she
Roval Soviety ot Chenvistry).

!
growinlg surface. Rather, it appeared as if the differ-
ent solvents affected the process of polymorph
format{on through their effects on nucleation of the
\*ariou? forms.

2.8 L}mtummmmui prlvircrphism

|
| .

Thet conformauenal polymorphism ot the two
forms rof piraxicam pivatate has been studied m
detail E-‘m]. This compound is distinctive m that the
high-melting form (polymorph 1) comtains an un-
nmiciﬂmed array of associated molecules bound as
centrosymmetric dimers through hydrogen bonding.
with tEc amido nitrogen atom acting as the donor and
the pyridine nitrogen as the acceptor {Scheme 1.
Sl]l]Ct£1r€ ). The low-mehing form {polymorph 2)
contains molecules of two distinet conformational
states: coexisting in the same crvstal (Fig. 3). bt
linked through different hydrogen bonding arrange-
menty. This lauer finding represents another unusual
aspech of the crvstaliography of the substance

ThJF inclusion of diftfereni solveni molecules m a
crvstil lattice con lead to the existence of different
|mcki:31g patterns, und has alse been found o m-
fluente the molecwlar conformation of paroxetine
hvdréchloride in two solvate forms [41]. One form

o Lo
i N
-1 CH»
‘ N NO; H c
? NH N N
r
o o 5
cQ [V

[ CiCla

i COCH,
H -N

N{CH;CH;CO.CHz);

‘ichgk.mc 1 Mofeenlar structuee of piroxicam pivalate o]y (40,
Sodthind- 2 2-outrepheny bhamino §- Sihwophenecarbongnle tih
P30 2-acetamda-2[ Vv b 2ometn dearboay ety Daninn]-4-

nitvsfazebenzene ) fI8].
\

!
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Fig. 3 Conformations of the two independent molecules of
mroxicam pivalaie (1) in polymoerph 2. Thermal cllipsoids are
drawn wt the 46% probability level. and H ztoms are shown as
spheres ol arbitrary sive {[40], reproduced with the permission of
the Anierican Pharmaceutical Association),

was obtuned 2s 2 hemihydrate, and the other as the
salvaie of isopropanol (2-propanoel). by the unit cell
of the hemihydrate. one finds two protenated parox-
ctine and two chloride ions wgether with one waiey
molecule, Interesunglyv. the two paroxctine molecules
are cenformatienally ponequivalent. und exhibit a
number of different bond angles aad 10rsion angles.
In the other form. the unit cell containg one prolon-
ated paroxetine molecule, one chloride ion. and one
isopropanol molecule disordered along 4 molecular
channel. Furthermore, the conformation of the parox-
etine molecule in the isopropano! solvate is differem
tram euher malecular conformation observed in the

hemihydrate phase. Crystals of the sopropanol sol-
vate decomposes 1 1he open air at room tenpera-
ture. because the isopropanol melecuies are released
easily through the chamnel. The hemihydrate is
refatively stable.

In an mmpressive fundamental study. the poly-
morphism of 3-methyl-2-[2-(niwrophenyljamino]-3-
thiophenecarbonitrile (Scheme 1. structure ) has
been catalogued [42.43] and discussed in detail [2).
This compound was crystailized as six solvent-free
polymorphs, each of which differed in the mode of
packing and in motecular conformation. The differ-
ent conformers vielded sufficient perturbations on the
respective molecular orbital so that a varlery of
crysial colors (red. orange. and vellow) were ob-
served. To obtain a more detailed evaluation of 1he
refative stability. the authors considered a partition-
g of polymorphic energy differences into latice
and confermational contributions. and were able to
deduce general trends that appeared valid in the
absence of hydrogen bonding. The act of crysialliza-
tion was found 1o featwre an interplay of opposing
forces. with perpendicular molecular conformations
being favored in fluid solutions. while a preference
for planarrhigh dipele conformers exisied in most
crysial forms, as shown ia Fig. 4 {42]. The unusual
polvmorphism displayed by this svstem may result
from one or more of the following factors: the
preference for perpendicular conformations in solu-
tions. the preference for planar/high dipole confor-
mers in crystals, the formaton of inter- and in-
tramolecular hydrogen bonds, and the thermody-
namic tendency towards low energy and high en-
ropy.

24 Phase transtormotions in the solid siute

Studies of phase transfonmatons in the solid swate
are Huportanl. because the sudden appearance or
a ervstalline form can threaten
process development. and can lead w serious phar-

drsuppearance of

maceuten] cemsequences i the ranstarmation occurs
in the dosage forms. Henee, an understanding of the
kineties and mechanism of phase wansformations is
of practical importance. The rearrangement of mole-
cules into a new structure durng phase transforma-
Hon may or mav not wvolve a solvent or vapor

phiase  To explain the mechanism of solid-solid
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physical transition, four steps have been proposed:
(0} molecular loosening in the initial phase, (b)
tormation of an intermediate solid solution: (c)
sucleation of the new solid phase and {d} growth of
the new phase |2]. In an  interesting  study,
Skwierczynski [44) has proposed o two-environment
madel to describe the decomposition reaction Kinet-
wes of o ervatalline solid. aspartame. The decompas-
Hon reacton of aspartame s a simple unmoelecuatar
thermally-indueed and  the
proceeds under anhwvdrons conditions. Le.

annelysis reacton
wWaler s
not a reactant |45 This model links the chemistry of
the solid-state reaction with the molecular mobility
of the reactant as 1the reaction proceeds. The advan-
tage of this model is that 11 can be used to determune
the shelf life of a product from kinetic data gathered
at elevated temperatures. Apart from  solid-solud
physteal transforations, solutivn-medimed physical
wansformatious among polvmorphs are also known
10 occur m processes, such as wet gronulation and
during dissolution testing.

While the mujority of studies have probed the
equilibrivm properties of pulyimorphic and solid-suue
solvated svstems. relatively few have been concerned
with the dynamics of phase wansformation, Byra et
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al. [2]' have reviewed bricfly the aspect of poly-
morphic interconversions and the factors affecting
the transformations. In one study. the contribution of
hydrogen bonding to the o — P phase change of
resorci;nol has been detailed {46]. The o form is
more stable than the 3 form at room emperature, but
is less dense than the 8 form. The transition of
a—P, at an estimated transition temperature of

=1 K is accompanied by an increase in crysal
density. with the structure shifting from an open
areay {11: maolecules (lnked through hydrogen bond-
ing}) m a denser structure resembling molecular
cnu.nlq Through the use of a simple potential
model, it was concluded that. during the phase
l]'\thtqgillldllt‘ul the enerey of the hvdrogen bonds
decredses along with the exient of such bonding. The

energy hiberated by this process is almost offsel by
the cobtaneed Van der Waals energies assuciated with

the m|:rc:1>c m cnvstal densay. and consequently the
ransition enmhalpy s rather small
the shifis in hvdrogen bonding is a number of
effect|ve proten transfers. attering the covalent and
ionic portions of the crysial. It was also learned that
the increase in entropy produced from the redistribu-
tion of protons was of the same order of magnitude
as the entropy of the phase transition.

A pumber of spectroscopic techniques have been
used o study the processes associated with a poly-
morphic  wansision  of  2-(2.4-dinitrobenzyt)-3-
mcthj;-'l|1_\-1‘idinc [47]. The two micrconverting struc-
tures voenisied over a temperature range of at least
8.9 (" The phase change associaied with a
moledular tantomerizaten that translated through the

collednive changes of

Accompunying

Wis

‘ A luree number of molecules,
viclding dumaess having definite short-range order
The klowly evolving spectroscopy thar ook place
abové the wansition lemperature was interpreted as
the anneahing of domains ino a long-range ordered

‘n. The process of phase transformanon ap-
peardd o consist of an initial fast rediswribution of
the n%\.nle ratio of the coexisting phases. tollowed by
a mibch slower mvolving a macroscopic
relaxhtion of Although local thermo-
d}'nu'nic cquiltbrium was thought w exist -
dividual domains. the magmnde noted tor the em-
perature range of 1he phase transinon was proposed
W arise from nonequitibrivm conditions existing
among the various types of domain.

|

svste

process

the svstem.
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A combination of solid-statc "N-NMR spectros-
copy and X-ray crystallography was uvsed to study
palvmorphic ransitions i an azobenzene dyestuff.
2acetamido-4’-[NV.N-bist 2-methylcar-
bonylethyl)amino)-4-nitroazobenzene (Scheme 1.
structure 111} [48]. This work established that the
structure of one polymorph was disordered. and that
the process of phase transformation entailed a crank-
shaft-type motion of the azo linkage. The ORTEP
plots of the wwo molecular conformations for the
X-ray structure determinauon of structure 111 at 293
K are shown in Fig. 3. Selective polarization inver-
sion and band shape-firting experiments were used 10
deduce the thermodyviamic parameters of the ex-
change process.

Raman spectroscopy was used to study the effect
of pressure on the phase (ransitions in hexa-
methylbenzene and hexatmethyl-d, )benzene [49].
The form Il — form Il transitton of the panially
deurerated substance was found to take place at a
lower pressure relanve 1o that of the analogous
hexamethylbenzene compound. which was atributed

to differences in the energies of the intramolecular

methyl torsional vibraton in the two crystal forms.
In another study performed by the same group. the
effects of both temperature and pressure on the phase
rransitions of tetrafluoro- .4-benzogquinone were con-
sidered [30f In this system. the changes in en-

Fig. 5. ORTEF plots of the two molecular conformations (| and
20 Torthe Nery sirgeture determination of 2" -acetamido-4"-[ VA
hisg Zemcthosy carbonvlethyhammnod-3-nittoazobenzene (Scheme 1
Struciure) ac 293 Ko Thermal etlipsaids are shown w300, f
clann, with conformer 2 being represented by the solud lines mnd
Contormer Loy the doned Tines (48], reproduced wah the
peniniesion of the Amenican € heuneal Sovivis)

vironmental conditions were found to influence a
number of intermolecular and intramolecular vibra-
tional modes, vielding conformational changes that
in murn produced the observed phase transitions.

2.5 Prediction of polvmorphs

The main challenge in managing the phenomenon
of multiple solid forms of a drug is the inability 10
predict the number of forms that can be expected in a
given case. This prediction would involve quantifica-
tion of the myriad intermolecular forces within any
proposed crysial structwre as well as the ability 10
postulate the likely packing modes for a given
melecule m all its configurations | 10]. Accurate
theoretical prediction of polymorphs from swudies of
molecular dynamics and crystal structure generation
would be of outstanding importance in drug research
[36].

More research is now being directed towards
developing computational tools to understand the
nature of polymorphism and to predict polvmorphic
forms at an early stage in the drug development
process. The recent developments in computational
chemistry allow the prediction of possible poly-
marphic forms based only on the molecular structure
of the drug. The Polvmorph Predictor. frem Molecu-
lar Simulations. 1s currently the only commercial
software package that can predict the possible poly-
morphs of an organic compound from its molecular
structure [51]. The package developed by Karfunkel
and co-workers |32~34f uses a Monie Carlo simu-
lated annealing approach to generate thousands of
possible crystal packing aliernauves for a given
molecule. Each of the unique crvstal structures is
then subjected o a lattice encrgy minimization o
obiain the relatve stability ranking of the various
packing possibilities and the resulting lowest-energy
structures are the poteniial polymorphs. This method
has been successfully emploved w generaie known
polymorphs of primidone {Fig. 6A and B) and
progesierone. stariing from the molecular structures
alone [55]. It has also been used w predict poly-
morphs for a range of small molecules and w predict
unknown  polymorphic  suuctures of 4-amidinoin-
danone guanvihvdrozone. o selective inhibitor of S-
adenesvimethionie decarboxvlase [36) and of as-
pirin {37).
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2.6, Directing the civsiallization of specific
polandrphs

Comiplementing the different computational meth-
ods fo} predicting the stable polvimorphs of a given
compound. various experimental methods are also
being employed extensively to control the type of
polymprph formed during the crystallization process.
Many studies have reported the role of additives in
controfling the outcome of the crystallization pro-

12 SR Vippagunia ot ol ddvaneed Drg Dolivery Review s 45 (2001 3226
o
Py t :
B o S
g\%( QB R
A IS S
. H IE" YL’EJEHEJ 3w
5% 5505 90 0 B0l U
52580 20 % el RO
¢ % oy Ve A gy Y
oLt ORI < .0
47 L
BB B gt

Fig. 6, Comparison of the ervaal sirseture of primidone A (A)
sy the mose Bkely packug arrangement, Trame 7 1435 [35).
reproduced with the pemt sson ol Elsevier Soenee

The theoreticul predictions of lattice  energies.
entropies.  morphalogies  and  polvinorphs should
stunulare experimental acuviues and vice versa. The
current crystal-inodeling efforts have the potential of
producing more quantitative tools for bridging struc-
wres and properties, which could help in creating
solid forms with desired properties [22]. There are
many limitations i using computational methods for
precicting polvmorphs theoretically. The first limit-
non is that the ab initio screening is useful onlv for
nonionic ngd moelecules. For more complex svs-
wemas. the method &5 very useful tor generating
plwsible ervstal souctures. bur 11 s not accurate
enough to determine which of these possible strue-
tures can actually be cryswallized [58]. In addition.
the limitations in computer power can restrict the use
of this method for predicting polymorphs of complex
molecules. An issue of concem is that the existing
methods only predict the lattice energies. which
relate 10 internal encrgies or enthalpies of the
crvstals, Howewver. the  relative  thermodynamie
stability of polvmorphs s determined by the Gihbs
free energy. whneh s a lingar function of both
enthatpy and entropy. Predictons of the relative
stability: of polvimorphs will be more accurite when
the entropies. as well as [attice energies. are consid-
cred. Application of molecular dynamics may enable
the entropies w be caleulated. Henee. no general
method s currenils available tor the prediction or
interpretation of the properties of complicated poly-
motphic or pseudopolymorphic syvstems.

cess. Some of the preselected additives are capable
of inhibiting the nucleation and/or growth of the
L1:1W'3nf1€d polviiorphs. For the first time. the role of
reac:iqn by-products in controlling polymorph ap-
pearaee of a drag hos been reported [39). This drug
15 sulfathiazole that is knewn 1o exist as polvmorphs.
r'nrm.\'\[l. (L1 and IV that differ in the hvdrogen-
bond derwork. Form | was found 10 be different from
the uﬂxer three forms as a result of a differem
hvdrogen bonding at the aniline moiery of the
molecple. From studies of the hvdrogen-bonding
patiern. it was predicted that the ethamido derivative
of sulfuthiazale could selectively control the forma-
tion ('ﬁf form | over other forms by entering the
growipg face of form 1 withomr disrupting the
structyire (Frg. 7). Because a similar effect was not
|ﬁn.~'.~'il?l¢ with the wiher forms. incorporation of the
::llzmq]du derivative w the other forms should infiibi
their growali 4 Fig. “bi Experimentally. it was shown
that the ethamido by-product stabilized form | over
the other polymuorphs. This study clearly shows that
the dombination of crystal morphology and the
hydrdgen-bond network analysis of the differen:
polylﬁorphs offer & new and powerful approach 10
undellsmnding and controlling polymorph appearance
and S&abilil.\.’ in the presence of additives.

A Similar approach was also applied 10 siabilize a
metagtable o conformavonal  pelymorph  of -
glutiaiic acid using addinves |60). Methods such as
DREIDING and TRIPOS foree fields were used 1o
selee appropriste addiny es which could minmig the o
and B confurmauens. Four additives were chosen for
s study of which wo were present exclusively in
the B contormation and thearctically should selec-
tvely mhibit the crvsiallizavon of the B phase and
thus sbilize the metstable o phase. Experimental-
Iy, itiwas proven that the additives. by virtue of their
conformation, were able o selectively inhibit the

1
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Fig, 7. Possible binding misiaction of ¢thamidosuliimide i the Livest growing faces of G dorm T and ¢by form IV ot sullithiazole (59),

reproduved with the penmission of Flsevier Scwenee)

appearance of the stable B polymorph of L-glutamic

acid by interfering with either the nucleation rates or

the growth rates and thus siabilize the metastable
form. These studies demonstrate chearly that the
molecular  packing wnd  intermolecular  bhydragen
bonds are the main features, which make possible the
confermatienal discrimination. The use of conforma-
nonal mimicry 10 stabilize the metastable structures
of conformational polymorphs now offers a powcerful
oot for the prediction and development of robust
processes for the control of polymorphic systems.

27 Characeerization of polymorphs using a
cemmbination of wnclviival reehnigques

The conunen techiniques often fail to differentiate
definttively between two structurally similar poly-
moarphs. Hence wmore advanced technigues or a
combination of 1echniques need to be used o avoid
errors of interpretation and in the identification of
polvmorphs [24]. Combinations of techniques are
being emploved currently for the characterization of
crystalline pharmaceutical solids. For example. con-
ventional  single-crvsial X-rav  diffractometry  and
pelarized microscopy were of no use in distinguish-
g the two forms ! oand 1l of roxifiban, a very
promusing cardioviscular drug. because of the rela-
tively small crvstallite sizes of the polvmorphs.
Henee. transmission electron microscopy { TEM ) and

ssnchrogon Nerav diffraction techniques were em-
ploved o charactenize the unit cells of the two torms.
By coupling the highly resolved synchrotran powder
XN-ray ditfracuon data shown in Fig. S. with in-
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Cuka ridittion o g region where there are suny everlappy
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formauon obtained from TEM diffraction patterns,
the unit cell parameters of the two forms of roxifiban
were determined [61]. Similarly, the three modi-
fications. 1. 1l and NI of the nonsteroidal antiinflam-
matory drug. tiaprofenic acid. could not be dis-
tinguished by the two traditional spectroscopic meth-
ads. FTIR and FT-Raman spectrescopy. The nodi-
fications can only be distinguished by a combination
of thenmoanalytical and powder X-rav diffractomet-
ric methods 162}

Another example. 10 which a combination of
techmiques has been successfully applied 1o 1denufy
the various conformational polymorphs of a drug. i
the characterization of the solid forms of neowme
{29]. Ncotame, N3 X-dimethvlbuty]}-1-aspartyl-1.-
phenvilalanine methyl ester. a new  high-potency
sweetener exists i the following phase-pure crys-
twlline forms: monohvydrate. the most stabie crvs-
wlline form of neotame under ambieni conditions, a
methanol — water solvate {63). a methanol solvate
|64}, an amorphous anhydrate {29] and a crystalline
anhvdrate {(form A, [65]). The authors conducted a
systematic study of the conversion of the monohy-
drate under vacuum to a mixture of anhydrate forms
followed by the reconversion of the anhvdrate 1o the
monohvdrate upon exposure 0 moisture under am-
brent conditions. No significant chunges were ol
served o the powder Neray diftraction . panerns
during part o the recomversion process. suggesting
thut no change m lattice structwre had  oecurred.
However, the solid-state “C-CP-MAS NMR specua,
indicared the presence of several forms of neotame
during the reconversion (Fig. 9). This discrepancy in
the results between the two wechniques was atributed
to the conformational change of neotume molecules
during reconversion. without significani change in
unit cell parameters. This example indicates that bath
solid-stae C-CP-MAS  NMR speciroscopy
powder N-ray diffractometry are peeded to analyze
mixtures of solid torms of conformationatly flexible
melecules. such as neotame.

A combination of solid-state "C-NMR spectros-
copy and single erystal X-ray diffractomerry also has
been used to cxamine the solid-state tautomerism of
acetohexamide [66,67). Polymorphism of the ant-
diabetic drug aceichexamide has been investigated
bv numerous techniques. On the basis of FTIR dat.
form A of acetohexamide has been proposed to exist
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e s chean e e CP-MAS XMR spectra of nestame
unh,\drjuc. Wi osample generatad by placiyy the ongasal numohy -

drate ander vacnwm o 1 Tormg dor 3 odass: (b= sample aller

being kesled i 2 war far 2040 6 oand 8 odavss respecuselvy i
sampld afier pemg esposed s relans e huandite s ironment o
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n tl{e enol-tantomene stwe, whereas form B has
been: proposed w be o the keto-tamtomeric stae
Usink NMR and ervsal structure data it was firmly
estatrishcd that both these acetohexamide polymor-
phiclforms are presemt in the keto-form. Hence the
combination of solid-state NMR spectroscopy and
X-ray crystallography provided suong evidence thai
both- forms of acctlohexanude exist in the keto-
tautcfmeric state and are truly polyvmorphic.
|
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3. Recent advances in the identification and
characterization of hvdrates and solvates

3.1, dntroduction to solvates and hvdrates

It has been estimated that approximately one-third
of the pharmaceutically active substances ar¢ capable
of forming crystalline hydrates [63]. The water
molecule. because of its small size, can easily fill
structural voids and because of its muludirectional
hydrogen bonding capability. is also ideal for linking
a majority of drug molecules nto stable crystal
structures |2}, The mere presence of water in a
svstem is not a sufficient reason 10 expect hvdrate
formation. because some compounds, though they
are soluble in water. do not form hydrates. It is the
activity of water in the medium that determines
whether a given hydrate structure will form. Solvates
may be formed when a pure organic solvent or a
mixture of solvents is used as the solvent for
crystallizing the compound. Guillory [69] has dis-
cussed the various methods of preparation of hy-
drates and solvates in detail. Because solvaies be-
have simifarly to hydrates. common analytical tech-
niques can be used for characterization of solvates
and hvdrates.

3.2, Srucniral aspects

Crystalline hvdrates, based on their structure may
be classified into three categories. The fArst category
(class 1) are the isolated site hydrares. where the
water molecules are izolated from direct contact with
mher water molecules by imervening drug mole-
cules. v.g.. ceplradine dihydraie, The secand cate-
gory (class 2} are channel hydrates where the waker
melecules included in the lastice hie next to other
water molecules of adjoining unit cells along an axis
of the lattice, forming chonnels through the crysral.
e.g.. ampicillin trihvdrate. The channel hydrates can
he subclassified into two subcategories. One category
comprises the expanded-channel or nonstoichiomet-
rie hydrates. which may take up additional maoisture
i the channels when exposed 1o high humidity and
for which the ervstal Tattice may expand or contract
as the hydration or dehiwdration proceeds effecting
changes i the dimensions of unit cells. ez
cromolyn sodium. The other subcategory CoMprises

the planar hydrates. which are channel hydrates in
which water is localized in a two-dimensional order.
or plane. e.g.. sodiwm ibuprofen. The third category
(class 3) of crystalline hydrates are the ion-associated
hydrates. in which the metal ions are coordinated
with water, ¢.g.. caleridol caleium [8.9].

I this section, some examples of nonstoichiomet-
ric hvdrates and their characterization will be dis-
cussed in detail because these forms pose a special
challenge in dosage formn development due to wnpre-
dictability of water content in the crystals. Following
the work of Cox et al. [70] the unusual water uptake
and formation of nonstoichiometric hydrates of
cromolyn sodium was reinvestigated using single
crystal X-ray diffractometry. PXRD. as weli as by
molecular modeling [71). Cromolyn sodium. an
antiasthmatic drug. exists as two liquid crystalline
phases and a crystalline hydrate phase that sorbs and
liberates water continuously and reversibly to give a
continuous range of nonstoichiometric hydrates [70].
The changes in the PXRD panerns of the crvstalline
hydrate phase of cromolyn sodium in response o the
surrounding relative humidity (RH) were explained
in the light of the molecular and crystal structure of
cromolyn sodium. Single crysial X-ray diffrac-
tometry indicated the space group for cromolyn
sadium as Pt a chiral space group. even though the
melecule itself is achiral. The crystal strucwwre of
cromolvn sodium with five or six water moleeuies
per cromolyn sodiim molecule. solved ul room
temperature by Hamuodrakas o1 al. |72} revealed the
positions of onfy one sodium lon and o water
molecutes and showed that the second sodium 1on
and the other water molecules are disordered. Re-
centlv, the single ¢rystal structare of eromoivn
sodinm at 76" RH. with 6.44 molecules of waier
was solved at 173 K by Chen et al. [71). This work
showed that the second undetermined sodiun ion is
disordered over three sites and that four of the eight
water positions are partially occupied. Comparison
of the crystal siructures determined by Hamaodrakas
et al. [72} and Chen et al. [71] indicared that the
cromolyn anion is flexible. In particular. the bond
and torsional angles of the 2-hvdroxypropane linking
the two cvelic moietics. changed to accommodate
lattice expansion or contraction resulting from waer
sorption and desorption by the crystals. Ay water is
wken up. the relative vecupancies of the sites of the
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second sodiwm jon and thar of water molecules
change. As a result, the triclinic strucrure with o =
91 approaches the monoclinic form with o == Q)"
To summarize. the presence of large water channels.
the flexibility of the 2-hydroxypropane link. the
disorder of the second sodium jon (Fig. 10) and the
disorder of the surrounding water molecules in the
crystal lattice explain the reversible and nonstoich-
lometric water sorption and desorpiion by cromolva
sadium. This study emphasizes the importance of the
detaited single crvstal structwre in explaining many
unustal - physico—chemical properties of drug hv-
drates.

The muscarinic agonist, LY297802 tartarare {i.e..
(- ]-3-[3-(lm:ylthio)-l.E.S-Ihiadiazo!-4—}-']j-I-
azabievele|2.2.2loctane monohydrogemartrate}. was
itlso found to exhibit an unusual tendeney o form
nonsoichiometric hvdrates of variable, but specitic
composition. ranging tfrom 10 0.5 mal of warer
173 Solidestate T C-NMR SPeCtroscopy. i Conune-
ton with meisture sorption anadvsis and - Nerav
crvstaliography was used to provide unique insights
e nonstoichiometric moisture sorption behavior.
The PXRD patterns of the drug exposed 10 differem
RH values (0 to 75%). mdicated neither a peak shifi
wor the presence of any new peaks. suggesting that
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the nglh_\-'drous and the hvdrated torms of the drug are
isomorphic. Fig. 11 shows the significant changes in
the $SNMR peaks on exposure to different relatjve
humidities and temperature, indicating that water
incmlporated into the erystal lattice changes the local
chemical environment and causes the observed NMR
changes. The incorporation of water into the crvstul
lattice of the drug was also confinmed by X-ray
cwst[tllogmphy. The considerable hvgroscopicity of
the drug was rationalized in terms of the simitar
crysthl structures of 1he hvdrated and nonhvdrated
forms. and hence no significant structural moddi-
ﬁcatibns are needed for the reabsorption of water
into the solids. The rates of dehydration and rehvdra-
tion hre largelv determined by the size of the water
chanfiels and the strength of the hvdrogen-bonding
iterdctions that bind the water melecules in the
chanfels.

Another interesung study with differemt solvated
formp o1 L-lvsine monohvdrochloride (LH) wus
cnnd[wtcd by Bandyvopadhyvay et al. [74] LH was
found  forny a pure methanol solvate at water
Aetiviy. v <0033 with methanol acuvity. > 0.7
a dibvdrate ar o SI6S with w <7045 and
mixef solvates at imermediate ajues of o, and o
It wihs found that the dihvdrne and the mono-
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Fig. 11. Solid-stte " C-NMR spectra of LY297802 wnrae {( = )-

monohvdrogentartrate} after storage ut 0% humidity and before
ad afrer dreving at elevated temperatures (73], reproduced with
the permission of the American Pharmuaceutical Associationh,

methane!l solvated forms of LH possessed similar
crvstal structures, similar PXRD patterns. but dif-
fered in the erystal habit. The ervsial suuciures of
LH hvdrate and methane! solvate indicare that one
melecuie of methanol in the methanol sobvate oc-
cuptes approximately the same volume as the two
water molecules in the dihvdrate. Dunng debydration
in ahe presence of methanoel in the crysullization
medium. the loss of one or more water molecules
from the ervsial latice was compensaied by the
gradual uptake of methanol into the ervstal structure
to satisfy the hvdrogen bonding pattern within the
lattice with minor rearrangements. giving rise 1o
mixed solvates. The similarities of the crvsal lanices
of the dihvdrate and monemethanol solvate explain
the similarity of the PXRD paterns.

3.3 Phase rransformation of Ivdrates and solvates

Phase changes due to hydration/debydration and
solvation/desolvation of pharmaceutical compounds
during processing or in the final product may result
in an unstable system that would effect the bicavail-
ability of drug from solid dosage forms. Various
types of phase changes are possible in solid-state
hydrated or solvated systems in response to changes
in environmentat conditions, such as relarive humidi-
. temperature and pressure. For example. some
hydrated compounds may convert to an amorphous
phase upon dehvdration and sonte may convert from
a lower 10 a higher state of hydration yielding forms
with lower solubiliy. Alternatively, a kinetically
favored but thermodynamically unsiable form may
be convered during pharmaceutical processing 10 a
more stable and less soluble form [8]. The phase
rapsitions in hydrates and solvates can occur at
various stages of dosage forn: development. Morris
|%] has discussed the behavior of hydrates during
processing. handling and storage of fonnulations in
detail.

The phase wansformations associated with expo-
sure to water, such as during solubility measure-
ments, wel granulation processes. disselution studies
and accelerated stbility tests are likely to occur via
solution mediation. Solution mediated phase trans-
formations depend upon the solution phase 1o pro-
vide the mobility necessary to rearrange in the most
stable form and hence are much faster than solid-
state transformations. The rate of a solution-mediated
transformation is proportional to the solubility of the
species involved. Temperature. pressure and relative
humidity mayv increase the rate of phase vansforma-
tion of hydraies by inducing mobility i the svstem.

Solution-medinted  phase  nansformations  have
heen reported for many hvdrte svstems. such as
theophvlline ervsials |[17). eprosartan mesviae 175]
and nedocromil sodium [ 76]. Ghosh and Grant {77
have addressed o common problem associated with
the characterizasion of solvates which centers around
the determination of solabilities of solvares and of
nonsolvates that undergo phase wansformation in the
presence of an imeracting solvent. such as solvation
of nonsolvates in the solvent of crysiallizatnion or the
desoivation of solvares in water. A thermodviamic
evele analogous 1o Hess's law but based on fiee
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energies has been developed to predict the theoretical
solubilities  of  12-dialkyl-3-hydroxy-4-pyridones,
which form 1:1 formic acid solvates in the presence
of formic acid. and of the I:1 formic acid solvates
which produce the corvesponding unsolvated com-
pounds in the presence of water. A good correlation
wis obtained between the solubility values measured
by the standard extrapolation method and that cateu-
lated by means of the thermodynamic cvcele.

Apart from identifying and characterizing 1the
phases during various stages of drug development. it
is very umportant to gain an understanding of the
dehvdrationshvdration  mechanisms  and  kinetics.
Many medels have been developed 1o account for the
dehydratton kinctics of the crystalline hydrates [78].
Nucleation is the most significant phenomenon in
determining the ansformation kinetics. that is. the
rate of formation of a new phase |8}, The dehvdr-
ton Kinetics to some extent witl alsa depend upon
the class of the hydrate system 10 which the drug
belongs. particle size and morphology. The practica)
appheations of undersianding the dehvdration kinet-
les, us indicated by Morris (Y], are mainly the
determmation of the conditions for allowable expo-
sure of bulk drug substances during development and
processing. proper packaging. allowable temperature
ranges for shipping. storage. and labeling of the final
product. and the initial selection of a form for
development.

I Predicienr of the formation of hvdraies and

sefvates

Predicimg the formation of solvates or hvdrates of

a compound and the number of molecules of water
ar solvent incorporated mto the crysial lattice of a
compound is complex and  difficuli. Each  solid
compound responds uniquelv 1o the possible forma-
tion of solvates or hvdrates and hence generalizations
cannot be made for o series of related compounds.
Cenamn molecutar shapes and features favor the
formation of crvstals withour solvent; these com-

pounds tend to be stabilized by etficien packing of

malecules in the crystal lattice, whereas other crystal
forms are more stabte in the presence of water
and. or solvents. There may be 100 many possibilities
s hat no computer programs are currently available

for pf_edicring the crystal structures of hydrates and
solvates.

(} haracterization of hvdrates and sohvaies
i o 1

Thé common methods for the characterization of
hy dmln and sobvates are polarized light microscopy
and lﬁ*nt stage microscopy. DSC, TGA. Karl Fischer
tiimeuy. single-erystal N-ray diffractometry. pow-
der \J ray diffractometry. and infrared spectroscopy.,
Th\.\\. methods have been reviewed in detail [21] and
will dl\o be discussed in detail in later chapiers.

l’lewsut: DSC iy gaining increasing popularity
ihe »mdv of sobvates and hydrates where dehvdration
Jr..lanans occur above or near the boiling point of
water. Using conventional DSC, it is very difficult to
measbire the heats of dehydration and hear of vapor-
izatan separately, but it one conducts DSC experi-
mentg at elevated pressures. the two processes mas
b c{mmle[e]},' separated. The advantage of wsing
pressure DSC 35 that the pressure can be precisely
conublled and the solids cun be subjected o a
contoiled temperature program while under substan-
tially! elevated temperatures. The influence of ¢le-
vated pressures on the solid-state behavior of car-
bamizepine dihydrate was swdied by Han and
Survhnaravanan [79]. In Fig. 12 it is shown that
pres#’ure DSC can separate the dehydration and
vaporization endotherms of carbamazepine dihydrate
Llllill{" its conversion to the anhydrate form. Also the
lechmqm permitied the water liberated on delivdra-
tion lo remain i animate contact with the anhvdrous
phask fermed which conld significantly influence s
solid-state properties.

Tlﬁc combined physical analvtical teehniques ot
thermogravimetry and infrared  spectroscapy (TG
IR) Lm permit identification of ihe sohvent incarpo-
rated into the crvsial lattice. This combined iech-
n:que has been used 10 study formulated products,
\Lth as capsules and ablets [30).

4. Qurrent challenges and future directions
L, Origins of the challenges

A series of Aow charts and decision rees have
beenr presented and discussed {11.22] tha can be

|
f
1




SR Vippagunia et o,

1 O i T

(a)
)

-é (<)

; Endnthermic

i

E (d)

(=

=

E (e}
N

¢ 50 100 150 200 250

Temperature, °C

Frg o 120 Dilferential seanning calorimetry 185C) ennves of car-
bamzepme dibydrate e different pressures: t a8 stmosphern
pressre in o camventional DSC eelll thy at aimosphene pressure
e a pressee DSC PDSCY cobl ¢oy 10U psa ody 2nk psiqe
M) pai ) A0 psis and () 600 psa 0] poad= 69 KRy
(479, reproduced wish the pernussion of Elsevier Scienee).

used by mvestgators 10 characterize the polymorphs
and solvates of compounds under developient or for
registration with regulatory authorities. Due 1o the
complex and nonceaventional behavior of various
arganic drug molecules. there are many opporuniues
for research and development in the area of charac-
ierization of polymorphs and solvates. Some of the
problems which are commonly encountered during
characierization of crvswalline solids and which need
10 be addressed are: disorder in the crystal lattice due
1o pharmaceutical processing leading 10 conversion
of a crvstalhine phase to an amorphous material or
phase conversion from one form 1o the other:
quantitaung the amount of smgle polvmorph in a
mixture of polvmorphs: identifving the solid form of
the acuve ngredient in the formulated  producs.
particuily when the drug is o minoy componeni in
the presence of numerous other materials fexeipi-

- -g700
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ents): and the issues of disappearing polymorphs and
the appearance of new polymorphs. In the following
sections we will address soine of these issues and
some of the swdies that have addressed these
problems.

4.2, Phase transformations during processing

The effects of pharmaceutical processing on the
crystalline state of drug polymorphs and solvates
have been discussed recently by Brittain and Fiese
t16]. Exposure 1o changes in wmperature. pressure.
relative humidity and comnunution are encountered
during processes such as drying. granulation. milling
and compression. The sresses applied 10 crystals
during pharmiaceutical processing can cause defects
in their crystal lattices, and contribute to lattice
disorder, thus affecting the physical propertics of the
resulting powder |81]. This problem has been dis-
cussed in detail by Byrn et al. [10]. Arising from
different degrees of crvstalline disorder. the difficulty
in reproducing matertals with the same properties is
a major concern in the pharmaceutical industry.

Milling. the last processing step in the production
of bulk drug subsinace to reduce particle size. is
often accompanicd by a decrease in crvsiallinity due
10 the creation of lanice defecrs, beginning at the
surface. The defects created by mechanical activation
of the solid on the surface can migrate. ransform.
and change their number and nature. If the defeets in
the mechanically activated crystal heal 1o produce a
crystal latice different from the initial lattice, then a
polymorphic wansformation has taken place. Miiling-
induced polymorphic changes have been observed
for many small drug moelecules. such as fostedil,
chloramphenicol  palmitate.  indomethacin and
phenvibutazone |16]. Polvmorphic transformation of
ihe dipeptide sweetener. aspartaime hemihvdrate, can
occur during mitting |82 Polvmorph 1l of aspartame
hemihydrate was found to wansform to form | during
ball-milling or on heasing for 30 min a1 160°C in the
presence of stcum as shown in the X-ray diffraction
pattern (Fig. 13). The suscepubiliy of form 1 of
aspartame hemihyvdrine o transform to form 1 has
been attributed 1o the less svmmietric crvstal strucnue
of form 1l compared w that of form | a5 studied by
spectroscople methods.

Sone anthors, such as Hittenrauch [31] have
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Fig 130 Powder  Neray  diffracuon patens of  aspartame
hemihydrate: 11y theorencal powder patern caleuiated from the
crystdl structure of aspartame hemihydrate (form 1) determined by
Hatada o1 al L (1983) [99]. (b) expenmental powder pattens of the
bill-mdied aspanzme  hemihydraie (dom 1), (©) experimentat
e der pattent el asprarsame hemsihydrate thar had been heated tur
Mrgnmoat TH0C inthe presence of steam { form 1y, (d 1 oxperimen-
Lad potdder patlern ol aspartame hemibivdrate aner compression at
2A0MPy dee bt Ty and ) aspartame henubyvdrare as
reversed oo [ ] S2]0 reproducad with the permission of she
Mernean Mannaccutival Assocution,

suggested that the wauma to crystals during grinding
may lead to a decrease in crystallinity. which should
improve the compression capacity and dissolution
rate of the drug molecules. This hypothesis was
tested by studving the morphology. crysialline state,
compression capacity and dissolution properties of
mative and ground ervarals of aspirin and  lactose
monohydraic [83]. No sigmbicanr increase in com-
pression capacity wis abserved  when native and
groumd crvstals were compared. Only a shgho .
crease i the dissolution rate was observed  for
ground  aspirin ¢rystals which was  attributed 1o
surfuce defects due to grinding resulting in improved
crvstal wetung.

The effect of roller compaction on lantice defects
and phase change has been examined for aspirin
[84]. The water vapor sorption isothenn obained for
aspirin on roller compaction indicared much more

Achvanced Drug [h-'.’.‘n'lji'l Roeveews 38 (2000) 3-26

water ‘uptake than had been reported previously for
other ferystalline samples of aspirin under similar
cnnditions. Various possibilities were suggested for
the unbisual water uptake of aspirin on roller compac-
tion. fuch as formation of a polvinorphic form of
aspirin. with a much  greater affinity  for  waier,
tommhon of a crystalline hydrate in the aspirin
mmplk or significant reduction in particle size of the
aspirin  particles thereby providing an  increased
specu‘fc swrface arca for water vapor adsorption. It is
also powble that roller compaction dismpted the
crystalline order of some part of the aspirin crystals
fomuilg amorphous regions. which then take up
relatively lorge quantisies of water imo their bulk
slntcﬁne. This example clearly indicates that pro-
cessef. such as roller compaction. can inroduce
cm‘.si[iemble disorder i the surface of civsials
lcadi:ﬁg to & marked nerease 1 the tendeney 1o sorb
Wilel VAPOr,

Thermal activation.  like mechanical activation
during processing. also results in a high-energy state
ot"crj'smis that may reorgunize inio o difterent lattice
arrangement resulting in a phase change. The ther-
mal ftability of drug substanees is important, because
formplations are often dried at elevated temperatires
afteriwet granulations so thai the tablets may conamn
snmll regions of high temperature (hor <potsy during
compression. Various examplies have shown that
chanire of semperature mav influence the siehilinn of
drug molecules | 16] The effect of low emperatures.
suchfas duning freeze—drying. en the crysialline form
of the drug has also been studied. The formation ot o
new!mannitel hydrate during freeze—drving has been
rcpohnd {85]. The formation of a crystalline hvdrate
by b excipient during freeze—drving may have
sev em[ practical consequences, such that the difficul-
1y 01 removing bound water from the crvstal lattice
can significantlv limit the drving rate. while the
residunl water that is not removed by freeze—drving
111;1_\? be o potennal threar o product stability it i s
relchsed  during  storage. The monnitel  hvdrate
Inlmul during freeze- drving sunvived the typeal
Jdny 1[(1" cvele and converted o the anhvdrows poly-
morph o1 mannwol upon heating,

Slpra_v drving has also been shown to tead 1o loss
of crystallingy in materials. by a combination of
protesses involving rapid solidification of dissolved
material and solid-state ransitions due o milling
effders in the atomiser. Spray drying leads to conver-
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sion of a crystalline phase to an amorphous state and,
because the amorphous state is metastable with
respect 10 the crystalline form, phase transformations
are likely to occur within the shelf life of the
pharmaceutical product, resulting in loss of quality
and potency in the product [86].

In view of the significant effects that the siate of
disorder in crystalline solids caused by pharmaceu-
tical processing can have on the properties of
pharmaceutical solids. it is important o be able w0
assess the extent of disorder in a solid quantitatively
down 1o very low levels. Various methods have been
used 1o measure the percent disorder. such as using
predetermined  mixtures. measurements of  X-ray
powder diffraction., density and heats of crystalliza-
tion which revealed limits of detectability down to
about 10%. Using water vapor sorption measure-
ments under very carefully controlled conditions. it
was possible 10 detect disorder as low as 1% in
milled samples of sucrose [87]). A comparison of the
four methods mentioned above for estimating the
percent disorder of milled samples of sucrose gave
very comsistent results, once the underlving faciors
that make these techniques sensitive to the con-
centration of amorphous content were recognized
and taken into accouni.

4.3, Degree of crvswallinin

The previous section has emphasized that many
phannaceutical  processes lead to a decrease in
crystaliinity: of drug phases. Various studies have
concluded that the formaion of amorphous material
during procesaing is highly undesirable. The amer-
phous material, being in a thermodynamicalty meta-
stable state. is susceptible to reconversion w the
crvsilline state. affecting many physico—chenical
characteristics of the drug. A later chapter provides
detailed coverage of amorphous materials. An esti-
mation of the degree of crystallinity of a sample
before and after processing poses one of the larger
challenges facing the pharmaceutical field. Powder
Neray ditfractemetrsy is still the comumonly used
method for determining the degree of cryvsallinity.
thowgh this method suffers from some limitations
due to peak broadeaning, amorphous halo. and pre-
ferred orientation which make imterpretation and
quantitation difficulr. DSC may not be a sensitive
method for measuring crystathnny due w crvsialliza.
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tion of the amorphous content at elevated tempera-
tures and the effects of differences in heat capacity.
Solution calorimetry has been propesed as an accur-
ate method for analysis of percent crystallinity
[11.88.89]. A decrease in the endothenmic enthalpy
of solution indicates a decrease in the crystallinity of
the sample. However. differences in surface ares
produced by grinding or by other processing tech-
niques can also result in changes in the heat of
wetting of a sample. Judicicus choice of solveni can
be empioved to reduce such surface effecis. which
themselves coutribute to the observed crvstallinity of
the sample.

Near infrared (NIR) spectroscopy is another tech-
nique being used to measure the degree of crys-
tatlinity. and has also proved useful in studies of the
polymorphism and water content of sugars. The NiR
spectum of a sample contains hoth phvsical and
chemical information. Being noninvasive. nondes-
tructive and operable at room  temperature.  the
method 45 a valuable wol with which o assess
changes in the amorphous and crvsialline stare of
lactase {90). NIR has been used to follow the
changes in the amorphous siate. the onset of crvs-
tallization. and the changes between «- and B-lac-
tose. which accompany the onset of cryswallizanon.
In another study. the nucleation and crystallization
kinetics of amorphous lactose was investigated by
gravimetry in an automated vacuum moisture bal-
ance. The combination of isothermal and nonisother-
mal activation encrgies allowed the investigation of
both crystal growth and nucleation mechanisms and
led to the separation of actvanon energies for
nucteation and growth [Y1].

4.4, Characrerizarion of mixinves of polvmorphs

Another common problem  encountered  during
drug development s quantitative conuol of 1he
proportion of polymorphic forms present in a mix-
wre. According to the US FDA regulations. the
methad of analysis for the proportion of forms must
be vahdated. and also she proportion of forms must
remain within stated Hmits through the retest date of
the drug substance and potentialiv throughout the
shelf life of the product. This is a verv onerous
requirement. especially if the forms have a wndency
1o nterconvert. Byrn et al. |L1] suggested that the
best way to deal with this problem is probably bv
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developing methods 10 prepare only one crystal form
and maintaining this form throughout processing.
Powder X-ray diffractometry is often a useful meth-
od 1o determine the percentages of polymorphs in a
mixture, However. the detection limut s variable
from ense o case. and 18 sometimes as high as 137,
It 1x therctore wmporant o develop sensitive ana-
Ivtical methods with a lower limit of detection.

Atenuated rotal reflectance (ATR) FTIR spee-
roscopy has been shown to be valuable for the
quantitative analvsis of the polvmorphic content of
bulk pharmaceutical materials. The feasibility of
using ATR-FTIR for the qualitative and quannmative
analvsis of mixtures of pharmaceutical polvmeorphs
has been studied using three known polvmorphs of
ganciclovir a5 a model compound |92} Defimnve
identitication and quantitation of all three poly-
morphs could be achieved using ATR-FTIR speu-
trpscopy in conjunction with partial least-squares
modcling. This technique has many advamages. such
as speed. nondestructiveness. relative ease of use.
ad most important. no sample pretreatment before
megsurenent.

Raman spectroscopy 18 another techmque that is
being wadely used 1w quantitatively estimate the
percentage of one polvmoerph in a mixwre of paly-
marphs. FT-Raman spectromeny offers many adsvan-
tiges. the most pronunent being. munmal sample
prepuration. sensitinity 1o palvmorphsim. and aonin-
terference  from  water. Two  polvmorphs  of
flucomazote were  characterized using  FT-Raman
spectroscopy and principal componenis regression
using cross validation provided quantitative analysis
of the percentage of one polymorphic form in the
mixnure of other forms [93]. A novel sample holder
wias developed whereby the sample 1s held in an
NAMR wube which 1s rotated around itx axis and a1 the
same e moved up and down, This method of
sample presentation leads 10 a large inerease in the
valume sidied and s unportant for inhomogencous
samples for which sub-sampting v a problem. Pos-
stble degradation of the sample through heating by
the laser cun also be aveided |94}

X-Ray powder diffraciomerry is stifl the common
method for the quantitative estimation of polymorphs
th o mixwre of polymorphs. This method requires
that ar feast one high-intensity peak wnque to each
form is avalable for intensity measurements and that
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the let of the peak intensity ratio as a function of
the weig]u ratio of the compaonents should result in a
straight line. Modern computer controlled X-ray
powdek diffractometers now permit quantitative anal-
VSIS of multicomponent mixtures using the compleie
powder ditttaction profile rather than a limied
amoutlt of low-angle integrated intensity daia, Artifi-
cial neural networks (ANNs) in quantittive X-ray
powddr diffractometry were used  successfully to
wdentity and quantify the two known modifications ot
ranitidine hydrochleride even when the weight {ruc-
ton of one polvmorph in the mixture was as tow as
0.1 [})5]. ANNs have been used mostly in problems
of pattern recognition and modeling. and is theretore
nncfui 1 deeiphering the patrern i diffracuion daia
from polvimarphic mixtures. The ANNs model pre-
dicted concentration precisely. accurately. and with
minimal bias through a wide range of ranos of the
two known ranitidine hvdrochtoride polymorphic
fonn% it a mixture (Fig. 14). This method mintmizes
the problems associated with preferred orientation
and bverlapping X-ray lines. The same group of
reseafchers has shown the potential of ANNs in
combination with DRIFT spectroscopy 1o analyze the
polymorphic purity of crystalline ranitidine hydro-
chieride as o bulk drug and as oo active ingredient of
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a tablet formulation. Simultansous identification and
quantification of all the ingredients in the tablet
formulation was possible. This study has shown that
the complex problemy of guantifying a drug in
mixtures containing (wo or more components with
overlapping spectra can be solved by the DRIFT-
ANNs technique [96].

Another technigue. which is gamning popuiarity in
the quantitative analysis of mixtures of polymorphs.
is solid-state **C-CP-MAS NMR spectroscopy. This
method was preferred for quantitative analvsis of
polymorphic  mixtures  of the herbicide. pen-
dimethalin. which exists as two polymorphs with
different colors and crvstal habits [27]. “C-NMR
provided the most sensitive and definitive evidence
of the wansition from the yellow 1o the orange form.
This method enabled as litile as 2% of orange
pendimethalin to be determined in a sample consist-
ing mostly of the yellow polymerph. It is the least
invasive of the instrumenial methods and can be used
to detect the ratio of the two polvinophs in solid
farmulations.

A retated challenge faced by the pharmacewtical
industry s the determination of the polvmorphic
nature of the drug in the presence of excipients m o
dosage form especially when the active drug is
present as a low percentage of the overall formuta-
tion [97]. This problem can be addressed by develop-
ing sensitive techniques with lower lmits of de-
tection or by wsing a combination of technigues.

5. Conclusions

In order to save ume and cost it is very important
i choose the most suitable form of the cryvstalline
drug in the miial stages of drug development. In
recent years a pood deal of research has been
directed towards achieving this goal. Svstematic
isolation and carly characterization of the largest
number of possible forms of a drug reduces the
chances of surprises at the late production stage due
o identification of a new crvsialline form or phase
change. With the development of more sophisticated
compuational wols. the main fecus of many inyes-
tatars is 10 be able to predict all the possible forms
of 2 drug from s molecular structure. Uikderstanding
the arigins of the muliple solid forms of a Jdrug
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mmotecule. either due to differences in packing ar-
rangement or conformation of the molecules. be-
comes the first step in prediction. Single crystal
X-ray diffracrometry and solid-state NMR spectros-
copy are two techniques that are gaining increased
application in determining the various crystal struc-
tures and the origing of polymorphism and pseudo-
polymorphism of a particular drug. When crystal
structures can be calculated with certainty. it will be
possible 10 predicr the various polvmorphs of a
compound and this information could be used to
guide experimental studies. This goal may be dif-
ficult to achicve owing to the complex molecular
structures of new organic molecules and the presence
of several molecules in each asymmetric unit. but the
future development of improved force fields and
mcreased computationat speeds, may make it achiev-
able.

Improved experimental methods leading to more
accurate and detailed phase diagrams are also finding
increased use in determining the stability of various
polvimarphs. It is important 10 make every effort to
prepare and w identifv the most stable polymorph in
arder to guide the selection of the optimal form for
deseiopment. The emergence of sensitive methods
and the use of combimanon echniques. facilitate the
identification and the more accurate characiernizaiion
of the various polvinorphs of a drug molecule. One
of the main analvieal challenges faced by the
pharnaceatical analyst is the development of better
quantitative methods for identifying a single poly-
morph in o mixtare of polvmorphs and for determin-
ing the percentages of amorphous or crvsalling
content of the drug, More and more sensitive meth-
ods are being developed to address this problem.

An increased undersianding of the phenomenon of
polvmorphism should enable pharmaceutical scien-
tists to gain control over the crysiallization process in
order to selectively obuain the desired polymorph or
suppress the growth of an undesired one. Phase
changes during processing and scale-up are & prob-
lem. which may be avoided by carefully designed
mitial small-scale studies. The availability of detailed
souciural daty, combined with strategic design of
substrates and additives. has led 10 significant ad-
vinees 1 the conirol over the polvimorphs obtiined
moa particular ervatathization (98]0 Witk all the
information available from these imiial studies. 1t
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should be possible to design and 10 select processing
conditions which would give a desired pelymorph

and

maintain the desired form throughout the various

stages of drrg processing and manufacture.
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FARMACIA INDUSTRIAL

Suspensién inicial

Suspension después de las 6 horas

de una nueva entidad quimica, Si se presume que el
PH géstrico oscila entre 1 y 3 y el del intesiino del-
gado entre 5 y &, en la mayorfa de los casos las dro-
gas 4cidas (pK, 3) se absorberdn con mayor rapidez
en el estémago, mientras que 1as drogas mds basicas
(pK, 8} to harén en el wracto intestinal. Sin embargo,
.Q:m_n: nmnncnwo_..am. Algunos compuestos poseen a»,‘
Jos coeficienes de paniicién o se encuentran aliamen-
te _o_.:.mun_om dentro de Ja totalidad de espectro de pH
fisiolégico, pero de todos modos se asocian con un
buen grado de biodisponibilidad.

Polimerfismo

Un polimorfo es una fase cristalina sélida de un
compuesta dado resultanie de Ia posibilidad de como
minimo dos ordenamientos distintos de las moléculas
aw_ compuesto ¢n ¢] esiado sélido. La molécula pro-
piamente dicha puede ser de distinta forma en ambos
polimorfus, pero esta condicion no es necesaria y, en
realidad, ciertos cambios de forma conllevan a la for-
maci6én de mnléculas diferentes y por lo tanto no re-
presentan polimorfismos. Los isémeros geométricos
o los tautémeros, aun cuando sean inlerconvertibles

:.:.o.._.cm. aunque pueden comportarse en forma muy
similar y erear confusiones.

Un criterio seguro para ba clasificacion de un sis-
tema como polimérfice es el siguiente: dos polimor-
fos mostraran diferencias en la estructura de los eris.
tales pero serdn idénticos en los estados liguidos o de
evaporacion. Al igual que los polimorfos, los isdine-
ros dindmicos funden o diferentes tlemperaturas peio
arrojan productes fundidos de distima composicicn.
Con el cursa det tiempo. cada uno de estos productos
[undidos llega 2 una mezct en equilibrio de los dos
1sdmeros con composicienes dependientes de la tem-
peratura. Algunos casos publicados de pelimorfismo
indudablemente representan isomensmo dindmico.
dado que ambos sistemas se comportan en forma
muy similar,

Ll polimorfismo es la capacidad de cualguier ele-
mente 0 compuesio para cristalizar en la forma de
miis a.n una especic cristaling, por cjemplo, el carbén
en la furma de diamanie cibico o grafito hexagonal.
Los distintos polimorfismos de un compuesio dada
en general son diferentes en estructura y propiedades
coma les cristales de dos compuestos distinios. La
salubilidad, ¢l punio de fusién, la densidad. la dure-
za, la forma de los cristales. las propiedades dpticas y
elécincas. la presidn de vapor, 1a estabilidad, etc., va-
rian segin la forma polimdértica. En general deberia
ser pasthle obiener distintas formas cristalinas de una

droga que muestre polimorfismo y de csa maners
modificar las propedades de ese compuesto. Para
ello se reguicte un conocinuento del comportamien-
to de los polimanlos. Existen numegiosas revisianes
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Fig. 83-5. Cambiv ¢n el recuento acumulalive en funciba del nem-
PO para una suspensibn acuosa de lu Farma | de una droga experi-
menial.

céuticos. Se Hevaron a cabo estudios extensivos de
polimorfismo con esteroides, barbiuiricos, amtihista-
mimcos y sulfonamidas. 1a preformulacién gencral-
mente incluye esrudios Agurusos para determinar la
presencia de polimorfos en las nuevas drogas prepa-
radas para las investigactones preliminares en anima-
les de experimentacion. Algunos de los pardmetros
investigados en lorma rutinaria consisten en la canti-
dad de polimorfos presentes, el grado relative de es-
tabilidad de los diversos pelimorfos, 1a presencia de
un estado vidrioso, la estabilizacién de las formas
melaestables, los rangos de estabilidad 1érmica para
cada polimorfo, las solubilidades, el método de pre-
paracién de cada forma, los efectos de 1a microniza-
cién o 1a preparacion de tabletas y la interaceiGn con
los componentes de la formulacidn.

La 1asea micial del preformulador consiste en de-
terminar si la susiancia quimica evalvada existe en
mas de una forma cristalina. Por lo general se utilizan
Jos siguienies procedimicntos para inducir la cristali-
zaci6n en forma metaestable:?

I. Funddy completamente una pequefia canlidad del
compuesto en un portzobjeto y observar la solidificacion
enire polares crozados. Si después de la congelacidin espon-
1Anea se prixiuce uaa fransformacion espontinea o inducida
por 1a siembra o €1 raspado. es prohable que del compuesto

Didmetro (um)

PREFORMULACION 2227

3%

1 i x L L i

0 60 90 120 150 180
Minutos

Fig. 83-6. Velooudad de crecimiento de 1s Forma | de una droga ea-
perimenial en suspensidin Au0Sa.

una muestra pequediz, manteniendo &l fundido durante apro-

sumadamente 30 segundos a aproximadamente 10°C por

arriba del punto de fusidn; scparas en forma cuidadosa e

compuesto eviiando el shock ITEico anés de Thservariy y-
enfriarlo con rapidez.

3. Calermar una muestra del compuesto sobre una placa

calienie y observar si durante el calemamiente se produce
una uansformacidn séhdo-sélido.

3 Sublimar una pequefia cantidad del compuesta € in-
tentar inducir la tmnsiormacion eatre ¢l sublimudo y ta
muesira original mezclando ambos compuestus €n una gota
de solucidn saturada de uno de ellos. Si ambos son polimor-
[os. el mds esiable de los dos serd insoluble y crecerd a ex-
pensas de Ja forma mewaestable mis soloble. Este proceso
continuara hasia que ta forma metaestzble sea transformada
completamente en 1a forma estable. Si las muestras no sen
polimarfos. una de ellas puede diselverse pero fa otra a0 au-
meniars. 5 ambas formas snn idénticas no se observard nin-
guna modificacion.

4. Maniener €] £xcesp de compuesio en una pequeiia
cantidad de solvente cerca de su punto de fusion. Aislar el
s6hdo suspendido. Es imponante adoplar precauciones 3 fin
de maniener la (emperatura durante este paso. Evaluar el
material zislado con una nuestra original vilizando €l pro-
cedimienio descrito antes en el paso 3.

5. Reenstalizar ¢l compoesio de la solucidn mediante
enfrismiemo eapido y observar una fraccién del matenal
precipnado suspendido en una gota del Heor madre. La go-
1a ulerinrmente puede ser sembrada con ¢l compuesie ori-
| para evaluar 1a transformacion de fase de a soluciéa.
§i el precipitade es un polimorfo difeicnte debe observarse
una rransfonmacién de fase en la solucitn.

Una vez establecida la presencia de pelimorfismo
e cucnia con procedimicnios que permuten al prefor-

Fig, #3-4. Mucrofomenalin ¢ relacionadax con ¢l podimorfismo; ademds, en ks bi-
" .

Jus cristales Ua suspens
runenl

1 ¢l camhio de 1amano de
1 de la Foomn Fde ona droga oxpe

[}
exislan coma minimo dos formas polimérficas F's esenciat  mulador preparar las diversas formas en mayores
prevenir la nucleacion de la forna esiable mduciendoun su- - can iduiles para una evaluacion ulterior y adaptacicn
- _K:..a.:u:,_n_:: mﬁnv,_n;n__=_:n=un:5&:__:.(._:6%_.EE_._ d:noac_.sn:.:,G_?_._zum _uz:pnm::nnm.

---0208

2




o

=---0209

v oprowrjed (2 uisidauns g cted upejaxe )

£l- SH— Ll 0s 2
g1~ bPLi= Ful 48 o
— - - §it - ¥
nsa WYL g JONpE Y ¥ wnaaf oy aficuitpr
L) HPLOS D 2 { ) uNTUNLT
APy Ap saniadazy
oy

-afieeopa ap opypegud pap 3 X g v sofowgod sof rand SOPEMIIY SEIUPUIPOULI] MO0 [-E8 OIpENT)

pepltes v 4 auesuod ermiesadwan ¢ endt 25 odsely
151 "2UIA[0S [2 DD oiunl 0d5EL U U ¢30Ip IP 0¥IIND
un e30[03 3% 0|2 wed wpntuawusdys ap eanue
[2 u2 031Xyl MI2a unud eziala ou anb 31uaA |05
Ip CWDISIS O IUIA|OSIP UN U3 ISIEUNILENIP wLN|Iap
vRorp v) ap ouqinba ap pEPLIQNIOS B “AIUUBAUOS
-ut w182 Jeziwnuiw esed ugiotjawiaojaid ap solpnisa
asseroiue uaqap A pepiiquuodsipolq ap ewajqoid un
msixa apand (¢ ¢ 1) 08goisy Hd op eSuty (ap on
-uap /Ful | AP JeUIW BSONdE PRMJIGNIOS Cun 3u21l
rioup cun opuen) ugtm|os | wied osnvunuuasp
cqanad ap opolgun un 3p ojfotnsap |3 eed |eeuasd s
PRGNS B[ 2P UOLRULIGIUT F] “STREapy “estingderal
visandsar vun Hanput eded S1UADLYRSUT RROTIOE DEpTjiG
-uj05 eund(e 1au2) uapand smsandutes sosa anb opep
SOSONIE SEWSISIS U2 UWedadss ‘peplyiqnios ap
SEMISLIIOLID SNS 9P TIFIOC OFE 1030u0D uepodut
sluaewns 3 sE30Ip SLANU uelouely I8 opUEND)

popipgnios

-sandsap o1satjruety ap asasuod uapaund
anb soatdn sewajqord uriuasasda aluatnap edwb
pepriqeisa ey A ‘epensapeu) ear3g[oseunnj visandsas
Bun tsedB0jolq A STIIS) SCINSLIAIIEIRD ST] uRife
anb ugiaenueld g 0 epuI{oW T| 2tuEINp SEPLINpod
sauopdEwIO)suEN se| peplqiuodsipoig e[ o opoad
-ST [2 "PEPIMEIOJIUN £].UI SIUOIDCIII[T UOI STPEIIOSE

‘e—e uBE @ opowiod e —e Duge 'Y opowlfod g—p
ot g eprowied o0 3.1 v opowirod soloquils CD.8E A
A v Tafe v £ 06 1T GIING-J FOYo3[E ud [OXUIJWTION 3P orenw
-[ed (ap @ £ v sopiowiiod 5o 2p uQIINioSp W seAIND pI-fg Ay

seig uw ‘oduwsal]

£ Orl Q2L 0D Of 0%
T =1 T T T T

—

uygno ‘B

LE2Z NOIDSYINWHOI3Hd

$200rsuadsnNs US SAYRISUD DD GIUDLIIILY [ o[
-usap op vdeia gp aweinp sewapqoad adans wspand o
01 pun 3p seayIowod SEUUG) TpendspEdl Llauew
2p ednsaau upisejawaoyaad ap odnid un opueno
‘pepljIqeIsa ajqeqoad ns ap
wrurunad UQIIRD|EAD BUN UQD JEIUOD SEIUIPT A S210U
-21n somdQ[aavuLe) soipniss eed epe3nsasul g3oIp
el ap eanadeua sew edrupwiod SwIvp g [EUQIIR]
SEUE SWIO) U3 1BU0ENa[as sopejowro)ud g mwsad
SEMWPLHIPOLUIIAY SIUGIDT|I SIS 2P CLUAUNIOUDD |
“AIuay ap A3) gl apdwind as anb ap esnuard ey ap um
-ind SCPRIUAIOD SEOMUPUIPOLLLN SIUOLIT[AL ST
g ue1yends v) ua 21qt erdiaus
oulaugl 13 opussoud) pidonus e Jepnajea 2qisod
$3 & 0192 ¢ |end1 §23 ‘HY ‘upinsucy 3p eineadwA g
ap vouasard v  [-¢R CIPTNI [3 U2 UCNUITIUI 35 UDIY
-wiE] SUGIISURLE $7] tied SOPEIRD[ED $IUO[CA $O7

) = =5y
oV =YY

‘uQIoE| a2 NUAINSTIS v] JUBIPALU ISIEN[CAD
apand sojiounied ap uprisuen o esed cydosuz €] g
epep vamesaduz eun op croussaad Uz 'sewapy CIgE!
-§32N3U RO B[ AP |IP JYTISI EWLO) T IP OPTALIP
B01IN|05 3P 10{D |3 UPIIILNSNS €] JUEBIPI SIUOLIIS
-uen sessaalp se| ered ssrvuiziap uapaad upiguie
exd [BTUa 3p sorquied 0 “sojrawiod sof eaed seprno
-[C2 2UqI[ BI519U2 3p STLdUAN]IP Se| AAN[IUL UJIQUER)
1-£8 0IpEND |3 "DV ‘aIqi| eIS13us 9P SRINIIA)IP ST

e 38 TV D5 | w307 ‘o0 “DuDE SSO|0QUIES "Dug £
b1 0T ' DGOE B BASE 13 £ E( [0 OHING-T JOYII(T U (OIS
012 3p ompwied (2p D apowed (3p 891NIO5IP AP SEAm) ‘E1-E8 A1)

sBIg uur *oduwat )
c09L 0¥l 0ZL 00L O 09 OF 02 O
=1 R

]
=1
Twidwg ‘Bu

§
i=]

ued g epep eamesadwa) vun v seagaguiiod seuog
st| 3p ' PERIYN[OS B BUOIIR(AI UgIIENId TS

I vyounag '

— ULy ="0v
v opjowrod

()
IRENTWLIOY DIUDINGIS B] JULIPA SOOI
-ljed SO[ U2 AL LISIUD JP SELUIAP SO ISIend
-3 uapand 'sajueisuan ugsaid £ ermeladwsy y
¢ [-{§ OIPENI [& U3 UBHUINIUD 3§ SIKILA
SOIST CSRUUGE sTIunsip se| wed wpoisuen ap cioniad
- | ap vprwinosde J01Ra Lo eunwp ugiaejod
-y sod fspwope £ seuno) sessaatp sep wiod toLIN[os
£] 20 S250[RD SOf L In3{ed d1ud e1dar st 1D Ugiag|
=24 277 JJOH 1, ueA 3 02tdn oprzen dn ua wmesadarol
€] 3D UGIIUNRY 43 PRPIINOS IP S01RP SO UREOLIN(IL 35
anb 2 u2 0NRIT un s 35 5| -£g CINSY B U AR
-$2 BLLUOJ B] £ 2|QLISAIDUE HILLIO) ] 3P URIMSURY B U3
SEPEDNALUL SEIUULUIPOULLS] SIPLPILES SB] JRINIRY 10
-niuuad senuesadwa) SESIZAIP 1 S0IEP 3P UOI1UAIG0 Bf
"RLMUINIFSUOD U "STULIOJ SRSIBAIP STY 3P PEPIIQN]Os &
AP SIUOIST X01dE STUING BONMUASIHdII SOPUAIGO 521
-0fea sowxew suf anb ensonw UQIDM[OSIP 3p VDT
-tpediwod (1 sumeradwrs) SESIaslp v Somuqo SOt
-Ep SO[ Uensn( p1-c8 £ ¢ [-£g SRIOSY ST oIyl
-0 ap oyeywjed |ap sopownd souea 2p upan|osip
A pepIIgn]os ap oaaiuodwos [2 ouruumap ag
'SAIqL $LIFIFUD SOS UOI ISINUOLIY
-a1 apand pepIfIgn{os B] 43 SBIMUL)IP S| A UQIIRIm
-BS 3p peprIgnios ef i3 e euosodosd swuawedap
$3 UQLINOSIP 3p PTPISO[aA B| “S20UOIUY "SE3IIOUIL]
-0d S0 SLLUNISIP S8 3P UMIIN{OSIP Ip SIPTPEaIaa

“H05 (2 {OUI3 3D URIONIOS LU U3 L600C LW NS
ap [ & | seunag o) 3p upomosip 3p oldnweuodwy 71-0g ‘314

SCInuIY
ozt 00t 0s
T ¥ T
%05 |8
|oUBlE ap ugianjos =500'0
UQIDMOSIP 3p oipapy

~10'0
w
=
Do
m
[}
| euucy W
)
~t
}-20°0 3
(=]
2
3
2

|- £0'0

|l EULG

sr npaw ed sourisues weBuoiunw 25 4 £ 4 ‘v anh
TI3UBLU AP SEPRUOIINGEAS 105 uapand sajcuiawadya
SBUOIPLOD KLT] OPIIPS OPEISI U3 CULI B Op 21U
-uadapur 53 onawipaed S1s3 Swaswsip [Pap £ owos
ap enagjot €| ap pepadoad eun s3 ¢ anb apeg
< ") apuup ue sapeuw Y vausipuon sep gad

A i

A% r

tr)

¥ 230pal
25 uplaedd e nuweanaxdsa odwan 13 us ugly
-CIMIES 3P SIUOLDIPUOD U OINJOS [ HGIILHUIIUCI
ej ucpuasuda 3 4 ') £ ugisupp ap edea ey ap sosad
-9 |2 $2 4f “ANUATOSIP [P UMUNIOA [2 §3 4 "SILIALOSID
13 U2 IN[US 2 UGLIATIP 3P J1UAIYI0D [3 53 (F OP1OS
[AP UGLIB|OSIP DP ISEIIDIUL B| Ip BAIE {2 53 ¥ ApUOp U2

. ey, A ip
(%) O — = —
av i

erateu muzndis o
ap £520d¥3 25 4 UDISRIOSIP UD OIS LN 3P PEPIIOEISD
B[ U3 UDIIEIUZIUCT 3P PEPIIO[IA B} 3P DIUDWLINE |3
BUOIIE[AZ 1SUTIN] AP UOIIENSI B "UBISN{IUOD 153 uct
-FULHUOD UDISRIUAWLIA XS 5] SO|CWMINE UD SAI0LI|N
SEQANLY ERIOS EINNIDLWIEY CuaI0) BUR U [BIO BlA

resa e u3ased optahn] 12 U3 L6008 SFRS
3P 1L A 1 SEULIOJ SB] 3P UQIIRSIH 2p mnznuciodwio] (] (-0 iy

soinuI

9 § ¥ € z 1
I T R T S |

- 100
@ 1l Bucd
B | Puog
—zo0 2
I
m
w
f=)
<
@°
dSM EIEUE —£00 3
oansed opinbim a
UOIINIOSIP op OIPBlY E
E
|- vO'0
- 0’0
TVIBLSNAN VIQWING YA 0£ZZ




