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Capitulo H

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

1. Documentos estudiados

Descripcion: Folios 44 a 66

Reivindicaciones: Folios 67 a 72
Folios 121 a 122

Prioridad: EP 07103346.8

2. Analisis de !la Prioridad

01/09/2009
01/08/2009
23/12/2009
01/03/2007

Se acepta la reivindicacion de Pricridad porque esta solicitud fue presentada
dentro del plazo establecido (Art. 9 D 486), y su contenido técnico corresponde

con el de fa prioridad reivindicada.

3. Modificaciones aceptadas (Art 34 D 486 y Art 19, 22 y 34 PCT)

Elcapitulo reivindicatorio modificado de los folios 121 a 122, es aceptado porque

no amplia el objeto de la solicitud.
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4. Objeto de la invencion

Titulo de la solicitud: “SALES DE ADICION DE ACIDO HIDRATOS Y
POLIMORFOS DE LA ETIL-AMIDA DEL ACIDO 5-(2,4-DIHIDROXI-5-
ISOPROPIL-FENIL)-4-(4-MORFOLIN-4-IL-METIL-FENIL)-ISOXAZOL-3-

CARBOXILICO Y FORMULACIONES QUE COMPRENDEN ESTAS FORMAS™.

El problema planteado en esta solicitud consiste en suministrar proporcionar
formas cristalinas alternativas del acido 5-(2,4-dihidroxi-5-isopropil-fenil}-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.

Para resolver este problema tecnico ia solicitud en estudio proporciona el mesilato
de etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-
fenil)-isoxazol-3-carboxilico

El objeto de la presente Solicitud se relaciona con la Clasificacién Internacional de
Patentes (CIP): AB1K31/5377; AB1P35/00;, C07D295/00.

5. De la Solicitud de Patente
Titulo

El titulo es mas amplio que el objeto de |a solicitud porque se refiere a cualquier
sal del acido 5-(2 4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-
isoxazol-3-carboxilico , por lo cual se sugiere al solicitante que el titulo se refiera a
la materia reclamada.

Reivindicaciones (Art 30 D 486, Art 22 PCT)

La reivindicacion 2 se refiere a la forma cristalina de la sal de acuerdo con la
reivindicacién 1. Sin embargo, la reivindicacidn 1 no se refiere a ninguna forma
cristalina ni divulga caracteristicas técnicas en relacién con un cristal.

Las reivindicaciones 2 a 10 carecen de claridad ya que no se caracteriza de
manera adecuada la forma cristalina de la sal mesilato de etilamida del acido 5-
(2.4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.
Un polimorfo se puede caracterizar apropiadamente en una reivindicacion, por
sus parametros fisicoquimicos, tales como:

1. El patrén de difraccién de Rayos X en mono cristal, que es especifico de cada
polimorfo, por lo cual, si la reivindicacidn caracteriza el polimorfo mediante este
patrdn, no se exigira otro dato.

2. El patrén de difraccion de Rayos X en polvo (DRXP), el cual debe presentar por
lo menos 20 picos correspondientes a las intensidades de los haces difractados o
a los espacios interplanares dhkl segun los indices de Miller (hkl) medidos de
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acuerdo con el angulo de difraccion de Bragg 26 en el intervalo mas
representativo comprendido entre 5° hasta 90°.

3. Las espectroscopias Raman e IR.

4, La espectroscopia RMN-C13

5. Los métodos de analisis termico: TGA, DTAy DSC

La difraccion de rayos X es la técnica mas Util para el estudio del polimorfismo en
lo que atane a la estructura cristalina, dado que los patrones de difraccion de los
diversos polimorfos presentan siempre notables diferencias, por lo que deben
incluir los picos de intensidad mas representativa para el caso del cristal
reivindicado. ...

Las reivindicaciones 5, 8 y 10 se refieren a figuras, dicha referencia debe ser
retirada, toda vez que los cristales pueden caracterizarse de manera concreta
mediante los parametros descritos anteriormente.

Los terminos "Ha" v "Hg" son designaciones arbitrarias dadas por el solicitante y
carecen de un significado técnico, por lo cual las reivindicaciones 7 y 9 adolece
del requisito de claridad.

6. Determinacion del Estado de la Técnica

El Estado de la Técnica se determiné con base en la fecha de presentacion de la
solicitud de prioridad: 1/03/2007 y se encontraron los siguientes documentos que
anticipan el objeto de esta solicitud:

| ltem Documento Titulo Fecha de Publicacién®

: Isoxazole compounds as inhibitors
01 WO2004/072051 of heat shock proteins 26/08/2004

High-troughput crystallization:
Advanced_Drug polymorphs, salts, con-crystals
D2 Defivery Reviews, 56 and solvates of pharmaceutical
(2004) 275-300 souzs

2004

D1http://worldwide.espacenet.com/publicationDetails/biblio?CC=WO&NR=200407
2051A1&8KC=A1&FT=D&ND=3&date=200408268DB=&locale=en EP discute
derivados de isoxazol y sus sales (pag. 10), los cuales son (tiles en el tratamiento
de desordenes mediados por Hsp90 (reivindicaciones 1 y 29). De manera
especifica, la anterioridad divulga el compuesto etilamida del acido 5-(2.4-
dihidroxi-5-isopropil-fenif)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico
{ejemplo 78).

D2 se refiere al desarrollo de estrategias en el campo farmacéutico para la
obtencidn de diversas formas solidas de sustancias farmacéuticas lo que ha dado
lugar al surgimiento de las tecnologias de cristalizacion de alto rendimiento. Las
diversas formas de sales, con-cristales, hidratos y solvatos son también
susceptibles de estudio en los sistemas de cristalizacién. El impacto de la
diversidad abarca cuestiones de estabilidad y biodisponibilidad, al igual que
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consideraciones en el desarrollo tales como definicidn de procesos, disefio de
formulacién.

7. Examen de Patentabilidad (Art 14 D486)
Nive! Inventivo (Art18 D486)

La reivindicacion 1 consiste en mesilato de etil-amida del acido 5-(2 4-dihidroxi-5-
isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.

Comparacion de las caracteristicas técnicas esenciales, can las del Estado de la Técnica:

. Caracteristicas esenciales | D1 D2 |
' " etil-amida del cido 5- |
{2 4-dihidroxi-5-isopropil-
fenil-4-(4-morfolin-4-il-
metil-fenil}-isoxazol-3-
carboxilico etil-amida del
acido 5-(2,4-dihidroxi-5-
isopropil-fenil)-4-{4-
morfglin-4-il-metil-fenil)-

| isoxazol-3-carboxilico

Divulga la importancia del
desarrollo de sales e
identificacién de las
estructuras cristalinas en el
sector farmacéutico

(pags. 285 a 292)

! Mesilate de etil-amida del acido
5-(2.4-dihidroxi-5-isopropil-fenil)-

| 4-{(4-morfolin-4-il-metil-fenil}-

‘ isoxazol-3-carboxilico

Discute las ventajas y
desventajas de las diversas
técnicas analiticas parala |
caracterizacion de
polimorfos.

L | (pags. 283 y 284)

| Forma cristatina de Ia sal, la cual
muestra un patron de difraccion  * No se divulga
de rayos X. :

El analisis de nivel inventivo del producto reclamado se realizé mediante la
aproximacion problema-solucion en polimorfos (Patenting Polymorphs at the
European Patent Office') posicion que adoptada por la Superintendencia de
Industria y Comercio para efectos del analisis de la patentabilidad de las formas
polimdrficas.

Al respecto la Dra Papathoma ha sefialado que para analizar la patentabilidad de
un polimorfo se debe:

1. Determinar el arte previo mas cercano.
Determinar la(s) diferencia (s) técnica(s) de la invencion con respecto al
estado del estado de la teécnica mas cercano.

3. Determinar del efecto tecnico obtenido por las diferencias técnicas de la
invencidén con respecto al estado de la técnica mas cercano.

4. Estabiecer el problema técnico objetivo a solucionar con base al estado de
la técnica mas cercano.

5. Comprobar que el problema técnico objetivo de la solicitud fue
solucionado.

8. Evaluar si habria sido obvio solucionar el problema técnico objetivo por la

invencion reivindicada.

1 hitp:/’www . peb ub.edu/centredepatents/pdficursos/dillunsCP/papathoma polymorphs. pdf
Expediente 09-92694- 1er Art 45
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Segun la aproximacion mencionada, el arte previo es normalmente el documento
que divulga el mismo compuesto, ya sea en 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 realmente esté
indicado en la solicitud y teniendo en cuenta el arte previo mas cercano.

Ahora bien, segun la doctora Papathoma, en el caso de polimorfo, se ha
determinado que los problemas técnicos mas comunes son: (i) Obtener una forma
fisica alternativa de un compuesto conocido y que logre el mismo efecto técnico u
(ii) obtener una forma alternativa de un compuesto conocido y que proporciones
una propiedad mejorada o diferente (egj, biodisponibilidad, estabilidad, solubilidad,
etc.).

De igual manera, sefiala que es conaocido que: (i) Los polimorfos difieren en sus
propiedades (e]. Punto de fusién, densidad, reactivada y estabilidad quimica,
rango de solubilidad y disolucion, (ii) la investigacién sistematica de un compuesto
para determinar si el mismo es propenso al polimorfismo es una rutina en los
estudios de preformulacién y (i) cada compuesto tiene diferentes formas
polimorficas y el numero de formas conocidas depende del tiempo y dinero
invertido en la investigacién del compuesto.

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
(i) la practica rutinaria era insuficiente para encontrar un polimorfo de una forma
cristalina conocida.

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

1. Determinacion del estado de la técnica mas cercano.

El documento del estado de la técnica mas cercano es D1 que divulga el
compuesto etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-ii-
metil-fenil)-isoxazol-3-carboxilico, sumétodo de obtencion y composiciones que lo
contienen (pag. 102, ejemplo 78, pags. 103 y) donde dichc compuesto puede
estar en forma de sal (pag. 10) y se encuentra en formulaciones farmacéuticas
junto con otros excipientes farmacéuticamente aceptables (pags. 21-22).

2. Determinacion de las diferencias técnicas de la invencidn con respecto
al estado del estado de la técnica mas cercano.

La solicitud se diferencia de D1 en que la no se especifica una forma cristalina de
la sal mesilato de etilamida del acido 5-(2,4-dihidroxi-5-isopropii-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.

Expediente 09-826G4- 1er Art 45
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3. Determinacion del efecto técnico obtenido por las diferencias técnicas
de la invencion con respecto al estado de la técnica mas cercano.

El Efecto Técnico que logra la nueva configuracién cristalina esta relacionado con
la obtencién de una forma cristalina estable en solucién en medio acuoso.

4. Establecer el problema tecnico objetivo a solucionar con base al estado
de la técnica mas cercano.

El Problema Técnico Objetivo de esta solicitud consiste en cémo obtener una
nueva forma cristalina de etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico alternativa a la conocida.

5. Comprobar que el problema técnico objetivo de la solicitud fue
solucionado.

De acuerdo con la informacién suministrada en la descripcion, el ejemplo 8
relacionado con el test en solucidn o suspensién de mesilato de etilamida del
acido 5-(2 4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-
carboxilico, divulga la estabilidad de dicho compuesto a pH 4, siendo la maxima
estabilidad en solucion de glucosa al 5%. Sin embargo, estos resultados
corresponden simplemente a la evaluacion de una propiedad fisicoquimica de una
nueva sal del compuesto etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico y no es posible afirmar que se haya
resuelto algun problema técnico, debido a que la solicitud carece de informacion
comparativa que permita evidenciar que existe alguna ventaja entre la sal
mesilato y ia base previamente divulgada en D1. Por otra parte el establecimiento
de las propiedades fisicoquimicas de un nuevo cristal es una labor rutinaria en
formulacion farmaceutica y en el presente caso la sal mesilato seleccionada
carece de un efecto técnico inesperado o sorprendente y no parece resolver
ningun problema técnico.

Por lo tanto se puede concluir que no existe un efecto téenico probado, porque no
se demuestran las ventajas relacionadas con propiedades mejoradas de la nueva
forma cristalina mesilato de etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-
(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico, reclamada en la actual solicitud,
con respecto al compuesto etilamida dei acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-
(4-morfolin-4-il-metil-fenil)-isoxazo!-3-carboxilico divulgado 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 invencion
reclamada se considera obvia porque ia anterioridad D2, ya divulga que !a
preparacién de sales de un compuesto activo es cominmente usada para
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modular las propiedades fisicoguimicas. En muchos de los casos el objetivo es
incrementar la solubilidad (o velocidad de disolucién) para impartirle
biodisponibilidad o para incrementar la farmacotécnica de compuestos ionizables
poco solubles. Las sales también pueden ser empleadas para incrementar la
estabilidad (pag. 285, numeral 3.1). Varios estudios de alto rendimiento de
seleccion de sales en compuestos farmacéuticos bien caracterizados han sido
llevados a cabo para demostrar del poder de esta tecnologia en el descubrimiento
de formas sdlidas (pag. 286, col. izquierda). La seleccion de sales es
normalmente parte de estudios basicos de preformulacion, llevados a cabo
durante el desarrollo preclinico, donde la rapida identificacién de las posibles
sales de un compuesto y sus propiedades pueden facilitar el desarrollo de un
producto (pag. 286, col. derecha). Por otra parte, D2 ensefa la frecuencia de
ocurrencia en funcion de los contraiones de las sales para los compuestos en
donde se encuentra en mayor proporcién la sal mesitato (pag. 287, fig. 1)

Iguaimente, D2 ensefia que la seleccidn de un contra ién afecta las propiedades
fisicoguimicas, los estudios de seleccidn de sales involucra la preparacion de un
numero de diferentes sales usando una variedad de acidos o bases
farmaceuticamente aceptables con diferentes propiedades (por ejemplo
acidez/basicidad, tamafo molecular, forma, flexibilidad, etc.). Las propiedades
fisicoquimicas relevantes de cada sal son posteriormente caracterizadas,
incluyendo el grado de cristalinidad, higroscopicidad, solubilidad acuosa, habitos
cristalinos y estabilidad fisicoquimica. El polimorfismo y la generacion de solvatos
es un comportamiento de las diferentes sales de un compuesto, lo que puede ser
utilizado como un criteric adicional cuando hay mas de una sal viable. Las
tecnologias de cristalizacién de alto rendimiento se han utilizado para identificar
de forma global y mas répida las sales que pueden ser preparadas para un
compuesto dado o una serie de compuestos, y caracterizar la diversidad de
formas cristalinas (pag. 286 columna izquierda).

En este orden de ideas, es evidente que se pretende proteccion para un estado
cristalino de la sal mesilato de la molécula etitamida del acido 5-(2,4-dihidroxi-5-
isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico, que aunque es
nuevo por no encontrar reportados los datos de DRX presentados, se derivade ia
naturaleza del estado sélido de la misma, propiedad alrededor de |a cual se tiene
amplio conocimiento, de acuerdo con la materia técnica que los documentos D1 y
D2 ya ensefaban al momento de la presentacion de la solicitud.

En consecuencia, una persona del oficio normalmente versada en la materia,
encontraria la sugerencia o motivacién suficiente aplicando los métodos v
conocimientos que se tiene sobre el polimorfismo y formacién de sales revelados
en D2, al compuesto etilamida del &cido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico con el fin de determinar la existencia
de la otra sal y sus correspondientes formas cristalinas para dicho compuesto tal
como la reivindicada.

Expediente 08-92694- 1er Art 45



164
8. Conclusién

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

Reivindicaciones .
afectadas Requisito que afecta

D1 WQO2004/072051 1a15 Nivel Inventivo
' | Advanced Drug Delivery Reviews, 56 . .
! D2 ! (2004) 275-300 1a1s Nivel Inventivo i

! ftem Documento

En cumplimiento del articulo 45 de la Decision 486 de la Comision 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 ia presente
comunicacion. En caso de no dar respuesta al presente requerimiento, o si a
pesar de la respuesta subsistieran los impedimentos para la concesion, se
denegara la patente.

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

a—— ————

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El anterior. requerimiento fue notificado por fijacion en lista, de fecha
. éa AGO. 2012 -

Elaborado por. Emilce Cano U, U p{;‘?
Revisado por: Jacqueline Alfonso,
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Abstract

The concepts of high-throughput (HT) sereening and combinatorial synthesis have been integrated into the pharmaceutical
discovery process, but are not yet commonplace in the pharmaceutical development arena, Emerging strategics to speed
pharmaceuuical development and capture solid form diversity of pharmaceutical substances have resulted in the emergence of
HT erystallizanon techaologies. The primary type of diversity often refers to polymarphs, which are different crystal forms of
the same chemical composition. ITowever. diverse salt forms, co-crystats. hydrates and solvates are also amenable to study in
HT crystaliization systems. The impact of form diversity encompasses issues of stability and bioavailability, as well as
deselopment considerations such as process definiuon, formulation design, paient protection and regulatory control. This

resiew lughtights the opportunittes and challenges of HT erystallization technologies as they apply w pharmaceutical research
wid development.

« 2003 Elsevier BT AN rights reserved.
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1. Intraduction

Active pharmaceutical ingredients (APls) are fre-
quently delivered to the patient in the solid-state as part
of an approved dosage form (c.g.. wbiets. capsules.
ete.). Solids provide o convenient, compact and gen-
erafly stable format to store an API or a drug product.
Understanding and controlling the solid-state chemis-
tn of APls. both as pure drug substances and in
formulated products, is therefore an important aspect
ul the drug development process. APTs can exist in a
variety of distinet solid forms. including polvmorphs.
solvates, hydrates. salss. co-crystals and amorphous
solids. Each form displays unique physicochemical
properties that can profoundly influence the bioavail-
ability. manufacturabitity purification. stability and
other performance characteristies of the drug [1].
Hence, 1t is critical to understand the relationship
between the particular solid form of a compound and
its functionul properties. Discovery and characteriza-
tion uf the diversity of solid forms of a drug substance
provide options from which w select a form that
exhibits the appropriate hulance of eritical properties
tor development into the drug product. Importantly.
the desired propertics may vary with each mode of
delivery {i.e.. oral. pulmenary. parenteral, transdermal.
ete.), such that the solid form may differ for each
optimized dosuge form. Given these options, the
choice and design of phammaceutical solid forms can
be crizically important to successful drug development.

Solid form discovery snd design depends on the
nature of the molecule of interest and type of physical
property challenges faced in its development. The
preferred sokid form is generally the thermodynami-
cally moxt stable crystalline form of the compound
11.2]. However, the stuble crystai form of the parent
compounkl may exhibit inadequaie solubility or diss
soluton rate resulting in poor oral absorption. partic-
ularly for water-insoluble compounds. In this case,
alternative solid forms may be investigated. For
1onizable compounds, preparation of salt forms using
pharmucentically acceptable acids and bases is a
common stralegy (o improve bioavailabitity [1.3.4].
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.......... -‘\J<
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eyt

Like the parent compound. pharmaceutical saits thay
exist in several polymuorphic. soh ated and or tvaerded
forms.

Mast APIs and ther salis e purified and ~osivd
by crystallization from an appropriote sofy =0 ay pe
the final step 1n the synthete provess. A lurge nte be
of tuctors can intluence crystal nuciteation and 2rowth
during this process. including the composition or the
crystallization medium and the processies. caen o
generate supersaturation and premate onvstaihzanon
[1.5- 13]. The most notable vanables of composition
and processing are suntmanzed in TuhIc D Selid m
screening is used to understand the effects that these
variables have on the polvmorphic outcome of 4
crystallization experiment. <o hal a robust process
can be identified to produce the desired crvstal fome
Traditionally, the study ol solid form diversiy
active compounds has relied on the use of a sarten
of common process methods tor generation i 1o
forms. coupled with modern characterizanon methoas
for anatvsis of the solids prodeced -7 4 Mot otfer,
howesver, a combination of sobhent recrystalhz o
teooling or evaporative, ws well uy slurmy convorsion,
and thermal analysis (e, hot stage micreswopy,
differenual scanning calonmetryr are enpoyed o
initial form sereening, Such methods e mietents
slow and only allow exploration of o sl fiaction ot
the composition and process spuce that can contiibute
1o form diversity. Before suggesting o form for sev ol
opment, scientists may have caried out only o fow
dozen crystallization expenments and possthiy o
pared a handful of different sans of a4 compound, I'he
main reasons tor the limited namber of expaiinoenrs
are the coastraints on availabilitn of comporn L ad
scientists” analytical capacity n o given v Lrame,
and they are therefore oflen turced w0 nathe o
sclection decisions an mcomplete dala, Accordingiy,
it is not surprising that unexpected and andesired
outcomes can. and do. occur later vn in des elopment.

Despite more than a century ot research i5,. the
fundamental mechanisms and moleculur propertes
that drive crystal form diversity, specifically the
nucleation of polymorphic fomms, are nol well andoe-
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stood [l3.16]. As a result. predictive methods of
assessing polymorphic behavior of pharmaceutical
compounds by ab initio calculations remain a formi-
duble challenge. Even in cases where the existence of
a crystalline {orm is predicted. the stability relative to
other crystalline packing arrangements has been dif-
ficult 10 estimate with accuracy [17]. Moreover, the
predictinn of packing structures for multicomponent
{e.g.. salvates, hvdrates, co-crvstalst or ionic systems
15 not yel possible [17]. Due to these fimitations, sokid
form discevery remains an experimental exercise,
where manual screening methods are emploved to
explore form diversity of a compound.

Control over solid form throughout the drug
development process is of paramount importance.
Reliable preparation and preservation of the desired
form of the drug substance must be demonstrated,
and has become increasingly serutinized by regula-
ory agencies as more sensitive and guantitative
solid-state annlytical methods have become available
[I8]. Many strategies to influence and control the
ervstallization process 1o produce the solid form of
interest have been reported. Some examples include
stereochemical contrel using tailor-made auxiliaries
[19--21], turgeted solvent recrystallization [22-24].
and templatng using a varicty of surfaces (eg.,
organic single crystal substrates [25), surfaces of
metastable crystal faces [23.26], inorganic crysial

surfaces [27] and polymeric materials [28]). Recent
studies have also begun to uncover the role of
reaction byproducts and other impuritics in determin-
ing polymorphic outcome and crystal properties
[29-323, and in fact, it has been shown that in some
cases such species can stabilize metastable crvstal
forms [33,34]. In addition. new processing methods
continue to be developed to improve discovery and
characterization of new forms, including precipitation
by supereritical fluid [35,36], lascr induced nucle-
ation [37-39] and capillary crystallization [40-42].
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
control the crystallization process, the link between
the physical or chemical processes that influence
nucleation and crystal growth needs to be better
established. It is in this area that new experimental
methodologies have the potential to enabie develop-
ment of this knowledge base.

There is reason to believe that the already compli-
cated landscape of pharmaccutical solid forms will
become even more complex in the future. It is now
increasingly appreciated that hydrogen bonded co-
crystal structures between active agents and molecules
other than water or solvent can be prepared. For
example, co-crystals of aspirin, rac-ibuprofen and

(2
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rac-flurbiprofen have been prepared by disrupting the
carboxylic acid dimers using 4.4° -bipytidine [43].
These stuctures are formally molecuiar compounds
{or vo-crystals) but do not involve formation of
covalent bonds or charge anster from or to the active
substance. Recent demonstrations of these principles
with druy compounds have been published [43 35].

Exploration of a given compound’s polymorphs,
hydrales, solvates, salis, co-erystals and combinations
of all of these appears intructable by conventional
experimental methods. and as the number of potential
methods for explonng and centrolling crystal form
diversity continue 1o expand. existing strategies will
become increasingly inadeguate. In an effort 0 un-
derstand form diversity in a more comprehensive
manner. high-throughput (HTY crystallization systems
have recently been developed. This methodology uses
a combinatorial approach to solid form generation,
where large arrays of conditions and compasitions are
processed in paratlel. Experiments are pertormed at
small scale o reduce the material demand and
afford the Jargest number of conditions possible.
The lorge number of crvstallizetion trials performed
in these experiments reflects the reality that nucleation
rate has an extremely non-linear dependence on the
experimental conditions, and as such, the probability
of a chance occurrence ot a particular form is in-
creased by a HT approach. Supersaturaiion (solubility)
and induction time of the varicus possible solid forms
are independently controlled by these conditions,
resutting in highly non-linear time dependence of
crystullization. Tn addition. the combinatorial ap-
proach permits exploration of a chemical continuum,
where use of many solvent mixtures may allow one to
assess whut underlying physical or chemical processes
are required to produce a particular solid form. Once a
vartety of conditions that can be used to produce a
given crystal form on the microscale are identified in
the HT screen. scale-up studies are tvpicully con-
ducted to optimize the process for lahoratory scale
production,

In this review, the development and application of
novel HT crvstallization technologies for exploration
of solid form diversity are discussed. The operational
features of a fully integrated. avtomated HT crystal-
hzation sysiem are presented, highbighting the design
requirements for hardware and software components,
as owell as general specitications for consumables,

Case studies are used 1o illusirate the benelils aml
capabilities of the approuch, including salt selection in
carly lead optimization (FLOY and pre-chimical devel-
opment. palymorph and selvate screenmg i higah
polymorphic systems, comprehicnsie discovery of
crystal forms w reduce the risk of late displavs ot
poltymorphism. cumparison ot expenmental and pre-
dictive methods ol solid form discovers, and oy
neerng of co-crystals, The need Tor post-sareen nu
characterization of erystal torms o ¢nable i e nd
selection of the most sunable form for developnenr 1«
briefly reviewed. Finally, the unplications ot H.
crvstallization technelogies on the fiture of wo'od e
sereening processes. mitellectus! property proteciion
and regulatory compliance are disvussed

2. Development of high-throughput erystallization
technologies

HT crystallization systems have been dev cloped o
mare rapidby and comprehensively explore the muie-
paramieter space that contributes v «olld Loy Jdieer
sity (A046--51]0 In s simplest desenpiion B
crystallizanion can be broken down intr thres ae
experimental sleps: design ol caperinent DO,
execniion of experimental protoceis wnd oo o
data. Systems designed o carry oul these axpetine
generally consist of both hardware and sofiwarg
components that drive and track expenmentation,
and permut data storage. retrieval and analysis. Such
systems should be designed to be tlexible and seulibie
lo ensure that a variety of experunental procedares
can be carmed oul either seraiiy oF concurtontn
Thus. the svstem can be emploved al varos stagy-
of drug development, where ditferences v vt
gquality and quantity of compound avatlabdle, Wiine o
is highly desirable to have the abiity to nme and
model experimental data. and w0 use the subseguin
knowledge to guide further experiments. not 4il !
crystablization systems are equipped wilh these v
fures. In Scection 3. the hardware and <oftware con
siderations for design and deselopment or a fullhy
integruted. Informatics-driven HT crystallization svs-
tem are described.

While the concepts of HT ~ereemng are widel
applied in the pharmaceutical industry, o8t notabay

i the drug discovery arena 27 the apricati
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HT approaches to drug development, in particular
solid form screening. are just beginning 10 be real-
ized, These latter approaches, however, are more akin
1o HT experimentation than HT screening. Hence,
several important distinetions, which reflect on the
design of HT experimental systems, need to be made.
First. the goal of HT screening is to get a small
number of successtul outcomes. which are then
passed on to the next stage of development. Little
effort 1s typically made o learn why cerain outcomes
were positive and why others were negative. In
contrust, HT expenimentation, such as HT erystalliza-
tion, Is carried out with the goal of having each point
i the experiment produce multiple types of data that
can be interpreted, and the interpretation used to
guide the experimental process to a successful con-
clusion. Second. unlike traditional HT screening
assays where experiments are generally conducted
under constant experimental conditions, HT crystalli-
zanon experiments for solid form discovery are best
conducted using a variety of process methods, each
having varying cxperimental conditions (c.g., temper-
ature variations as a funcrion of time) over the course
of the experiment. These additional process variables
permit maximal diversity in the experimental space,
mcreasing the iikelihood that comprehensive cover-
age will be achieved. Finally, there is a distinction to
be made in terms of relative “hit rates™. In both HT
screening and HT crystallization, a “hit™ can be

Experimgntal Sollds
design detection

Sclids Rearray and
generation quench

Primary Secondary
analysis anaiysis

thought of as a set of conditions that gives rise to a
desired resuit. In HT screening, the desired result is
typically an activity, or potency, that exceeds a pre-
defined threshold. In HT crystallization, a hit is
defined as the formation of o solid. The rtvpical
observed hit rate of HT screening is on the order of
0.1% of the total number of samples analyzed. In
confrast, 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 exhibit
the required potency, 10—-50% of crystallization trials
may yield solids. In fact, the range of wells that vield
solids is very wide, depending on process mode and
experimental time scale, as will be discussed in
subsequent sections. The impact of these differences
is manifested in the design and operational require-
ments of HT experimentation systems.

A fully integrated HT crystallization system con-
sists of a number of components, including experi-
mental design and cexecution softwarc, robotic
dispensing and handling hardware. automated high-
speed micro-analytical tools, end-to-end sample track-
ing and integrated cheminformatics analysis software
for data visualization, modeling and mining. A sche-
matic overview detailing the workflow of such a
system is depicted in Scheme | [53]. These features
arc supported by a comprehensive informatics foun-

Comprehansive
informatics analyses

Tantachnlon (mgmi)

Soooen o
O == kb L

Initial Informatics
classification analyses

Funetional

Scheme 1. A schematic iHustration of the workflow of a fully integrated 11T crystallization svstem {33].

&Y
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dation that is used to handle the large quantities of
dativ renerated Specifically. informatics tools are used
W design statsticaliy eelevant and diverse expert-
ments. drive the sutomation hardware 1o perform the
specified operations. and provide an anatytical [unc-
tion to analyze. compare and sort the results of
experiments. An impormnt feature of these systems
is the ability 1o mine and mode! experimental dala and
use the knowiedge generated to guide further experi-
moents. These functions are supported by usc of a
relattonal database that provides a mechamsm of
communication between system components.

When designing a HT crystallization experiment, or
set of experiments, a large variety of parameters of
composition and process are involved, Experimental
tlesigns must be aimed at covering a large multfacto-
nal parameter space. with the goal of determining
which experimental factors atfect the desired outcome.
In practice, it is desirable to place constraints on the
experimental space, making common statistical design
methods such as ull or partial factorial designs nap-
propriate or impragtical, For example, hardware limt-
tutions, including minimum and maximum dispense
volumes or masses and accessible temperature ranges,
as well ax constraints related to chemicul compatibilisy
{l.e.. reactivity of components, miscibility. ete.} or
toxieny linits of components (if appropriate), need
to be considered. Thus, alternative DOE methods that
can accommaoedate such constraints arc required. D-
optimal design (54.53] 15 an example of a DOE
algorithm that can luke a set of constraints. such as
the ones described above, in combination with a targer
analytical model and determine the optimal set of
expenimental points to test. Another commonly used
DOL algonthm is diversity generation. with which the
experimentalist selects a set of pertinent chemical
praperties and uses the algorithm 1o evenly spread
experimental points aver the chiosen property space. In
addition. some systems uilize a solubility calculaior
tool to estmate the solubility of the AP in the given
solvent/additive mixture. The caleulated information is
then used to select the appropriate concentration of
API in each mixture so that it 15 supersaturated with
respect o the reference phase at the harvest tempera-
ture. Here, the dinving force for erystallization can also
be varied by tailoring the composition of each sample
bused on the APL sofubility in that mixiure. With such
DOE tools, experiments may be designed io effective-

ly and simulraneously explore the diverse composition
and process space deseribed in Takle !

tdeally, DOF algonthms should alse mecrpar 1
prior knowledge or experimental reselis witich awne
been stored i a database as o set of rules or models, w0
limit an experimental space t¢ have certain predicted
characteristics. For example, over the course of ume o
regression model may be developed hetween a set of
known or caleulated chemical propertes and o »u-
rameter of experimental interest. The muodel could be
used during the design of a new experiment in arder to
test only those chemicals that are predicted s e
desirable result. Since a large number of Gictors neea
to be considered during experunental design, the DO
interfuce available 1o the <cientist must net ony iy
flexible and easy to use, bul must aise of*er Hada
aid design efficiency and effectiveness and sormet
input of scientific knowledge generated omver nme,

At the end of the experiniental desiun precess. the
resulting set of experimental conditions s franshited
into a senies of commands for the HT systems. and
stored in a relational database for later retrieval by 1he
software that controls the autemunon. Whaen an -
periment is activated, the overalr operation of tie
automation systems is managed by the H1 infornara
system. which 13 responsible for phy sicw omevetion -
the HT platforms as well as data tracking wnd storage

Execution of experimental communds -~ ciared oun
by awtemated laboratory cquipmeni shat comproaes <l
HT ervstaftization sysiem. Speviabized actomnaded ~« -
tems pertorm several of the functions . segueine of
events that make up the experiment. facit staton i
controlled through an interface o the inlermiatics
system that enswres the samples are processed at tdic
correct sfations. in the correct order, with the selected
experimental parameters being tollowed Porametcis
of operation are recorded, including the ume 2t whicii
an action is taken. After execution of the experimental
steps. the software interface refrreves any pertinert
information generated by the untomated plattom.,
such as ussay results or operational piranieter s stores
these data in the relatonal database, and updaic- b
status of the expenment 1o reflect the voupiei.uL
operations,

I general, the hardware required tor a HT ervsta
lization svstemt is comprised of four mural fanehena
clements: sample preparation. solids zencratzon, sonds
detection und sample analysis. Sumple prepatstion
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involves adding the compound of interest { AFI) to the
diverse set of conditions used to conduct crystalliza-
tion studics. Typically, the APl is dispensed as a
solution m a suitable solvent. followed by solvent
removal to vield the solid APL Solvent removal can
be achieved by passive evaporation or by controlled
active evaporation {e.g.. use of a vortex dryer).
Alternativety, the APl can be delivered in the solid
state with suitable powder handling systems. Depend-
g on the amount of saturation desired, the erystal-
Hzatton vessel used. and the API's solubility in
solvents or solvent ouxtures of interest, API masses
ranging from a few hundreds of micrograms to several
milligrams will be present in each vessel. Once the
AP! has been delivered to the crystallization vessels
(fubes. vials or microwell plales), combinations of
solvents andfor additives are added 1o each vessel. By
taking advantage of the power of combinatorial
approaches. large numbers of unique combinations
can be dispensed from manageable sets of starting
materials.

Compatitnlity of equipment components (svringes,
dispense ups. tubing. ete.} and consumables (plates,
tubes, ete.) with solvents and other compounds is a
key hurdle Faced in the development of combinatorial
crystallization for small molecules. Unlike protein
crystallizaiion systems [36.57], which are comnmonly
hased on the sitting-drep method in aqueous media,
small molecule crystallization employs a range of
crystallization additives and processes. The additives
include erganic solvents with varying properties (e.g..
alcohols, acetone, hexane, elhyl acetate, efc.), water,
acids, bases and co-crystal formers. as well as other
compounds {e.g.. small molecule templating agents,
surfactants. pharmaceutical excipients, etc.). This
wide range of materials needs to be handled by
appropriate hiquid handling echniques 1o enable the
combmatorial assembly previousiy mentioned. Ideal-
Iv. liquid transters are achieved using multichannel
pipettars with individually controllable channels.
Depending on the crvstallization vessel design. the
volumes of reagents dispensed witl be as low as a few
microliters to as high as several hundred microliters.

Potential for cross-contamination and tendency
toward unwanted solvent evaparation from crystalli-
zation wells are challenges that need to be addressed
in a HT crystallization system. A large number of the
solvents used 1o crystallize small molecules have high

1.2
)

vapor pressure under ordinary laboratory conditions.
Sealing of the crvstallization vessels is key to being
able to control compesition during crystatlization
from these solvents. Due to solvent fugacity, vessels
need to be protected from ingress of the components
of neighboring wells. These problems have been
soived by different means, such as sealing of individ-
ual tubes with a Teflon-backed crimp seal [40} or O-
rings/gasket seals and clamped covers [47.51].

HT crystallization must cnable scveral process
modes that are compatible with the compound (e.g..
chemical stability, thermal stability. etc.). In some
cases, multiple modes of operation may be combined.
The most common modes of solids generation will be
discussed below, including thermal cooling crystalli-
zation, anti-solvent and evaporative crystallization,
Less common process modes include melt erystalli-
zation, {lash or quench cooling and template-directed
crystallization. Tt is important to note that generation
of maximal diversity in solid form requires multiple
modes of operation [6,18,58].

In thermally induced cooling crystallization, sam-
ples created in the sample preparation process de-
scribed above are subjected to temperature ramps.
Prior to beginning the temperature ramp, samples are
exposed to an elevated temperature for a short period
of time in order to dissalve the APT in the crystalliza-
tion medium. Although dissolution can be achieved
most simply by diffusion and conveciion from the
heating process. addition of external energy can speed
up the process {e.g., sonication), Samples may be
optically inspected {see Fig. 1) and vesseis that contain
undissolved solids can be tlagged in the database for
further analysis. For instance, undissolved samples
miay be rreated as slurry conversion experiments and
monitored over time for crystal form changes, The
thermal cycle is then initiated, using conrrolled cooling
to induce supersaturation. In this mode of erystalliza-
tion. samples continually experience an under cooling
and, based on the level of supersaturation in the vessel,
may recrystallize at a given temperature atter a period
of time. Thermal crystallization cnds to gencrate a
cumulative number of samples that are produced over
time in a fashion approximating a square root function,
as illustrated in Fig. 2. This means that initially there is
a small bolus of *“‘hits’, after which the rate of
crystallization tails off over a period of time, typically
in days to weeks. This results in a manageable hit rate

(e}
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Fig. 1. Photo of opneal inspecuon statien (fuset shows ¢lose up of
crystwlhzaion vessel mhat contams crvstals ) (Cowntesy of Trans-
Fonn Pharmaceuncals, 2002

for analysis. on the order of approximately 10% in
aggregate, This mode of solids generation has the
lowest throughput rate. typically. because experiments
span dayvs to weeks. with system residence nmes of
manths being possible,

In contrast, ant-solvent addition. also known as
“erash-out™ {or “drown cut™) crystallization. rehes
on the fact that an AP is seluble to varving degrees in
the crvstallization medium, but 1s largely insoluble in
a particular solvent or solvents (e.g., the anti-solvent}.
As a result. this mode of erystallization can operate at
high-throughput rates, with samples being wined
around hourly. When erystallization vessels contain-
ing AP in reagent mixmures are exposed to aliquots of
anti-solvent. nearly all vessels will conwin API that
has precipitated out of solution. This creaies a chal-
lenge to the analvtical process, as the near [00% hit
rate leads to a large holus of samples. There are,
however, advantages to this mode of solids genera-
non. such as the ability to produce microfine erystal-
irtes and amorphous sokds, should they be desired.

Lastiy, evaporative crvstallization can be carried
out on the combinatonal array of samples, This mode
of operation relies on gradually increasing the con-
centration of AP i1 the vessel to achicve supersatu-
ration and to increase the degree of supersaturation
{by preferentia; evaporation) in order to induce crys-
tathization. Concentration of samples can be achieved
either passively or actively by controlled flow of mert
gas while maimlming temperature, With evaporative

methads, differennal rates of solvent loss from nux-
tures result in unknown compositivn of *he crystaii-
7ation medum at the me of erystal macleasion i
addition, the degree of supersaturation chanpes osor
the course of the experiment. ofien restitize m the
appearance of multiple crystal forms The evaporatiy 2
mode of sofids generation typically produces through-
put and hit rates intermediate between the thermel ind
anti-solvent processes,

As stuggested above, inappropiiately contiganad
crystallizanon svstems. several process modes man be
used m series or in parallel [407 Freguently, tie
preparation of replicate plates (in some svsloms
“daughter™ plates [47.50)) is necessary for parsiied
processing by different process modes Sustems =
be additonally equipped with the abinny o sl
process sumple amrays using different nrocess nusdes
[39], This feature is particularly aftractive for casos
where only small quantiites of sample are avinenie.
increasing the drive to generate usellis intormation
from every sample. Here, samples muy be prog seed
by optimal modes Tirst (e.g. thermai wrvaad s e
then a secondary process step can be appled fo max
imize the hitrate. Another exumple where this teatute s
useful is s the case of sulvselection. especialiy 1 ey
drug discovery. Upon the addition of salt forming acids
or bases. e solubility of the compoumd < radulited
by in-sine salt formation. often resulting m reduced or
non-cxistent driving ftorces for cryvstalization 1o
subsaturation) of the salt species, purticutary i pol
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solvents. It should be noted that rapid onget of super-
saturation can be experienced in any of the process
mades discussed and can result in oiling out or precip-
itation of amorphous solids, rather than generation of
crystattine solids. Thus, 11 1s important to monitor and
control the crystathization conditions throughout the
experiment.

In general, the percentage of wells that vield solids
varies. depending on process mode and experimental
lime scale. For example. evaporative modes usually
result m a solid 1 virtuaily every vessel, while slow
undercooling results in far fewer (on the order of low
percents). The differences in hit rates between these
praocess methods arise in part from the differences in
the supersaturation attained. For evaporative crystalli-
zation, supersaturation is achieved in all cases as the
concentration of the active compound is contituously
increased as solvent is evaporated. In contrast. the
composttion of wells processed by thermal ervstalli-
zution is fixed. In some cases. because there is timited
data on the precise state of supersaturation for each of
the large varicty of cxperimental compositions and
potential crystal forms, some wells may remain
subsaturated during the process. For these wells,
additional process steps, such as partial evaporation
or anti-solvent addition, may be employed to generate
supersaturation to yieid a solid. Tn contrast, as men-
tioned previously, a fraction of the wells may not go
fully into solution at clevated temperatures. In this
case, the emperature of the system may be raised to
achieve full dissolution. additional solvent may be
added to solubthize residual solids or the samples
may simply be monizored for slurmry conversion over
time. To overcome these challenges, we have devel-
oped a solubility calculator ol using group contribu-
ton theory to estimate the solubility of the reference
solid phase at specified temperatures in each solvent
composition, These data are then used at the DOE step
to define e viable concentrations of the active com-
pound for erystallization (1.e., minimum concentration
required 1o achieve saturation and maximum solubility
limit or concentration) in cach solvent mixture, Addi-
tionally. the timescale of the experiment has a signif-
icunt impact on the observed hit rate. Hit rates will
approach 100% for viable crvstallization conditions in
the limit of infinite time, but in practice most experi-
ments are conducted over days 1o weeks, so observed
hit rates reflect this temporal influence, In fact, similar

behavior is observed in manual experimentation, Note
that only some HT crystallization systems are config-
ured to permit scleetive sampling of “hits™, providing
the ability to further incubate un-crystallized sumples
to monitor tor slow growing crystal forms.

Solids detection can be achieved by examining each
sample using machine vision systems. Samples may be
monitored over time to detect precipitation in vessels
that were previously devoid of solids. This simple. ves
robust process can rapidly and non-destructively de-
rermine state changes in the crystallization vessels and
signal when a particular vessel or set of vessels is ready
for solid-state analysis. Depending on the sample array
configuratton, the signaling of “hits™ results in har-
vesting of samples by one of two approaches. In the
“cherry-picking™ approach. only those samples that
have been flagged as containing solids are selected for
further processing [40]. In contrast, using a sacrificial
approach the entire plate must be moved forward after
a predetermined fraction of the samples in that array
have produced precipitates [47.51], The lauer. of
course, can be carried out without an online detection
system. Here, samples can be processed in batches,
without regard to whether there are actually solids
present in a vessel. This simple process appreach is
effective, but has significant limitations, the primary of
which being that samples are destroved after a fixed
amount of time regardiess of their state. Hence, i is
advantagcous to employ an online deteetion and har-
vest system so that samples can be differentially and
asynchronously processed, with only those vessels
containing solids undergoing analysis [40.60].

Sample analysis is the final action in execution of
the HT crystallization process, lﬁ_ﬁpaﬁdmg‘on the't n‘iﬁﬁg

foperation and the choice of ahalytical'medsarement
zmpl"nved this process may involve several steps. Mas
HT erystallization -Systems use Raman . Spectroseap
andf" ar powdéi” XAy, difiraction. (PXRD) for primary
anah?m of harvested-solid: “Stafe sanplesT Both Tecl‘lj}ﬁ~
quesfhwe “advantagesand - disadvantages -in ‘termg pf
their-ability w0 discrimipate_betweeii forms_of a soli¥

o «poljﬁiorpht salt fom_m'"'qolvaté‘?"hvd:atc.s)"

(1714,61]. The rate of generation of samples for anal-
ysis likely dictates which technique is used for the
primary approach, Generaily cpeakmg ~Raman.spec;
[roscopy can be emp oyed mam more rapid fashion th'u'm
PXRD 8inice_acquisition times for Raman aré consid- j
erably less dependent on sample size, as is deplcred m

s
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Fig, 3 In addition. plate-based PXRD methads are
susceptible to problems with preferred orientation
effects. which may prevent accurate ¢lassification of
samples. As a result, Raman spectroscopy methods are
often used as a primary means of characterization in HT
crystallization systems. Although one disadvantage of
the Raman technique is interference due to fluorescent
sumples, thewavelengih of the excitation laser can be
changed 10 the near-IR. to reduce. Muorescence o
pyoblematic samples. Recent advances in PXRD in-
strienitation, hrought on by the increusing demunds
of BT crvstallizazion. make it possible o achicve
similar analvsais tmescales with PXRD and Ramun.
on the order of less than one minute per sample
depending on the capabilities of particular instruments
used. Clearly, (he best option is to employ both meth-
ods tor inttial sample evaluation. which can be realized
with the appropriate informatics structure. as described
in Section 3.

Once the primary solid-state characterization data
are collected and stored, samples are generally classi-
fied into groups {or bins) that display similar character-
151ics (e.gz., Raman spectra or powder X-ray diffraction
patlems) using informatics tools. A variety of methods
can be used to accomplish the binning. For instance.
Raman spectra may be compared (based on relevant
teatures or over the entire spectral range) and clustered
using calculated similarity measures, such as Tanimaoto
cocfficients. In one method {40.60.61]. cach Raman

s

spectrunl. which represents the contents ot an e -
ual well at a given tinte. is fiitered to remine .-
ground and to accentuate Raman peaks ind shoubde

Peaks are then located and assigned a wuavenumbe:
using standard derivative methods and the amphitode ot
each peak is caleulated. These datu are used w caculate
a similarity (or distance) measure related w the Tani-
mote coeflicient, from which the Raman spectra are
binned into groups of ~similar sampies using o lassfi
cation algorithm such as hicrarchical clustering This
method often uses peak positions. rather than amph-
tudes 10 discruninute between different patterns
order to reduce the signiticance of putential prefernad
orentation effects, which can result momoduiator o
relative peak intensity for certain orystiographne
Manes. The window over which nwa peaks ure conwad-
ered to be ul the same posibon (e oom waivy

number), as well a8 2 mininuun Letghi o o Llneted
peak to be considered for clustering, can be selected by
the user. allowing regions of interest fe.g.. spectril
ranges) to be explored m greater detwst Wath appropn-
ate sctings. @ Raman spectrum that has only one peak
or feature in a shightly different location than ebscived
in other pattens can be differentiated und binneu s
unique. indicating a different or new crvstal foum.
During clustering. each specirunt is assigned an wbi-
rary number. i.e.. & sorted specirim number for case ol
tracking, and the resultunt clusters are graphod o-
shown in Frg. 4. where the red-celored sogions top e

Seorted Spectrum Number

4 : . le'r
3 w1 20 23 3 3 40 45 M
Sorted Spectrum Number

Fig. 2. Raman cluster diagram show.ng hyvee e a o

O e Lo e

spectrum numbers for all samples resulting
sereen of Ritomver, Closters are mdicated v wana-oo e o0
regions. which have been outhned 10 gutds div 2ve. 0a au ol
different sohd forms 1657
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sent bins of similar samples. Altematively, the results
from several anatyucal methods such as Raman and
PXRD can be used to simuliancously classify samples.

Regardless of the choeice of primary analytical
method, and in keeping with traditional methodolo-
gies for solid form sereening, 1t is necessary to further
characterize the sohds generated in HT crystallization
systems to accurately detarmine their solid form and
properties. Most HT systems integrate muttiple ana-
fvtical methods as part of the sereening process. These
so-called secondary analytical methods often include
thermal property measurement (e.g., melting point)
and optical microscopy {for crystallinity, habit, etc.).
Drepending on how the samples are processed and the
degree of compulerized 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-
ods for optical microscopy and meltng point deter-
minaton have beea developed [17.31]. It is important
o note that, in this case. all samples are destroved
during characterization of the melting point. When
replicates are retained. the functional properties such
as dissolution rate and hygroscopicity can be analyzed
using either manual or HT methods. (For more infor-
mation on functional analysis, see Section 4 on post-
screening analyses and form selection.)

With the aid of informiatics tools, the data sets
obtained can be used to gencrate information about
the experimental space. Software interfaces that allow
aceess 10 the daty permit classitication and regression
unalysis to be performed. The results are displayed in
high-dimensional visualization tools that can be used
to guide turther experiments toward optimizing pro-
cesses to make each form. For instance. sample
composition and processing information can be linked
to the resulting crystal form and momphology. Corre-
tution of trends between experimental factors and the
products can lead to hypotheses that can be used to
direcr the design of fellow-up experiments. An exam-
ple of this was reported by Peterson et al. [40], where
the knowledge gained from iwerative experniments was
used to drive new experimental designs, which ulti-
mately yielded the desived curcome, e, the isolation

and characlerization of the highly unstable form 111 of

acetaminophen (paracetamol),
While these new methodologies provide unprece-
dented capabilities for solids form discovery, it is clear

that there remains a need for some level of manual
processing, particularly in the case of detailed form
characterization such as single crystal structure deter-
mination, scale-up of the desired form and under-
standing the effects of downstream processing on
potential form conversion. HT methods provide the
landscape of possible forms and their properties and
should be used in conjunction with maditional meth-
ods to enable rapid, etficient selection of the optimal
form for development,

3. Applications of high-throughput crystallization
screening in pharmaceutical research and
development: case studies

HT technologies offer unprecedented capahilities
for torm discovery and characterization, Potential
applications range across the entire pharmaceutical
value chain, including screening of active molecules
in discovery during ELO, form selection for preclin-
ical candidates, final form optimization for early
clinical candidates, process chemistry development
of crystallization processes for bulk drug and mrer-
mediates, as well as identification of new or enabling
solid forms for product life cycle management. While
numerous impact points have been identified. only
limited information on the use and performance of
HT form screening systems is available in the liter-
ature, indicating that the benefits of these new meth-
odologies have just begun te be realized. In the
following sections, case studies on the application
of HT ecrystallization systems are reviewed. Special
attentton 18 given to the implications of new form
discoveries.

3.1 QLIgH=THSTE NGt salr selectiony

Preparation of salt forms of an active compound is
commenly used to modulate physicochemical proper-
ties. [n most cases;the goal isto increase solubility” _(9:;

1sq0’luncm :'Ltc)*“tko lmpmvc hioav a;hhlhw or 1o ¢n
h'mﬁ-: The :mnufacmmblhty of poorly soluble Jomg-
able compf)unds [1.3.4]. Salts may also be employed
to increase chemical stability [3] or to reduce the
solubility of a given compound for certain applications
{e.z., sustained release dosage forms) [62]. Thus, it is
impartant to consider the route of administration and
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dosage form requirements when selecting a sal form
tor development, Since the choive of counter-ion
affcets the propertics of salt forms (3,47, salt selection
studies involve the preparation of a number of different
salts using a variety of pharmaceutically ucecptable
acids or bases with differing properties (e.g.. acidity/
basicity. molecular size, shape. flexibility. etc.). The
relevant physicochemical properties of each salt are
characierized. including degree of crystallinity, hygro-
scopicily, aqueous solubility, crvstal habit, and phys-
ical and chemical stalility. Based on these properties
of the salt forms, their suitability for development can
be evaluated. Several swategies for streamlining and
optimizing salt selection procedures have been
reported. including in-situ techniques for ranking the
solubility of salts [61]. tiered approaches n which the
least ume-consuming studies are carnied out first and
used to remove from consideration salts that are not
viable [64]. One issue not readily considered by
existing strategies is the polymorphism and solvate
forming hehavior of the different salt Torms of a
compound, which could be used as an additional
criterion when more than one salt may be viable, but
the deuree of polymorphism and solvate formation of
#iuch may become a criterion for form selection,

HT crysatlizauon wechnologies have been used to
more rapidly and comprehensively identify the range of
<alt forms that may be prepared for a given compound
or scrics of compounds, and characterize their crystal
form diversity (pelymorphs., solvates, hydrates). How-
ever, only a few studies have been published or
presented. Several HT salt selection studies on well-
characterized pharmuceutical compounds have been
carried out to demonstrate the power of these technol-
agies in solid form discovery. For example, in a small
HT study (L.e.. 96 wells) on the antibacterial sultathia-
role, salt formation was explored using varving stoi-
chiometric ravios of pharmaceutically acceptable
arganic and mineral bases in an array of solvent
conditions [03] The screen resulted in the rapid iden-
tihication and characlernzalion of 10 sall forms and
showed that the salts exhibited a range of mclting
points depending on the counter-ion type and stoichio-
metric ratio. Similar HT salt selection experiments on
caffeine and naproxen resulted in the identitication of
numerous salts of each compound 4750511

In the discovery phase. HT ervstallization has been
used o dentify xoluble salt forms of compounds

during ELO to facilitate early aniinal dosing, therehy
providing the ubility 10 uncover underlying chemees!
andfor biological responses clicited by candidnte mol
ecules, includiog toxicity or efflux 46,597 Such
informailon permis rapid identification of probleniar
ic compounds or scaffolds, atlowing rescurces o ve
directed 10 projects with greater opporiunity lor ~ug
cess. HT erystallizanon can fucilitate selection of tesds
that are more hkely o survive prechnweal e clor
ment. HT eryswallization has been used successtuiiyv v
wdentify multiple new salt forms und the puisinosags
and solvares of cach compoeund belonging o two
discovery programs using less than 200 myg of coe-
pound per screen [S9] Approximately 150 20w
experiments were performed on cach compound simiry
a Hbrary of phammaceutically acceptable acids or buses
with an amray of solvent compositons and process
conditions. Each screen resuited in diseoveny of
multiple new salt forms. and in some vases poiy-
mormphs and solvates, [nterestmgly. similar sait tpos
were identified for each compound in u given serres.
as ustrated 1 Frgo 50 where the Teguency
occurrence is plotted ax a [uncticn of counter-es e
ench discovery sertes. Clear trends in e Jeeroe o
solid form diversity of salt forms. includsny pods e
phism and solvation behavior, were wise oviden:
within sach compound seres. These dals milical
the potential for identifying salte suiahic fer e
compounds tested i a particular seattold w1 series,
based on analysis of anly a portion of the series. 1. u
piatforni-based approach to salt selection. provided
the chemistry suwirounding the ionizable functionulins
15 not significuntly altered during Turther suacture
acuvity relationship (SAR) development, bureer
muere, solubiity measurements of cach ~ait onn
physiolagically relevant flutds allowed ranhay ot s o0
forms in a given seres, and comparson o salis
between series was also possible. The average nom-
arowud time per screen was upproximately 2 weehs,
such that feedback on the physicochemical properties
of each compound was provided to the medice .
chemists on a similar time scale s poteney. selectis sy
and metabolism screens.

Salt setection is normually part of the standacd
preformulation swdies carned out durmg preclinical
development, where rapid identification of the puossi-
ble salts of a compound wnd ther propertiies wan
facilitate product development  To durther *ue Tial
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such studies. a microplate technique capable of in-
vestigating an array of conditions has been developed
to determine which counter-ion and solvent condi-
tions can be used to prepare crystalline salts of the
compound [66]. Each plate is prepared by first
depositing approximately 0.3 mg of compound into
each well using an appropriate amount of stock
solution, The counter-ien type is sysiematically var-
1ed along the rows of the plate and different crystal-
lization solvents are deposited down the columns of
the plate. Crystallization is monitored by optical
microscopy over the course of the evaporative crys-
tallization. which can be accelerated by flowing a
stream of div nitrogen over the plate. Once salt forms
are identitied, they are scaled up for more detailed
charactertzation.

The microplate appreach was demonstrated by
Bastin et al. [660] through several examples, however
littie detail of the specitic screening protocol and
results was provided. All three of the réported exam-
ples are on compounds that are weak bases with p&,
between 3.1 anet 530 Only a small number of stable,
crystalline salts could be prepured for the two very
weak buses (Le., pK, = 4.25), as opposed to the larger
variety found for the stronger base. In each case, the
salt torms were scaled-up for more detailed analysis
and comparison to the respeeiive free base compound
to determine the optimal form for development. This
approach provides a useful mechanism for prelimi-
nury, small-seale salt formation studies. Both the
crystallization media and process modes accessible
by the technique are somewhat limited, resulting in a
narrow expioration of experimental conditions for salt

o e e r———

formation. For example, only solvents compatible
with plate materials can be used, thereby reducing
the probabiiity that a crystalline phase can be identi-
fied. In addition, current protocols onty provide for
evaporative crystallization, likely due to difficulties
with sealing of the plates. In this case, the composition
of the crystallization medium is not well controlled.
The uulity of HT crystallization in ELO, although
demonstrated by initial reports of feasibility. is less
well documented than the use of HT on later stage
compounds.

3.2 Solid form discovery in highlv polemorphic
systems

The statement by the late Walter McCrone in 1963
that “‘the number of forms of a given molecule is
propoitional to the time, money and experiments
spent on that compound™ [67] has gained credence
in recent vears, as illustrated by the significant in-
creasc m oreporied crystal form diversity of pharma-
ceutical solids. Depending on when alternative solid
forms of a compound are identified, the appearance of
a novel form may or may not be a welcomed
discovery. Occurrence of a new fonm in research or
early development is potentially enabling. At later
stages, the appearance of new forms. particularly
stable ones that are not bioequivalent or deemed
unprocessable, can have catastrophic consequences
for product performance as well us regulatory com-
pliance {c.g., control of crysial form). Additionally,
recent rulings on the use of alternative. commercially
viable solid forms not protected by patents from
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innovater companies have opened the market 1o
generic competition (6% 79], In order to mitigate
these risks, and to save time and reduce costs, many
pharmaceutical companies have begun to re-evatuate
their strategies for solid form screening and are
looking to HT crystallization technologies to address
the needs for more rapid and comprehensive explo-
ration. In ths section, the application of HT crvsial-
lization to highly polymurphic systems is reviewed,
including specific cases of compounds ¢xhibiting
fatent polymorphism.

Polymorphic systems are quite common among
many 1vpes of organic crystais (7], Far the purposes
of this review, compounds exhibiting more than three
pelymorphic forms will be classified as being “highly
pelymorphie”™. While only a handful of well-known
organic compounds are considered for practical pur-
poses to be non-polymorphic, e.g., aspirin (80811,
sucrose and nuphthalene [7]. it should be stressed that
one will never be able to exclude the possibility of
polymorphs appearing, even a century atter the initial
dizcavery of the compound. So far, no polymorphs of
aspirin have been found. despite the proposal by
Pavne et al. {801 thai polymorphic forms may exisi.
In contrast. acetaminophen form {11 was abserved by
Burger in 1982 using thermal micrescopy {82]. but it
took another 20 vears for a crystal structure o be
proposed [40]. Many reports exist on the polvmorphic
natere of speeific drug compounds with one or two
alternative packing modes for the same chemical
composition. However, literature exumples of com-
pounds with more than three packing modes are
considerably rarer. as will be summarized shortly. It
should be noted that the increased number of reports
on highly polymomphic compounds in recent vears is
likely the result of enhanced screening praciices and
more sensitive characterization tachnigues.

Highly polymerphic compounds present several
challenges in drug development. First, the generation
of different forms is oflen not a simltancous event,
but rather a graduat evolution of form diversity leading
to the branding o’ a compound as being highly
pelymorphie. Consequently. once more than one form
is identified. concern is raised that additional forms
may eventualy be discovered. For instance, the 13
polymorphs ef phenobarbitone evalved over ca. 13
yeurs [7]. und a fourth polymoerph of carbamazepine
was reported in 2002, a full two decades after the

publication of the structures of the inal three forms
[¥3]. Sceond, selection of the prefenal fomm ot o
highly polymorphic compound for deveiopment
demands a compiex set of thermodynanue and kinetic
investigations. due to the peometric incresse in the
number of stability relationships that need o be
established. More complexity arises when some poly-
morphic pairs are enantiotropie. exhibiing o s\ 1o s
the identity of the stable form us o functoe of ten e
ature. Third, concerns over bio-performance and =i
impact of a large number of polvmoiphs w1 process e,
leud to regulatory issues that need o he wdaressed,
Decision trees {38] have been established sl
scientists in assessing the mmpact of poiyimaipin
change and have been mcorporated e the JCH
gpuidelines [84] Lostly, the analyicul challenge ot
moniioring polymomh content in the dosage toun
increases as the number of possible forms crows,
particuiarly with low dese compounds whete sue
concentration of drug n the tornuilbion i~ <ol

The literature on highly polymophie » e
icals 15 relatively sparse. but severnd exampoes o
compounds Anown 1o iy e 1o ol mere sofvieg v
forms are available in the lerature and wre sam o, -
rized in Table 2. In addition ty thiese diug exampaes.
the pharmaceuncal ingredients munnitot cod  ospae-
tame have been shown o exinbit 4 and 5 polymunp s,
respectively {7]0 The phenemenon in inactive exwi-

Table 2
Examples of highlv polymorphie drug compewsis i e e s oo

Compound Number of Uthar formes Rot S
reported
polymorphs
Phenobarbitony 13 ~
Cimeudine N Huvrates -
‘ROY™ - Tl
Totitd Lor
the tun
Pllh“\:‘l'nh'l'l
Sulfathiazele S Nt
salvates
Carbamazepine 4 Dihs erare <L -
and nizerous
sy ales
MK-996 9 Hyarue i
MK-A 4 2 hyurates

aidd pumerons
~olvates
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pients may well be under-appreciated due to lack of
study.

In general, pharmaceutical polymorphism is likely
10 be underreported in the literature, since much of the
polvmorphism research is carried oui in companies.
As a resuit of growing interest in the subject and
advances in techmques to study polvmorphism, it is
expected that reports of extreme form diversity will
grow. Conferences on the subject, such as the ACS
ProSpectives symposium, refleet the appreciation tor
the complexities introduced by the appearance of
polymorphism in impotant materials such as pharma-
ceuticals. Work hos recently commenced to under-
stand the opportunities and challenges of using HT
technologies v pursuit of rapid identification and
characterization of the large number of forms pre-
sented by highly pelvmorphic compounds. Three
published case swdies and two examples that are in
press at the tume of this review will be ighhghted.

Form IV of carbamazepine was reportedly discov-
ered as the result of crystallization ftrials in the
presence of hydroxypropyl cellulose HPC [83]. Sub-
sequentt to this publication, Lang et al. [28] published
the use of polymers to influence polymorphic form
using a 96-well plate system for the screening of
poelvimorphs of carbamazepine and acetaminophen.
In all. 84 difterent polvmers were employed to direct
nucleation, Form Y of carbamazepine was found to
crystalizze from mcethanol in the presence of hydrox-
ypropyl celiulose, poly(4-methylpentene), poly(R-
methylstyrene) or polv(pz-phenylene ether-sulfone).
Using the same approach. the moneclinic and ortho-
rhombic forms 1 and i, respectively, of acetamino-
phen were also isolated. While observation of
metastable form 1] was not reported in this study,
the strategy ol employing polvmeric additives is of
interest, as it can direct the course of crystallization
and because polymeric impurities may be in contact
with a drug substance andfor formulation at various
poiats in development.

Anather approach, reported by Anquetil et al. [85],
identificd sclective conditions for the crystallization of
carbamazepine polymuorphs forms 1 and 111, as well as
the dihvdrate. from methanol and/or methanol/water
solutions by thermal processing in a microliter cell
format (i.e., 33100 ul). Optical laser wrapping was
used in situ 1o target the microcrystals for real-time
form analysis using Raman spectroscopy. The crystal-

lization process was monitored optically and with
Raman spectroscopy as a function of iemperature
and time. The study revealed the conversion of form
I'to form I11, as evidenced by a change in characteristic
crystal habit from needles to prisms. Raman spectros-
copy on the solution phase measured the saruration
solubility of each crystal form produced. Although
only several experiments were carried out in this study,
the authors advance the microfluidic cell format as a
potentiatly viable system for HT polymorph sercening.
A third report details the use of in situ Raman
spectroscopy Lo optimize process conditions. The com-
pound MK-A has four anhydrous polymorphs and
several other forms, including two hydrates and nu-
merous solvates [86]. The study gives an example of
the complex thermodynamic relationships (monotropic
and enantiotropic pairs) that can exist in highly poly-
morphic systems and demeonstrates the power of in-situ
methods for monitoring the crystallization process.
The angiotensin-I] antagonist MK-996 is an exam-
ple of a highly pelymorphic comnpound {Table 23 [R7].
The structure of MK-996, depicted in Fig. 6, contains
seven rotatable bonds, the conformations of which
could lead to many configurations for crystal packing.
HT crystallization experiments with MK-996 in 96-
well arrays comprising over 1500 discrete recrystalli-
zation trials from a set of 21 solvents or selvent
mixtures yielded 186 solids, which were harvested
over a period of 7 days [§7]. PXRD analysis of these
solids suggested the presence of at least 18 distinct

Me
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Fig. &. The malecular structure of the angiatensin-1I antagonist MK-
Q96 {37].
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forms, some resulting from solvent-mediated recrys-
tallization. A hydrate {originally named form 1),
obtained by slurry conversion in the prescnce of
aqueous solvent mixtures in the HT experiments. was
the form previously selected for pharmaceutical de-
velopment. Importanty, a form {form D) reporied by
the innovator [87] to be a “disappearing polymorph™
[S8] once form | appeared, was also found in the HT
sereen. Clewrly, sutficient experimentation with ratio-
nally selected diverse condittons affords the possibility
te regenerate elusive forms,

Sertraline HCL the active ingredient in the anu-
depressant Zoloft . is found n various crvstal forms.
The molecular structure for Sertraline HC T is illistya:-
ed in Figs T Information on vanous solid phases can
be found in patent disclusures filed by several com-
panies {89-92], Survey of these documents, which
published between 1992 and 2001, reveals data for 27
purporied crystal forms of Sertraline HCL including
17 polymorphs. 4 solvates. 6 hydrates and the amor-
phous solid. Further analysis and companson of
characterization data for the vanous forms presented
i the patents revenled that mixtures have been
mustaken tor real polymorphs on ot least two occa-
sions. and ar least two polymorphs were disclosed
more than oncz (by different workers each timel. In
addinon. the hydrate forms reported were not readity
identified as polvimorphic and many of the forms are
likely transient, ¢.g.. only identificd by variabie-tem-
perature and humidity-controlled XRD. With the help
of HT crystallization, the extent of true polymarphism
of the HCI salt was estimated at eight forms so far
[92]. Two new solvates were also found in the HT
studies. Carc should be taken in isolation of such
forms. particularly at small o intermediate scale, as
desolvaton of solvates due to aggressive drving

HoN 11 S cl

Ci

Fig. 7. The molecular strocture of the selective serotonin reuprake
mhibior (S5RI) sertraline HUL

durng processing may ciuse one o overlouk solvated
forms [93]. Comparing the results of the HT soudy o
the congruence of historical dat, one cun conelude
that HT screening aives rise 1o relevant forms of the
drug in a time frame of weeks tather than years One
metastable form. polymorph IV. remained elusive in
the hands of the authors {92[. The lack of observanon
of form 1V may be due 1o a subtle purity dilferenee
between early batches at Phizer and the materiacs
available for westng in the HT sereen Clearls, mpu
tity eftects should be explored turther {7

To date. HT studies on bighiv polviee e phu e -
als highlight the importance of vanvig 0 coes -
condinons (inctuding solvent cordiions, Geg o
supersaturation, method of envstalhzanon desodseon
of solvates, melusion of additives, thermal micrusen
py. ete.) to find as many forms as possible. It s been
shown that multple process modes. including Hi
processing, coupled with detiled follow-up caavac-
terization studies of form stabitits, facthiate insgnt
into crvstal form diversity 407 Such a mulvmode
stratepy beeomes wvaluable in the guest for the most
comprehensive dataset possible for a poen pharme-
ceutical material.

Undoubtedly. the definition of highly polvogpliic
materials and their frequency will evalve in e e o
HT ecrystatlization {40.60! und with the aa of oo
improved solid-state analytical capab:inies < =0 -
The value of cmpleyving multuple processing teoini
ques to elucidate as many crystad fomys us pussibite will
be demonstrated. as it s expecied that no singie
technique will generate all torms of a given compuuiia,
Without doubt, HT crvstallization strateies will be
used, as a complement to other technigues, 10 wdenimn
issues of polymorphism earlv, thus altewine Jdneg
develepment scienilsts o react appropriatziy o mio
mation on form diversity of their compounds

3.3 Aveiding tatent polvmarphism

Very few cases of lntent pulvmarphism hove heen
reported in the Hiterature, Ttas Bihely dha ony o0,
instances of the phenomenun hive ovccur co vt
unrless product developnient was slowed. prodiet
perforimance was impacted, or genern conipehtion
was threatened, a spotlight s not usually cust on the
issue, As an example of a public polymorph asse,
form 2 of ranitidine hydrochloride was discovered
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3 vears into development but it was {(and is) the form
still marketed by GlaxoSnuthKline [75.76.96]. Parox-
ctine hvdrochloride hemihydrate, the active ingredi-
ent in Paxil#, was discovered during development
after only an anhydrate had been known for a number
of years [97]. The hemihydrate 1s the form marketed
by the innovator, but recent litigations have occurred
between the innovator company and generic compe-
niton around the anhydrate form,

Onc of the mosi recognized cases of latent poly-
morphism occurred with Abbott Laboratories’
Norvir®. Two vears after entry into the market. a
previously unknown. but thermodynamically more
stable. polymorph of the active ingredient (Ritonavir)
appeared. This new form (form 1) was approximately
0% less soluble in the hydrealesholic formulation
vehicle, resulting in poer disselution behavior and
eventual withdrawal of the original Norvir® capsule
trom the market [98]. At some considerable cost, a new
formulation of Norvir® using form II was eventually
developed and launched [99]. In a recent HT crystal-
lization study on Ritonavir, a total of five forms were
found: both known polymormphs and three previously
unhnown torms [99]. The HT polyimorph screen, which
consisted ot 2000 experiments was carried out with less
than 2 g of the APl and used multiple, and sometimes
combined. process methods. The three new forms were
described as a metastable polymorph, a crvstalline
solvate and a non-stoichiometric hydrate. [ntcrestingly,
the solvate was eastly converted 1o form 1 via the
hydrate phase using o simple washing procedure, and
provided an unusual route o prepare the form 1 “dis-
appearing potymorph™ [88]. Since the crvstals of form
i prepared using this method retained the smatl needle
morphology of the solvate, the authors suggest that the
process nxay offer a potential strategy for particle size
and morphology control. The results of this study
cmphasize the need for more comprehensive studies
of torm diversity is1 the early stages of drug develop-
ment w0 avoid risks of form conversion dewnstream,
and highlight the advantage of combining parallel HT
crystaifization experimentation with detailed physico-
chemical analyses to denufy the diversity of solid
forms in which a given molecule can exist. Clearly,
lare stage discovery of new forms or form conversion
can have serious competitive and regulatory implica-
tions (e.g.. process control). especially in cases where
the new l"urms are not bioequivalent,

3.4. Prediction of crysllization and polvmorphism:
applications to pharmaceutical form studies

Crystal structure prediction 1s a challenging area of
research. Due to the overwhelming influence of pack-
Ing forces in determining crystal structure, it remains
extremely difficult to predict the structural impact of
subtle conformational effects and weak interactions
between adjacent molecules in a crystalline arrange-
ment, Although significant progress has been made in
the last decade, crystal structures are by and large not
reliably predictable from first principles [88]. While
this important area of theoretical research 15 o large a
topic to be considered in detail here, a brief overview
of the successes and challenges will be presented, and
the potential for using HT crystallization as a valida-
tion to aid model development will be highlighted. For
a more detailed discussion on polymorph and crystal
structure prediction, refer to the article by Price [100]
in this issue.

Polymorph prediction of pharmaceuticals is thwar-
ed by the complexity of active pharmaceutical mole-
cules. The number of degrees of freedom in torsion
angles and the molecule count in the unit celi (which
can be deduced by such techniques us solid-state NMR
[94y:ard fFequerty tob-great (o-atlow compuiationE .ot
a:TeasOnable-time.Scdle. Additisnally; prediciions are

rypitallyT carred  out onezspace, group;at:a timeThig

'lim_'t:if" 0 h*i?]‘ﬁiti‘gatedfb v—fh*e[fact'that' over ,902/& ‘(51" ﬂ]e

bﬁ“& i(fql)”) TT017 uysmllwem onlv a few S‘pdCE ElOupq -

[FD0T-We Know:-of only one.example where predictions

have béenextended to 1nultlcomponc1ﬂ §ystems [102]

The _prevalence of multiconiponeiits systems. .some of
which have ¢ charge transfé {salts) and many of which
ean{ as: hydrates; solvates'or mixed hydrate/solvates. §
essentia!lylumts the usefulness of the prediction meth- *
ods o neutral> al~compounds. Various other technical
SEES remain as the science of crystal structure predic-
tion matures [100]. Seme of these issues were high-
lighted in two blind tests that were conducted in recent
years (o determine the accuracy and robusmess of
crystal structure prediction [E03]. In the latest round,
17 methods were used to predict structure, vielding
only three correct predictions [104}. For one of the
compounds used in the study, experimental character-
ization of a second, more stable, polymorph provided
the key to the correct prediction by three participating

{Qb



research groups. The structure could have easily been
overlooked, leading o the misinterpretation of the
results as an apparent flure of the computational
methods. Thus. compounds that are amenable to struc-
ture prediction are not always studied experimentally to
the extent necessary w ensure that the relevant forms
have in [act been discovered and characterized ahead of
compntational studies.

Despite the challenges. a few methods huve been
developed that allow structure prediction "of small.
relatively rigid organic compounds with only a few
functional groups in several important space groups
HIZ 105,106, Polymorph Predictor™ has been imple-
mented within the commercial software Cerius2 (C2
Polvimorph by Acceliys). In general, current predic-
ton methads generate large ensembles of ddfferent
packing arrangements along with calculations of rel-
ative energetics. In reality. manv of the calculated
strictures are not observed. giving the appearance of
over-prediction of polymorphism. This was apparent-
ly the case with acetaminophen (paracetamol) 1107].
in their study oF the drug, Beyer ct al. [107] calculated
14 structures. 2 of which were the known monoclinic
{stable} and orthorhombic forms. The remaming 12
structures were considered as candidates for the meta-
stable form I, which had been observed by thermat
microscopy methods [827 but for which diffraction
dutn were unavailable, Using calculations of mechan-
wal propertics and morphology. Beyer et all separatcd
the 12 energeticatly feasible structures inte twa
groups, based on the likeliheod of each strucrore 1w
exist as o stable form. Shortly after the publication of
the prediction study, the experimental powder pattern
of form HI became available [40]. Rietveld refinement
and comparison ol the experimental diffraction results
with the theorctical powder patterns pubhished by
Bever et al. yielded a monoctinic structure solution
for form HE This swucture s in fact part of the
prechetion set, but was considered an unlikely con-
tender based on its extreme plate-like morphology.
The potential tor complementanty of HT crvsialliza-
ton and polymomph prediction is evident from these
studies. In one sense, polymorph prediction can serve
is 0 yardstick for “risk assessment”™ when it comes to
form diversity, but inevitably one will require exper-
unentai dala to ussess the scope of polymorphism that
can be elicited and the precise relative stabilities of
difTerent crystalhine arangements.

S.L. Morissette ei al. 7 Advanced Drug Dolivers Reviews 36 (2003) 273300

Opportunities do exist for current use of predictions
in solid forn discovery. For instance. coruun hvdia
gen-bonding moufs or malecular laver bypes my »
obzerved in predicted structures. Such information can
be used to aid the design of crvstllizatron experi-
ments. It might be desirable o emplov a purticular tvpe
of interaction with salt selection or co-crvstal tormi-
fion by the strategic selection of ervstailization con-
ditions, solvents, additives and processing methods
122.23]. In addition, since wansicnt or metastable
crystalline species may be ditficult 1o characrerize
accurately, one may use predicted structures e esti-
mate various physicul data. For exanmiple, powder
diflraction patterns may be used 10 assist the Lovarale
dexcription of these metastable forms 4070 Cont e
development ol theorenical methods coapled »or
validation of the predictions by exrensive vooslad 7
tion screening will lead 1o befter modeis und wounp
tational methods, At present. zxperimnentzl methoc.
must stili be relied upon 1o assess the potential form
diversity of a given compound. 1t will be imparzunt 2o
concurrently push the limits on theoretica! predigiom
and HT cryvstallization. m order to advanve oor under-
stonding of the nuture and extent of polymoiphisnt 1.
pharmaceutical compounds.

3.3 Engineering of co-crvsiuds

Co-crystals of drugs and dray candidotes 1epre-on
a new tvpe ol material Tor pharnaaceutc ] des soee
ment, They are part of o broader tuly ot imoltec.-
ponent crystals that alse includes salts. solvates.
clathrates, inclusion ervstals and hydiates as shown
m Scheme 2. The primary difference hetween soivales
and co-crvstals s the phyvsical state ol the wolated
pure components; it one component s a aquid o
room lemperature, the crystals are designated ax
solvates: if both components are sohds 4t ruem
temperature, the crvstals are desigrated us vo-vn stul-
While at first glance these differences may seem
trivial. they have profound impact on prepardion
stability and ultimately on the ability e davslop
products.

In general, it 18 usually easier w omnnalb mepa
solvates than co-crvstals, and indeed, sonutes me witen
found as by-products of polymoph andl <alts sereens
Co-crystals have been prepared hy melt-crystarnzacion.
grinding und recrystallization from selvents 71 L Sa-




