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Patente de Invencion \

.,/" Patente de Modelo de Utilidad

Via PCT (Fase Nacional) | Capltulo |, v | Capitulo Il
No. Solicitud Internacional PCT/EP2007/060880
Fecha de Presentacion Internacional 12/Octub e/éOO7

Como resultado del Examen de Fondo realiz
de la Decision 486 de la Comision de la Con,

1. Documentos esltudiados

/

ado, con fundamento en el Articulo 45
wunidad Andina, se comunica:

Descripcion:  Folios 73 a 106 13/Abril/l2009
Reivindicaciones: Folios 107 a 108 ~ 13/Abril/2009
Dibujos: Folios 110 a 1113 13/Abril/l2009
Prioridad: - EP 06122264.2 + 13/Octubre/2006

2. Analisis de la Prioridad

Se acepta la reivindicaciéon de Prioridad porgu
del plazo establecido (Art. 9 D 486) y su conte
prioridad reivindicada.

3. Objeto de la invgncién

Titulo de la solicitud:
“Hidratos de 2-clor0-5-[3,6-dihidr0-3-metil-2,6
pirimidinil}-4-fldor-N-[[metil(1-metileti)amino]s

El problema planteado en esta solicitud es sun
para composiciones solidas donde se present

Para resolver este problema técnico la solicitu
feniluracilo I. |

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

|
4. Reivindicaciones relativas aunusooa

La reivindicacién 17, que se refiere a un m

indeseado de plantas, caracterizado porque s
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e esta solicitud fue presentada dentro

2nido técnico corresponde con el de la

-dioxo-4-(trifluorometil)-1-(2H)-
ulfonillbenzamida”.

ninistrar nuevas formas de feniruracilo
a el caso de formulaciones polifasicas.

id en estudio proporciona hidratos de
con la Clasificacidon Internacional de
4
un segundo uso (Art 14y 21 D 486)

etodo para controlar el crecimiento
e deja actuar un hidrato de 2-cloro-5-




133
[3,6-dihidro-3-metil-2 ,6-dioxo-4-(trifluorometii)- 1-(2H)-pirimidinil]-4-fliior-N-[[metil-( 1-
metiletil )a mino Jsulfonillbenzamida 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 preambulo se reclame como método. Se le aclara al
solicitante que un método cuya Unica etapa corresponde a una aplicacion o a una
interaccion por contacto, dicha aplicacidn/interaccidon es un uso. Por lo tanto dicho
método de la Reivindicacion 17 no es patentable de acuerdo con el articulo 14.

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

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

las modificaciones pertinentes, considerando la Guia del Examinador, P4agina 163:
Un polimorfo se puede caracterizar apropiadamente en una reivindicacion, por sus parametros
fisicoquimicos, tales como:

1. El patron de difraccion de Rayos X en mono cristal, que es especifico de cada polimorfo,
por lo cual, sila reivindicacién caracteriza el polimorfo mediante este patrén, no se exigira
otro dato.

2. Elpatrén 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 o a los espacios
interplanares dnq segun los indices de Miller (hkl) medidos de acuerdo con el dngulo de
difraccion de Bragg 26 en el intervalo més representativo comprendido entre 5° hasta 90°.

3. Las espectroscopias Raman e IR.

4. La espectroscopia RMN-C™

5. Los métodos de analisis térmico: TGA, DTA y DSC

La Difraccién de Rayos X es la técnica més util para el estudio del polimorfismo en lo que atafie

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

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

representativa para el caso del cristal reivindicado.

Adicional a lo anteriormente mencionado, se indica el pico de fusion del hidrato, la
cual no es una caracteristica esencial de una forma cristalina, se le sugiere describir
de manera adecuada el hidrato que desea reivindicar, siguiendo las pautas
anteriormente mencionadas. ‘ '

La reivindicacion 1, 9 y 12, mencionan las mismas caracteristicas, se sugiere
eliminar la reivindicacion 9y 12. ‘

El termino “disolvente organico 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 preparacion del hidrato.

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: Octubre 12 de 2007 y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud:

Item ' Documento Titulo ' Fecha de Publicacion*

Uracil substituted phenyl sulfamoyl .
D1 ' WQO0183459 carboxamides 8/Noviembre/2001

- , High-throughput crystallization:
D2 Reﬁ?;’ﬁg%%d(gor%%)%e;gfgoo polymorphs, salts, co-crystals and 6/0ctubre/2003
solvates of pharmaceutical solids

Thermochimica Acta, 248, 6179

D3 (1995) Pharmaceutical hydrates 7/Abril/1994

D4 " Advanced Drug Delivery Crystalline solids 21/Diciembre/2000
Expediente 09 036 962 1er Art 45 -
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Reviews 48 (2001) 3-26

FARMACIA PRACTICA
REMINGTON.
VOL 2. 19?2 Edicién Preformulacién
EDITORIAL MEDICA Polimorfismo 1995
PANAMERICANA Formacién de sales.

Capitulo 83 Preformulacién
(Pags 2226-2231).

D1http://worldwide.espacenet.com/publicationDetails/biblic?DB=EPODOC&II=0&ND=3&adjacent=true&
locale=en EP&FT=D&date=20011108&CC=WO&NR=0183453A2&KC=A2
divulga (abstract) divulga nuevos compuestos fenil uracil sulfamoil carboxiamida sustituidos de férmula

A |

b
X x2 . .
donde los sustituyentes significan como se observa en el

documento, y Ios cuales se emplean como herbicidas y para la desecacion/defoliacidn de plantas.

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

D3 (Fls. 165-183)
divulga las caracteristicas que se presentan para los hidratos como aplicacion farmacéutica.

D4 (Fls. 184-206)
divulga las caracteristicas que se presentan eni los procesos de cristalizacion para polimorfos, sales,
co-cristales, y solvatos de sdlidos farmaceuticas..

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

|

7. Examen de Patentabilidad (Art 14|D486)

La reivindicacion 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-flior-N-
[[metil-(1-metiletil)amino]sulfonillbenzamida.

Comparacién de las caracteristicas técnica% 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-(trifluorometil)-
1-(2H)-pirimidinil]-4-fluor-N-[[metil-(1
metiletilyamino]sulfonillbenzamida.

CH

o tN f o
77 ,5 LCHICH,),
F.C. N 0 l/j
i 1 %P

2

N A 8L CH(CH,),
s N N [ [Ejemplo101 Pag. 57]

o] FA"/' ~gl H H3

Ch

El término solvato en la quimica significa "forma cristalina que contiene cantidades
estequiometrica 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 la reivindicacion 2.

El analisis de nivel inventivo del producto reclamado se realizé mediante la
aproximacion problema-soluciéon en polimorfos (Patenting Polymorphs at the

Expediente 09 036 962 1er Art 45
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European Patent Office' ) posicién que adoptada porla Supermtendencna de Industria
y Comercio para efectos del analisis de la patentabilidad de las formas polimérficas.

Al respecto la Dra Papathoma?, ha sefalado que para analizar la patentabilidad de
un polimorfo se debe:
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
invencion con respecto al estado de la técnica mas cercano.
4. Establecer el problema técnico objetivo 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 la
técnica mas cercano.

o o

Segun la aproximacién 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 ino definida. Asimismo, se ha definido que para determinar el problema
técnico se debe usar el criterio objetivo, basandose en lo que realmente esta
indicado en la solicitud y teniendo en cuenta el arte previo mas cercano.

Ahora bien, seglin 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 proporcione una
propiedad mejorada o diferente (], biodisponibilidad, estabilidad, solubilidad, etc.).

De igual manera, sefiala que es conocido que: (i) Los polimorfos difieren en sus
propiedades (ej. Punto de fusion, densidad, reactivada y estabilidad quimica, rango
-de solubilidad y disolucién), (ii) la investigacién sistematica de un compuesto para
determinar si el mismo es propenso al polimorfismo es una rutina en los estudios de
pre-formulacion y (iii) cada compuesto tiene diferentes formas polimérficas y el
nimero de formas conocidas depende del tiempo y dinero invertido en la
investigacion 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. Determinacioén del estado de la técnica mas cercano.
El documento del estado de la técnica mas cercano es D1 porque ensefia el

compuesto feniluracilo [Ejemplo 101 Pag. 57]; es decir D1 ya divulga la existencia de
feniluracilo en forma cristalina.

1 http:/Avww. pcb ub.edu/centredepatents/pdf/cursos/dillunsCP/papathoma_ polymorphs pdf.
2 Examinadora de patentes de la EPO del Area Quimica Pura y Aplicada
Expediente: 09 036 962 1er Art45
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2. Determinacion de las diferencias técnicas de la invencion con respecto al
estado del estado de la tegnica mas cercano.

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

3. Determinacién del efecto técLico obtenido por las diferencias técnicas de la
invencion con respecto al estado de la técnica mas cercano.

Teniendo en cuenta lo 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 uh efecto técnico inesperado, que represente
para la persona de nivel medio versadalen la materia una mejora estabilidad en las
formulaciones polifasicas.

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

la técnica mas cercano.
El Problema Técnico Objetivo de estal solicitud consiste en como 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 descripcidon 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, “ha \una mejora en la actividad herbicida en
comparacion a la forma cristalina 1", (Fls. 104-106).

Segun lo expuesto anteriormente, la solici\lud menciona formas de cristalizacion y
evalua la actividad herbicida. Sin embargo a partir de esta informacién no es posible
corroborar o evidenciar la solucién al problema técnico objetivo planteado en la
solicitud porque:
e Lacomparacién técnica se realiza entre un hidrato y su forma cristalina (segun
indica el solicitante), lo anterior no muestra igualdad entre las condiciones de
ensayo o preparacion del compuest

Por lo tanto, se puede concluir que no existle 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 suigerido en D1.

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

De tal manera que la solucién 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 sdlidas, incluyendo polimorfos, solvatos, hidratos, sales, co-cristales y sélidos
Expediente 09 036 962 1er Art 45
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amorfos. Cada forma muestra unas propiedades fisico-quimicas que pueden influir
profundamente en la biodisponibilidad, fabricacion, purificacion, la estabilidad y otras
caracteristicas de rendimiento de la droga. El descubrimiento y caracterizacion de la
diversidas formas sdélidas 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 FI. 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 farmacéuticas y métodos de caracterizacion de
los hidratos. [Pag. 78]. La hidratacién o la deshidratacién de un Solido bioactivo
durante el desarrollo de la formulacién pueden afectar al rendimiento fisico, quimico
y/o biolégico 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 éxito del disefio de producto compuesto. Las propiedades fisicas de los
hidratos difieren del no-hidrato, por ejemplo, en propiedades tales como la
solubilidad, velocidad de disolucion, y la estabilidad fisica y quimica, que puede
modificar su biodisponibilidad y el rendimiento del producto [Pag. 64-65]. Ademas
que se sabe en la técnica que los hidratos de los compuestos bioactivos pueden
formar suspensiones mas estables fisicamente. [Pag. 70].

D4: Divulga que muchos compuestos bioactivos 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 disolucién, higroscopicidad, biodisponibilidad entre otras, y es ademas
una practica habitual en estudios de preformulacion dentro de los cuales se incluyen
rigurosos trabajos para determinar su presencia 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, (ii) el grado relativo de
estabilidad de los diversos polimorfos , (iii) las gamas de estabilidad térmica de cada
polimorfo, (iV) solubilidades,(v) método de preparacioén 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 feniluracilo) presenta polimorfismo, existen
procedimientos con los cuales el preformulador puede preparar las diversas formas
en cantidades mas grandes para su evaluacion (Folio 186 Pag. 207 columna de
derecha).

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 identificacién del nueva forma cristalina reclamada (hidrato)
y caracterizada mediante la tecnica de DRX, no 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 solicitud, debido a que no se encontré alguna
prueba o ensayo que permitiera determinar las ventajas reales del hidrato de
feniluracilo, con respecto a la forma cristalina ya conocida con anterioridad que
permita probar, un efecto realmente inesperado asociado a una mayor estabilidad.

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

8. Conclusién

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:
Expediente 09 036 962 1er Art 45
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item ~_ Documento Reivindicaciones afectadas Requisito que afecta
D1 WO0183459 1-9y 12-16 Nivel Inventivo
" Advanced Drug
D2 Delivery Reviews 1-9y 12-16 Nivel Inventivo
' 56 (2004) 275- 300
Thermochimica
D3 i Acta, 248, 6179 1-9y 12-16 Nivel Inventivo
(1995)
Advanced Drug
D4 Delivery Reviews 1-9y 12-16 Nivel inventivo
48 (2001) 3-26
FARMACIA
PRACTICA
REMINGTON.
VOL 2. 192 Edicion
EDITORIAL
MEDICA
PANAMERICANA
Capitulo 83
Preformulacion

D5 1-9y 12-16 Nivel Inventivo

(P4gs 2226-2231).

En cumplimiento del articulo 45 de la Decisién 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 comunicacion. En caso
de no dar respuesta al presente requerimiento, o 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 presentaria por escrito

Noti_ﬁquese 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 aﬂ]terior requerimiento fue notificado por fijacion en lista, de fecha
- 8800 %R

Elaborado por. Jhonattan Sanchez Sanchez \(/)L%
Revisado por. Jacqueline Alfonso Rozo 0
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Abstract |

|
The concepts of high-throughput (HT) screening and combinatorial synthesis have been integrated into the pharmaccutical
discovery process. but are not yet commonplace in the pharmaceutical development arena, Emerging strategies to speed
pharmaceutical development and capture solid form diversity of phummcemr'ca! substances have resulted in the emergence of
HT crystallizanon technologies. The primary type of diversity often refers 1o polymorphs, which are different crystal forms of
the same chemical composition. However, diverse salt forms, co-crystals, hyldrates and solvates are also amenable 1o study in
HT cnvstallization systems. The impact of form diversity encompasses issucs ot stability and bioavailability. as well as

Jdevelopment considerations such as progess defintion, formulation design, patent protection and regulatory control. This
review highhghts the opportunities and challenges of HT ervstalhz
and development.

« 2005 Elsevier BV, All rights reserved. |
|
|
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is _I Engineering ol co-crystals
4. Post-sereen ing analyses and form sclection
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! References S .0 30 2l
bl |
III Introduction
['Active? pharmaceutical ingredients (APIs) are fre-
| quently delivered to the patient in the solid-state as pant
of an approved dosage form (e.g.. tablets. capsules.
ete.). Sohds provide a convenient. compact and gen-
l crally stable format to store an API or a drug product.
| 'lfndcrs!and_ing and controlling the solid-state chemis-
try of APIs. both as pure drug substances and in
. formulated products. is therefore an important aspect
di of the drug development process. APIs can exist in a
variety of distinet solid forms, including polymorphs.
solvates, hydrates. salts. co-crystals and amorphous
sohds. Eacli form displays unique physicochemical
roperties thiat can profoundly mfluence the biouvail-
ability. manuefactarability punfication, stabilinn and
ther performance characteristics of the drug |1
Hence. s enncal 10 understand the relationship
between the particular solid form of a compound and
its functional properties. Discovery and characteriza-
‘tion of the diversity of solid forms of a drug substance
|provid_é options from which to select a form that
exhibits the appropriate balance of critical properties
|it‘nr development into the drug product. Imporantly.
1i the desired properties may vary with each mode of’
! delivery (i e oral. pulmonary. parenteral. transdermal.
Lete.), suck that the solid form may differ for each
optmized dosage torm. Given these options. the!
ichoteg and design of pharmaceateal solid toms con
be enteally miportant to sueeesstul drug doy clopment
Solid torm discavery and design depends on the
nature of 1he malecule of nterest and rvpe of physical
}'propeﬁ_\' chalienges faced in its development. The
| preferred solid form is generally the thermodynami-
cally mo-t stable ervstalline form of the compound
| 1.2]. However, the swbicrcryﬁlal form of the parent
' compound may exhibit inadequate solubility or dis-
© solution e resultng in poor oral absorption. partic-
ularly for water-msolubie compounds. Tn this case.
alternative sohd forms may be investigated. For
1ontizable compounds. preparation of salt forms using
pharmacautically acceptable acids and bases is 2
Sl common strategy to improve bioavailabiliry |13 4
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Most APIs and their salts are purified and isolated
by crystallization fmm;dn appropriate solvent during
the finul step in the :i}‘n!lélelic process. A large number
of factors can influence erystal nucleation and growth
during this fvruccss‘ inél;udmg the composition of the
ervstallization medium and the process(es) used 1o
generile supersatiration and promote erystallization
(13 131 The most notable variables of composition
and procesying are summarized in Table 1. Solid form
screening 1s used to undersiand the effects that these
variables ;a‘\'e on the polymorphic outcome of .'1
cristallization experiment. so thit & robust process
cam be idehtified to prq’duce the desired crystal form.
T:trditiunu[iy. the study of solid form diversity ot
active compounds has rehed on the use of a v ATy
of comman process methods for generation of new
farms, coupled with modern characterization methods
tor analysis ot the soljc}s produced {2 14]. Most often.
however. @ combination of solvent recrystallization
(cooling ar evaporative. as well as slurry conversion)
and thermal analysis (e.g.. hot stage microscop)
differential scanning calorimetry) are emploved |
imitial form screening. Such methods are inheren
slow and only allow exploration of a small fractio
the camphsition and -ﬂ'mccss space that can contribu
0 tom diversiny. Betore suggesting a form for de
apment soenisis gy hine camed out only a
dozen oy stathizanon | expernments and possibly p
pared 4 handful of difterent salts of a compound The
main reasons tor the limited number of experiments
are the énnst:‘amts on avallabiity of compound and
scientists’ analvtend ':Jcnpacit_v m a giyen tme frame.
and they are therefore often forced to make for
selctnot!' decisions on incomplete data. Accordin
it 1s ol surprising | that unexpected and undes
outeomes can.and do. occar later on i devclopme
Dc»riitc. more thap a contury of research [ 15]. the
fundamental mechanisms and molecular prope
that drive crystal form diversity. specifically
nucleation of polyn{bqwhic forms. are not well un
,5
|
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Table | li
Crystallization composition and processing varables [1.2.5) |

Composition 1ype

Process variables® |

|
Palvmorph/ Sals/ Thermal Anti-solvemnt I_Evapnr.'llion Slurry conversion  Other vanables
solvates ca-crystals |
® Solvent = Counter-ion ® [leating rate = Ant-solvent 1| Rate of s Solvent type = Mixing rate
salvent type ' type evaporation
combinations |
= Degree of * Acid'base = Cooling rate = Rate of anti- » Impeller design

. Evaporation time¢  ® [ncubation
|

supersaturation  ratio remperature

solvent addition

» Additive type  ® Solvent/ ® Maximum = Temperature l|| Carner gas = Incubation s (Crystallization
solvent temperature ol anti-solvent | time vessel design
combinations addiion [ tincluding

| capillaries. ¢rc.)
= Additive = Degree of = Incubation » Time of anti-  » Surface-volume & Thermal cveling
concentration super-saturation lemperature(s) solvent addition r_nllm and gradients

* Additive 1vpe
and concentration
®» nH

s |onic strength

= ncubation tune

Appheable o all tvpes of sereens.

stood [13.16]. As a result. predictive methods of

assessing polymorphic behavior of pharmaceutical
compounds by ab nitio caleulations remain a formi-
dable challenge. Even mn cases where the existence of
a crystalline form is predicted. the stability relative to
other crystalline packing arrangements has been dit-
ficult to estimate with accuracy |17]. Moreover. the
prediction of packing structures for multicomponent
fe.g.. solvates. hydrates. co-crystals) or ionic systems
1s not yet possible [ 1 7]. Due to these limtations, solid
form discovery remains an experimental exercise.
where manual screening methods are employed 1o
eaplore form diversity of a compound.

Control over solid form throughout the drug
development process is of pammailm importance,
Reliable preparation and preservation of the desired
torm of the diug substance must be demonstrared,
and has become increasingly scrunimized by regula-
IOrY agencies as more sensitive and quantitative
solid-state analvtical methods have become available
INL Many strtegies 1o influence and control the
cryvstallizaton process to produce the sohd torm of
mnterest have been reported. Some examples mclude
stercochemical control usmg talor-made auxihanes
(19 211 targeted solvent reerystathzation (22 241
and templating using a variety of surfaces (e.g..
organic single crystal substrates
metastable crvsial faces 125241,

(251, surtaces of
inorganic crvstal

[
|I

surfaceL‘ [27] and polymenc materials [28]). Recemt
studies| have also begun te uncover the role of
reaction byproducts and other impurities i determin-
ing polymorphic outcome and crystal propertics
29320 and in fact. it has been shown that in some
cases sych species can stahilize metastable crystal
forms [13.34] In addition. new processing methods
continue| 1o be dev eloped to mmprove discovery and
characre%zza:mn of new forms. including precipitation
by supercritical fluid [35.36], laser induced nucle-
ation [37-39] and capillary crystallization [40 421,
However! there remains a lack of fundamental un-
derstandihg of the nucleation process and the specitic
factors tl1|::r contribute to crystallization of diverse
forms of |a compound [13.21.23]. In order 1o fully
control :h'F crystallization process, the link berween
the physital or chemical processes that influence
nucleation and crystal growth needs to be better
established. It 15 i this area that new experimental
methodolopies have the patential to enable develop-
men! ol '.i"'.\ i-..'h“_\i'.'\i:_"“ base

There 1y reasan 1o beheve that the already comph-
cated landdcupe of phanmaceutical sohd torms wiil
become ey ¢ mare complea m the tuture. It 1s now
mereasingly appreciated that hydrogen bonded co-
erystal «n’udfurcs between active agents and molecules
other than |[water or solvent can be prepared. For

example. cd-cryvstals ot aspirin. rec-ibuprofen and
|
|
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l
rac-\}liurbiprofcﬁ have been prepared by disrupting the
carboxylic acid dimers using 4.4’ -bipynidine [43].
These structures are formally molecular compounds
(or 'qo-crys‘rals[bul do not involve formation of
covalent bonds or charge transfer from or to the active
substance. Recent demonstrations of these principles
with drug compounds have been published (<3 35|
Exploration of a given compound’s polymorphs.
hydrates. solvates. salts, co-crystals and combinations
of all of these appears intractable by conventional
'cx‘ﬁgrimen_tal niethods, and as the number of potential
methods for exploring and controlling erystal form
dt:]mity continue to expand, existing strategies will
become increasingly madequate. In an effort to un-
dellrsnnd form diversity in a more comprehensive
manner, h:eh— throughput (HT) erystallization systems
]'..{se recently been developed. This methodology uses
1 mmhmalonai approach 1o solid form generation.
\\%\‘.t.lc‘ large arrays of conditions and compositions are
processed i parallel. Experiments are performed ai
all schle 0 reduce the matenal demand and 1o
atford the largest number of conditions possible.
Tiu Iareg number of crystalhzation tals pertformed
m these prmmmts refleets the reahty that nucleanon
rate has an extremely non-linear dependence on the
wperimental conditions, and as such. the probability
of & chance occuwrrence of a particular form' is in-
creased by it HT approach. Supersaturation (solubility)
and iduction time of the vanous possible solid forms
jare independently controlled by these condinons.
|rc-uinm. - highly non-limear nme dependence of
l.l’\\[d“ll’dlwl‘l In additon. the combiatonal ap-
[ proach permits eaploration of a chenneal continuum.
where use of many solvent mixtures may allow onc to

51 Morissens et al

J assess what underlying physical or chemical processes

‘are required to produce a particular solid form. Once a

variety 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 typically con-
| ducred 10 optimize the process for laboratory scale
production.

novel HT ervstalhization technologies for exploration
ol sohd torm diversity are discussed. The operational
features of a tully ntegrated. auwtomated HT crystal-
hizaton svstem are presented. highlighting the design
requirements tor hardware and software components,
as well ‘as general specifications for consumables.
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opment, polynborph and solvate screening in highly

polymorphic systems. comprehensive d:scmen‘ ol

~neering of co-crystals. Tl:ae need for post-screening

In this review. the development and application of

-~
T

|
i

r
Case studics are used to illustrate the benefits and
capabilities of éu. approach.e. including salt selection in
carly lead optimization (ELO} and pre-clinical devel-

i
ciystal forms o reduce the nsk of late displays of
polymorphisn. comparison of experimental and pre-
dictive methods of solid form discovery. and engi-

churacterization of crystal forms to enable ranking und
selection of the most suitable form for development 1s
bricfly reviewed. Finally. the implications of HT
crystalhization technologics on the future of sohid form
screcning prbuc:,scs intellectual property protection
and regulator} compliance are discussed. ’

|

z. Dt'\‘?lll|)+enl of high-throughput crystallization
lechmilugie? [
: | B
HT cr\'s‘!{'hz;nmn systems have been developed t'q!l " |
more rapidiv and comprehensively explore the mulu- b
paramcter space that contributes to solid tom dmrr-'
sy '4“4=f~ S1). In us sumplest deseription. HT[
crvstallization can be broken down into three keyJ
experimental steps: dexign of experiment lDOFl..
execittion Ot expenimental protocols and analysis oi!
data Svstems designed| to cany out these experiment
generally consist of both: hardware and sofiwa
compaonents thar drve and wack expenimentano
and permit data storage. reteval and analysis. Such
svstems should be designed to be fleible and scalible
10 ensurel that a vanty of expenmental pmccdtmrﬂ'
can ' be carried out aither serially or concurrentl;
Thus. the system can be employed at vanous sta
of drug Ee\elopmcm. where differences exist in the
quality and quantity of compound available. While
15 highly desirable _lp have the ability to mine a

u}\m!hmtwn wkk'm\ are, equ1pped wuh thf:ﬂ:
nes. Ij Section 3. the hardware and software
siderations for d'csii.m and development of a fully
mfegrated. miormaties-driven HT crystathizanon s
tem arg| deseribed.

While the concepts of HT screening are wi
applied in the pharmaceutical industry, most notak
in the drnig discovery arena |32, the applicatiol

J

!
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HT approaches to drug development, in particular
solid form sercening. are just beginning to be real-
1zed. These latter approaches. however, are more akin
1o HT experimentation than HT screening. Hence.
several important distinctions, which reflect on the
design of HT experimental systems, need to be made.
Fust. the goal of HT screening is to get a small
number of successful outcomes. which are then
passed on to the next stage of development. Little
effort is typically made to leam why certain outcomes
were positive and why others were negative. In
contrast. HT experimentation. such as HT crystalliza-
tion. 1s camried out with the goal of having cach point
in the experniment produce multiple types of data that
can be interpreted. and the interpretation used to
auide the experimental process o a successful con-
clusion. Second. unlike traditional HT screening
assays where experiments are generally conducted
under constant experimental conditions, HT crystalli-
zation experiments for solid form discovery are best
conducted using a vanety of process methods, each
having varying experimental conditions (e.g.. temper-
ature vaniations as a function of! time) over the course
of the experiment. These additional process variables
permit maximal diversity in the experimental space.
mereasing the likelihood that comprehensive cover-
age will be achieved. Finally. thare is a distinction 1o
be made mn terms of relauve “hit rates™. In both H1
screening and HT crystallization. a “hit™ can be

thought of as a set of conditions that gives rise to a
desired result, In HT screening. the desired result 1s
typically an acnivity. or potency. that exceeds a pre-
defined threshold. In HT crystallization, a hit is
defined as the formauon of a solid. The typical

| abserved hit rate of HT screening is on the order of

1 0.1% of the total number of samples analyzed. In
|contrast, HT crystallization experiments can yield hit
irates 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
¢ompounds from a sclection of thousands may ¢xhibit
the required potency. 10-50% of crystallization rials
iy vield solids. In fact. the range of wells that vicld
sdlids is very wide. depending on process mode and
experimental time scale, as will be discussed in
subsequent sections. The 1impact of these differences
1s manifested in the design and operatnional require-
ments of HT experimentation systems.

A fully integrated HT crystallization system con-
sisty of a number of components. including expen-
mental design and execution software. robotic
dispensing and handling hardware. automated high-
speed micro-analytical tools, end-to-end sample track-
ing and integrated cheminformarics analysis software
for date visualizauon. modeling and mining. A sche-
matic| overview detailing the workflow of such a

system 1s depicted 1n Scheme | (55 These features

are supported by a comprehensive informatics foun-

Primary
analysis \

Secondary
analysis

Comprehensive
informatics analyses

Experimental Solids
. design detection

5 100
T menied

Lot oo

Solids Rearray and

Initial informatics | Functional
generation quench classification analyses
. . rees sanan ) A R SRR L SR SR S EF PRt (e -
b 1% I'\':'I'L' | y -\\i‘l'rl"'l'. thastration of the worktlow of o 1..'il"'- nledr "'.'\I. HT ervstallizanion system 3
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£ © danon that is used to handle the large quantitics of

data gencerated. Specifically. informatics tools are used

o .' to design statistically relevant and diverse experi-

. : ments, drive the automation hardware to perform the

o specified operations, and provide an analytical func-

r ' von to analyze, compare and sort the results of

' ' Sxperimeits. An important feature of these svstems

15 the a_htjii)' to mine and model expenimental data and

use the knowledge venersted to guide further experi-

ments. These functions are supported by use of 2

. relationgl database that provides @ mechanism of
! cununuim.mon berween system components.

thn designing a HT erystallization experiment. or

] set of n.\p\nmunn. a large vanety of parameters of

; cmnpamlmn and process are involved. Experimental

' designs must be aimed at covering a large multifacto-

rial parameter space. with the goal of determming

which experimental factors affect the desired outcome.

In pricnice, 1t is desivable to place constramts on the

experimental space. making common statistical design

methods such as full or partial factorial designs inap-

proprate or impmctical. For example, hardware limi-

tanons. meludmg mmmum and maximum dispense

\(ﬂlﬁi'nc*‘s' or masses and accessible temperature ranges.

as well as constraints related 1o chemical compatibility

{u.‘ reactivitv of components. miscibility, etc.) or

woxicity limits of components (if appropriate), need

m;'he considered. Thus. alternative DOE methods that

can accommodate such constraints are required. D-

optmal design 154551 is an example of a DOE

aleonithm that can take o ser of consuants, such as

the ones described above. in combination with a target

gnalyneal model and ' deternine the optimal set ot

oxpertmental points fo test. Another commonly used

Ly ¥
DOE algonthm is diversity generation. with which the

‘experimentalist selects a set of pertinent chemical

| properties and uses the algorithm to evenly spread
| experimental points over the chosen property space. In
Caddition. some systems utilize a solubility calculator
100 10 estmate the solubility of the AP in the given

| solvent additive nuxture. The caleulared informanon is
| then used 1o select the appropriate concentration of
AP cach minture so that it s supersaturated with
respect to the reference phase at the harvest empera-
wre. Here. the driving force for erystallization can also

| be vanucd by tailoring the composition of each sample
based on the API solubility in that mixture. With such
DOE tools. experiments may be designed to effective-

d |
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ly and simultancously explore the diverse composition |‘
and process space described in Table 1. #
Ideally. DOE algqamhms should also incorporate ,J
prior knowledge or experimental results. which have f
been stored in a database as a set of rules or models, 10
limit an experimental space to have certain predicted
charactensues. For example. over the course of time. a .
regression model myay be developed between a ser of |
known or caleulatéd chemical properties and a pa-
rametel u!‘e\pcrim'em.si terest. The model could be
used dunng the deSu,n of a new experiment in order to |
test only those chuuu.ﬂs that are predicted 10 give a
desirable ruuh..b}m:c a large number of factors need
to be considered dunng experimental design. the DOE
interface available to the scientist must not only be |
tlexible and e1<ay§' o use. but must also offer tools that I :
aid design crnumu and effectiveness and permut
mput of mmnlj; knowledge generated aver nme
At the end of the experimental design process. the
resulting sot -.-I'\:tpcrirncn!:}l conditons s ransiared i
nio s:-rws_u} commands for the HT svstems. and e
stored in 4 relational database for later retrieval by the / '
software that controls the automatnon. When an ex-
periment is activated. the overall operation of the
automation systems is managed by the HT informatics
system, whic'ljl is responsible for physical operation of |
the HT platforms as well as data tracking and storage.
Execution of experimental commands 1s carried out |
by qulonmeé laboratory equipment that comprises the |
Hl gmtallzr.umn svstem. Specialized automated svs- ‘
fems pe r!un‘n several of the functions i a sequence ol
events that make up the experiment. Each station 18’ I 143
controlled [through an/mrerface to the infonmatics
SAStem :h..{ ensures the samples are processed at the
correct stahions. in the correet order. with the sclu.luiJ
experimental parameiers being followed. Parameters
of operation are recorded. including the time at which
an action is taken. Afier execution of the experimental
steps. thf software interface retrieves any pertiment
mmmmt‘ on generated by the automared phtfonn. !_'
suvh s assay resulisor operational parameters. stor
these dJm i1 the relatonal database. and updates
st tf! the expermment to teflect the completion of
aperatons. |
In guu. ral. the hardware required tor a HT crvs
llzalmn Systent is «.mnpmcd of four m‘gur tuuun
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mvolves adding the compound of interest (API) to the
diverse set of conditions used to conduct crystalliza-
tion studics. Typically, the APl is dispensed as a
solution in a suitable solveni, followed by solvent
removal to yield the solid API. Solvent removal can
be achieved by passive evaporation or by controlled
active evaporation (e.g.. use of a vortex dryer).
Altematively. the APl can be delivered in the solid
state with suitable powder handling systems. Depend-
g on the amount of saturation desired. the crystal-
lization vessel used, and the API's solubility in
solvents or solvent mixtures of interest. API masses
ranging from a few hundreds of micrograms to several
milligrams will be present in cach vessel. Onee the
API has been delivered to the crvsiallization vessels
(tubes. vials or microwell plates), combinations of
solvents and/or additives are added to 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.

Compatibility of equipment components (syringes,
dispense 1ips, tubing. ete.) and consumables (plates.
tubes. cre.) with solvents and other compounds 15 a
key hurdle faced in the development of combinatorial
crystallization for small molecules, Unlike protein
crystallization systems |56 5371 which are commonly
based on the siting-drop method i agqueous media.
small molecule crystallization| employs a range of
crvstallization additives and processes. The additives
include organic solvents with varying properties (e.g.,
alcohols. acetone. hexane. ethyl acetate, etc.). water,
acids. bases and co-crystal formers. as well as other
compounds (c.g.. small molecule templating agents.
surfactants. pharmaccutical excipients, ere.). This
wide range of materials needs to be handled by
appropriate liquid handling techniques to enable the
combinatorial assembly previously mentioned. Ideal-
Iv. liquid transfers are achieved using multichannel
pipettors with individually controllable channels
Depending on the crystallization vessel design. the
volumes of reagents dispensed will be as low as a few
microliters 1o as high as several hundred microliters.

Potential for cross-contamination and tendency
toward unwanted solvent evaporation from erystalli-
zation wells are challenges that need to be addressed
m a HT crvstallization system. A large number of the
solvents used to crvstallize small malecules have high

| vapor pressure under ordinary laboratory conditions.
| Scaling of the crystallization vessels is key to being
| able to control composition during crystallization
from these solvents. Due to solvent fugacity, vessels
need 10 be prorected from ingress of the components
of neighboring wells. These problems have been
| solved by different means, such as sealing of individ-
Ilual tubes with a Teflon-backed crimp 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, etc.). In some
cases. multiple modes of operation may be combined.
The most common modes of solids generation will be
dlsscuascd below. including thermal cooling crystalli-
zption. anti-solvent and evaporative crystallization.
Less common process modes include melt crvstalhi-
zation, flash or quench cooling and template-directed
eriystallization. It is important to note that generation
off 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-
scnﬁbcd above are subjected to temperature ramps.
Prior to beginning the temperature ramp. samples are
explosed 1o an elevated temperature for a short period
of time in order 10 dissolve the APl in the crystalliza-
:iun'l medium. Aithough dissolunon can be achieved
mns"ll stmply by diffusion and convection from the
heating process. addition of external energy can speed
up the process (e.g.. sonication). Samples may be
optidally inspected (see Fiz. 1) and vessels that contain
undigsolved solids can be flagged in the databasc for
further analysis. For instance. undissolved samples
may be treated as slurry conversion experiments and
monitored over time for crystal form changes. The
thermp! cvele is then initiated, using controlled cooling
10 indjice supersaruration. In this mode of crystalliza-
tion, sbmples continually experience an under cooling
and. based on the level of supersaturation in the vessel.
may rc%.:rysl:l“izc at o given temperature after a period
of time. Thermal crystallization tends to generate
cumulative number of samples that are produced vvet
time in p fashion approximating a squarc root functon,
as illustrated in Fig. 2. This means that initially there 1s
a sma]]i, bolus of —hits™. after which the rate of
cry:tn!li#annn tails off over a period of time. typically
m davs Hf' weeks. This results in a manageable hit rate

-
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Fig. 1. Photo of optical mspection station. (Inset shows close up ot
crvstallization vessel that contains crystals.) (Courtesy of Irans.

Form Pharmaceutivals, 2002))

for anplysis, on the order of approximately 10% in
aggregate. This mode of solids generation has the

lowest throughput rate. tvpically, because experiments

span tans 10 weeks, with svstem residence times of
nonths bemy possible
In| contrast. anti-solvent addition. also known as
crash-out”™ for “drown out™) crvstathization. relies
on the fact that an APl 1s soluble to varving degrees in
the crvstallizanon medium. but is largely msoluble
i particular solvent or solvents (e.g.. the anti-solvent)
As g result. this mode of erystallization can operate at
high-throughput rates. with samples being tumed
around hourly. When crystallization vessels conrain-
mg APl in reagent mixtures are exposed to aliquots of
anti=solvent. nearly all vessels will contain APl that
hay precipitated out of solution. This creates a chal-
lence to the analvtical process. as the near 100% hit
rate leads to a large bolus of samples. There are.
however, advintages to this mode of solids genera-
tion, such as the ability to produce microfine crvstal-
iies and amorphous solids, should they be desired.
Lastly, evaporative crystallization can be carried
out on the combinatonal array of samples. This mode
ot operaton relies 'on gradually inereasing the con-

centranion of APL i the vessel 1o achiex e supersau-

aton and o anercase the degree ol supersaturation
by prererennal evaporation) in order to mduce crys-
tallizanan. Concentration of samples can be achieved
gither passitely or actively by controlled tlow of nert

z2as while mamtaining temperature. With evaporative

delvancedd Drug Delivery Reviews 36 12004, 275=300

methods. differential rates of solvent loss from mia-
tures result in unknown composition of the crystalli-
zation medium at the time of erystal nucleation. In
addition, the degree) of supersaturation changes over
the course of the experiment. often resulting i the
appearance ot mulnple crystal forms. The evaporative
mode of solids generation typically produces through-
put and hit rates intermediate berween the thermal and
anfi=-solvent processes.

As suggested above, inappropriately configured HT
crystallizanon systems. several process modes may be
used 1 series or'in parallel [40]. Frequently. the
preparanon of replicate plates (m some systems

“daughrer™ plateg [37.511) 15 neeessary for paralicl
processing hy ditferent process modes. Systems may
be additionally equipped with the ability 1o serially
process sample arrays usmg different process modes
|, This feature 1s particularly anracuve for cases
where only small quantities of sample are available.
increasing the drve to generate useful information
from every sample. Here. samples may be processed
by optimal modes first (e.g.. thermal crystallization).
then a secondary process step can be applied 10 mas-
mize the tvatg. Another example where this feature 1s

e gase ot salt selection, especially m early

wsetnd s
diue discovery [Upon the addition ot salt tormmag acids
or bases. the solubility of the compound s modulated
by in-sim salr formation. often resulting in reduced or
non-existent diving forces for ervstallization le.g..

subsaturation) of the salt species. particularly 1 pola
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solvents. It should be noted that rapid onset of super-
saturation can be experienced in any of the process
modes discussed and can result in oiling out or precip-
iation of amorphous solids, rather than generation of
crystalline solids. Thus. it is important to monitor and
control the crystallization conditions throughout the
experiment.

In general, the percentage of wells that yield solids
varies. depending on process mode and experimental
time scale. For example. evaporative modes usually
result in a solid in virtually every vessel. while slow
undercooling results an far fewer (on the order of low
pereents). The differences in hit rates between these
process methods anse in part from the differences in
the supersaturation artained. For evaporative crystalli-
zation, supersaturation is achieved in all cases as the
concentration of the active compound is continuously
increased as solvent is evaporated. In contrast, the
composition of wells processed by thermal crystalli-
zation is fixed. In some cases. because there is limited
data on the precise state of supersaturation for each of
the large vanety of experimental 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 yield a solid. In contrast, as men-
tioned previously. a fraction of the wells may not go
fully into solution at elevated temperatures. In this
case. the temperature of the system may be raised to
achieve full dissolution, additional solvent may be
added 10 solubilize residual solids or the samples
may simply be monitored for slurry conversion over
nme. To overcome these challenges. we have devel-
oped a salubthity caleulator ool using group contnbu-
tion theory to estimate the solubility of the reference
solid phase at specified temperanures in each solvent
composition, These data are then used at the DOE step
to define the viable concentrations of the active com-
pound for crystallization (i.e.. minimum concentration
required to achieve saturation and maximum solubihioy
limit or concentration) in each solvent mixture. Addi-
nonally. the timescale of the experiment has a signit-
want impact on the abserved hir rate. Hit rates will
approach 100% tor vaable crystallization condinons
the limut of mfinite time. but in practice most expen-
ments are conducted over days 1o weeks. so observed
hit rates retlect this temporal influence. In fact, similar
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behavior is observed in manual experimentation. Note
that only some HT crystallization systems are config-
ured to permit sclective sampling of “hits™, providing
the ability to further incubate un-crystallized samples

| to monitor for 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. yet
Itirubust process can rapidly and non-destructively de-
termine 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 anay
$|0|1t‘1g-.n'ation. 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
ﬁllslnher processing [40]. In contrast, using a sacrificial
approach the ennire plate must be moved forward after
a predetermined fraction of the samples in that array
have produced precipiates [47.31), The lauer. of
cul'fr.\'& can be carried out without an online detection
system. Here, samples can be processed i baiches.
without regard 1o whether there are actually solids
present in a vessel. This simple process approach is
effective, but has significant limitations. the primary of
whiu'{h being that samples are destroyed after a fixed
amount of time regardless of their state. Hence. it is
advanptageous to employ an online detection and har-
vest System so that samples can be differentially and
usyndlhronuusly processed. with only those vessels
containing solids undergoing analysis [40.60],
Sample analysis as the final action i execution ot
the HT erystallizanon process. Depending on the mode
u:'upc!rlmmu and the choree of analytical measurements
employed. this process may involve several steps. Most
HT cnstallization svstems use Raman spectroscopy
and or powder X-ray diffraction (PXRD) for primary
analysiy of harvested solid-state samples. Both techni-
ques have advantages and disadvantages in terms of
their abiluty to discriminate between forms of a solid

tre. pdlymorphs. salt forms. solvates. hydrates)

{400 The rate of generation of samples for anal-
NS hkul_\ dictates wlhich technique is used for the
primary ;I?pi".'u;:\'!\. Generally speaking. Raman spec-
truscopy dan be employed in a more vapid fashion than
PXRD, sihce acquisition nimes for Raman are consid-
erably '!v<~'.| dependent on sample size, as is depicted m
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B @ microXRD. scetaminaphen spectrum. which représents the contents of an individ-
z 4 Raman, acetaminophen ual well at a given time, 1s filiered to remove back-
S 1500k @ Remagtwenstromiranm 5| ground and 1o accentuate Raman peaks and shoulders.
j’é Peaks are then located and assigned a wavenumber
g using standard derivative methods and the amplitude of
= = 1 each peak s calculated. These data are used to calculate
z » a sinularity (or distance) measure related 1o the Tani-
-"; soa Ll i moto coefficient. from which the Raman spectra are
z ' - binned into groups of similar samples using a classifi-
b 1 2 canon algonthm such as hierarchical clustering. This
Qe84 8 8. S8 & 8] method often uses peak positions, rather than ampli-
0.01 0 | 10! 102 tudes to diseriminate between different patterns in

Sample size (mg)

Fig. 3 Comparison af acquisition times of Raman and N-ray
powdder diffraction date as a function of mass of APl [65] (Daa
collected on D Max Rapid. Contact Rigaku/MSC. 9009 New rals
Drve, The Woodlands, TN, USA 77381-5209)

Fie 30 In addinon. plate-based PXRD methods are
suscoptible 1o problems with preferred orientation
effects, which may prevent accurate classification of
samples. As a result. Raman spectroscopy methods are
often used as a primary means of characterization in HT
crystallization svstems. Although one disadvantage of
the Raman technique 1s interference due to fluorescent
samples. the wavelength of the excitation laser can be
changed 1o the near-IR to reduce fluorescence of
problemane samples. Recent advances in PXRD in-
strumentation. brought on by the increasing demands
of | HT cryvsuallization. make 1t possible o achieve
siifar analvsis umescales with PXRD and Raman.
on the order of less than one minute per sample
dependmg on the capabihines of particular isnuments
usedd. Clearly the best option 15 1o employ bath meth-
ods for nutal sample evaluaton. whicl can be reahized
with the appropriate informancs structure. as described
in Section 3

Once the primary sohd-state characterization data
are collected and stored. samples are generally classi-
fied inro groups tor bins) that display similar character-
Istics (€.g.. Raman spectra or powder X-ray diftraction
patterns) womg mformancs tols. A variety of methods
can be used 1o accomplish the binning. For instance,
Raman spectra may be compared (based on relevant
features o1 over the entire spectral range) and clustered
using caleulated simtlarity measures. such as Tanimoto
coefficients. In one method [40.60.61]. each Raman

order to reduce the significance of potential preferred
onentation effeets: which can result in modulanon of
relative peak intensity for certain crystallographic
planes. The window over which two peaks are consid-
ered to be at the same position (e.g.. | em™ ' wave-
number). as well as a mimmum height for a filtered
peak to be considered for clustering. can be selected by
the user, allowing regions of interest (e.g.. spectral
runges) to be explored in greater detail. With appropri-
ate settings. a Riiman spectrum that has only one peak
or feature in a shightlv different location than obseryed
in other patterns can be ditferentiated and binned as
unique, indicating a different or new crysial torm
During clustering. each spectrum is assigned an arbi-
rrary number, 1,e., a sorted spectrum number. for ease of
racking. and the resultant clusters are graphed as
shown in Fig 4. where the red-colored regions repre-

Sorted Spectrum Number

O L () B S | el S RS L
Sorted Spectrum Number

Fig. 4. Raman cluster diagram showing s-by-n mainx of sorted

pectrum numbers for afl samples resulting from the 111 polvimorph
sereen of Ritonavir, Clusters are indicated by wanm-colored (red)
regions, which have heen outhined to guide the eve. and indicate

different salid tforms (63

e
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sent bins of similar samples. Alternatively. the results
from several analytical 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 waditional methodolo-
gies for solid form screening, it is necessary to further
characterize the solids generated in HT crystallization
svstems to accurately determine their solid form and
properties. Most HT systems integrate multiple ana-
lviical methods as part of the screening process, These
so-called secondary analytical methods often include
thermal property measurement (¢.g.. melting point)
and optical microscopy (for crystallinity. habit. ctc.).
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-
ods for optical microscopy and melting point deter-
mination have been developed [47.51]. Tt is important
to note that, in this case. all samples are destroyed
during charactenzanon of the melting point. When
replicates are retmned, the tunctional properties such
as dissolution rate and hygroscopicity can be analyzed
using either manual or HT methods. (For more infor-
mation on tunctional analysis, see Section 4 on post-
screening analyses and form selection.)

With the aid of informatics tools. the data sets
obtained can be used to generate information about
the experimental space. Software interfaces that aflow
access to the data permit classification and regression
analysis to be performed. The results are displayed in
hgh-dimensional visualizauon tools that can be used
to guide further experiments toward optinizing pro-
cesses 10 make cach form. For instance. sample
composition and processing information can be linked
1o the resulting crystal form and morphology. Corre-
lation of trends between experimental factors and the
products can lead to hypotheses that can be used to
direct the design of follow-up experiments. An exam-
ple of this was reported by Peterson et al. [40]. where
the knowledge gained from iterative experiments was
used o drive new experimental | designs. which uln-
mutely vielded the desired outcome. 1.c.. the solanon
and charactenzanon of the highly unstable fonm 111 o1
acetamunophen (paracctamol).

While these new methodologies provide unprece-
dented capabilities for solids tormydiscovery. i s clear

hat there remains a need for some level of manual
rocessing. particularly in the case of detailed form
haracterization such as single crystal structurc deter-
mination. scale-up of the desired form and under-
Standing the effects of downstream processing on
otential form conversion. HT methods provide the
landscape of possible forms and their properties and
should be used in conjunction with traditional meth-
ods to enable rapid. efficient selection of the optimal

form for development.
|
|

Jll Applications of high-throughput crystallization
screening in pharmaceutical research and

dﬁ\'e!opmem: case studies

l' HT technologies offer unprecedented capabilities
for form discovery and characterization. Potential
applications range across the entire pharmaceutical
vitlue chain, including screening of active molecules
i discovery during ELO, form selection for preclin-
ical candidates, final form optimization for early
c!u_hlcnl candidates. process chemistry development
of k‘:’_\'slalllzmiml processes for bulk drug and mter-
metliates, as well as identification of new or enabling
solid forms for product life cycle management. While
nnqlwmun impact points have been identified. only
limjted information on the use and performance of
HI | form screening svstems 1s avaiable in the liter-
atue. indicatung that the henefits of these new meth-
odologies have just begun 1o be reahzed. In the
folldwing sections. case studies on the application
of HT crystalhizanon systems are reviewed. Special
atteriton 15 given to the implications of new form
dischveries.

3.4 'r‘!:'g;’:-Hn'u:fghpm salt selection

Pﬁcparation of salt forms of an active compound 1s
commonly used to modulate physicochemical proper-
ties. In most cases, the goal 1s 10 increase solubility (or
dissojution rate) o improve bioavailabiliry or 1o en-
haneg the manufacturability of poorly soluble 1oniz-
able qompounds [1.5.4]0 Salts may aiso be employed
o mgrease chemueal stability [3] or 1o reduce the
salubglity of a given compound for certaim applications
(e g . bustaimed release dosage forms) (62] Thus, it is
mportant to consider the route of administration and
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|
‘dosage fqnn requircments when sclecting a salt form
for development. Since the choice of counter-ion
affects t}ic properties of salt forms [3.4], salt sclection
-sm-.iies‘ltln}'olve the preparation of a number of different
salts using a vanety of pharmaceutically acceptable
‘acids or bases with differing properties (e.g.. acidity’
‘basicity. molecular size, shape, flexibility. etc.). The
relevant physicochemical properties of each salt are
chavacterized, including degree of crystallinity. hygro-
scopicity. aqueous solubility. crystal habit, and phys-
ical and chemical stability. Based on these properties
of the g;h forms. their suitability for development can
be evaluated. Several strategies for streamlining and
optuimizing salt selection procedures have been
repo_néfi. mcluding in-sit techniques for ranking the
solubility of salts: 431, tered approaches in which the
least :inw-cmisuming studies are carried out first and
used o remove from consideration salts that are not
viable ‘o4l One issue not readily considered by
existing strategies is the polvmorphism and solvate
fonuil_g behavier of the different salt forms of a
com _lund. which could be used as an additional
cnterion when more than one salt may be viable. but
rec of polvmorphism and solvate formation of
¢ach may become a eriterion for form selection.

HT ciystallizetion technologies have been used to
more rapidly and comprehensivelyidentify the range of
salt torms that may be prepared for a given compound
ar sertes of compounds. and charactenze their crystal
r'nm} diversity (polvmorphs. solvates. hyvdrates) How-
everg only @ few studies have been published or
presented. Several HT salr selection studies on well-
characterized pharmaceutical compounds have been
carried out 10 demonstrate the power of these technol-
ogies n solid form discovery. For example. m a small
HTLerudy (e, V6 wells) on the antibacterial sultathia-
zole. salt formanion was explored using varving stoi-
chiometric ratios of pharmaceutically acceptable
organic and mineral bases m an array of solvent
conditions '#5 The screen resulted in the rapid iden-
afication and characterization of 10 <alt forms and
shd\'\&:d that the salts exibited @ rmge of melung
points depending on'the counter-ion type and stoichio-
metrie vatio. Smular HT salt selection cxpenments on
c:uh_"'cinc and naproxen resulted m the wdenuticanon of
nu}mmus salts of cach compound [47.50.51].
|In the discovery phase. HT erystallization has been

usrd 10 identifv soluble salt forms of compounds

|
|
| |
1
|
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during ELO to facilitate carly animal dosmg. thereby
providing the ability to uncover underlying chemical
and or biological rr:spons'cs clicited by candidate mol-
ecules. including  toxicity or efflux {40391, Such
information fnermi‘s rapid identification of problemat-
ic compounds or scatfolds. allowing resources to be
directed 10 pro_iee{s with greater opporunity for suc-
cess. HT erystallization can facilitate selection of leads
that are more likely to survive preclinical develop-
ment. HT crystallization has been used successfully to
identify multiple new salt fo_nr'ns and the polvmorphs
and solvates of ‘cach comp'q[und belonging to two
discovery nrog_raﬁls using less than 200 mg of com-
pound per screen [59]. Approximately 150-200
experiments wer¢ performed on each compound using
a library of pharmaceutically acceprable acids or hases
with an array ;’I‘ solvent compositions and process
conditions, Each sereen resulted in discovery of
multple: new sale forms, and m some cases polv-
marphs and sx‘:!i“atcs, Interestmuly, similar salt rvpes
were identified for each compound in o given senies.
as illustrated in Fie A where the frequency of
occurrence is plotted as a funetion of counter-ion for
cach discavery sertes. Clear trends in the degree of
solid forni diversity of salt forms, including polymor-
phism and aol;k‘atiou heh‘q!vior. were also evideni
within each 'cdmpou,nd series. These data indicate
the pl"lt.‘!lti‘.‘!]'fxl‘l‘ wdenutying salts suitable for most
compaunds tested i a pi:u-;icular scaffold or series.
based on analysis of only a portion of the series. 1.¢. 2
platform-based. approach 10 salt selection. provided
the chemistry surrounding the tonizable functionaliny
15 not significantly altered durng further structure
activity relationship (SAR) development. Further-
more. solubility mcasun:‘rq'cms of cach salt form n
. physiolo_’gicallg relevant ﬂq’ids allowed ranking__ of sah_
forms in a given series, and comparison of salts
between series was also possible. The average tum-
around time per screen was approximately 2 weeks,
such that feedback on the physicochemical properties
of each compound was provided to the medicinal
chemists on @ smular timeiscale as potency. selectivity
and nwt_uhuhr}m sereens. |

Salt -sck\c}ion 1s pormally part of the stndard
pretommulation studies carmed owt during prechnical
development; where rapid identification of the possi
ble salis of 'a compound and their properties can
[acilitate p'rc}('duei development. To further facilitate

{ |
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b1z 5 Frequency of occurrence (o) plotted as a function of the counter-ion of the salt for compounds from discovery senes A and B [59

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 0.5 mg of compound into
cach well usmg an appropriatc amount of stock
solution. The counter-1on type is systemancally var-
icd 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 drv nitrogen over the plate. Once salt forms
are identified, they are scaled up for more detailed
characterization,

The microplate approach was Jdemonstrated by
Basin et al. [66] through several examples. however
hitle detani of the specific sercenmg protocol and
resulis was provided. All three of thelreported exam-
ples are on compounds that are weak bases with pA,
between 4.1 and 5.3 Only a small number of smble
crvstalline salts could be prepared for the two ven
weak bases (Lo pA, < 4.25). as opposed to the larger
variety found for the stronger base. In each case. the
salt forms were sealed-up fnr more detailed analvsis
and comparison to the respective free base compound
to determine the optimal form for development. This
appreach provides a useful mechamsm| for prehmi-
pary, small-scale salt formation studies. Both the
crystallization media and process modes accessible
by the technique are somewhat limited. resulting in a
narrow exploration of experimental conditions for salt

t'mmlpnon. For example, only solvents compatible
with |plate materials can be used. thereby reducing
the p'qobabilir_\-' that a crystalline phase can be identi-
fied. In addition. current protocols only provide for
c\-;npu'{:ui\-'-: crystallization, likely due to difficulties
with sealing of the plates. In this case. the composition
of the |crystallization medium 1s not well controlled.
The unlity of HT crystallization i ELO. although
demongtrated by nitial reports of feasibility. 15 less
well dcli,cumcmeu.l than the use of HT on later stage
compounds.

II
3.2 Solid form discovery in highly polvmorphi
svstems I'

.
The stlilwnwn! by the late Walter McCrone in 1965
that “the| number of forms of a given molecule is
pmpnnmr'?ul to the time. money and experniments
spent on that compound™ [67] has gained credence
m reeent '}u;n‘», as illustrated by the significant -
crease n aeported ervstal torm diversity of pharma-
ceunenl ‘\I‘llin-- Depending on when alternative sohid
forms of a ompound are wdentified. the appearance of
a novel fdrm may or may not be a welcomed
discovery. tIiIJw:u;'rc:m- of a new form in research or
carly develdpment s potentially enabling. At later
stages. the ';Lppc.n';iucc of new forms. particularly
stible ones jthat are not bioequivalent or deemed
::1:1\1‘\.~.'c.~a\.1lﬂll‘. can have catastrophic conscquences
for product pertormance as well as regulatory com-
pliance (e.p.|control of erystal torm). Additionally,
recent mimgslllnn the use of alternative. commerciatly
viable solid forms not protected by patents trom
.
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mnu\alor compames have opened the market to
guu.nmcompmnon [68:-79], In order to mitigate
these ngks. and to save time and reduce costs, many
pimmnceuuc*ll companies have begun to re- evaluate
ther :.Irﬂteme:, for solid form screening and are
lnol.m]nf:_- 10 HT crystallization technologies to address
the needs for more rapid and comprehensive explo-
ration In this section. the application of HT erystal-
hizatign 10 highly polymorphic systems is reviewed.
including specific cases of compounds exhibiting
laren‘i polymorphism.

Polymorphic systems arc quite common among
man)!:- types of organic erystals [7]. For the purposes
of this review. compounds exhibiting more than three
pol}lt'momhit' torms will be classified as being “highly
polymorphic™. While only a handtul of well-known
organic compounds are considered tor pracuical pur-
poses to be' non-polvimorphic, e . aspin [S05L
stgrose and naphthalene 71 1t should be stressed that
otie will never be able 1o exclude the possibility of
pdl\ morphs appearing. even a century affer the mitial
dif-\ overy of the compound. So far. no polymorphs of
aspin have been found. despite the proposal by
Piwnc eral, [80] that palymorphic forms may exist.
In contrast. acetaminophen form M1 was observed by
Bun.el in 1982 using thermal microscopy 1821, but it
qook anbther 20 vears tor a erystal structure 1 be
propased 401 Many reports exist on the polvmorphic
Iﬁi;-xrurr: of specific drug compounds with one or two
[alternative. packimg modes for the same chemical
ll'i:-.m'.rm.'mion. However. literature examples of com-
| pounds with more than three packing modes are
| considerably rarer. as will be summarized shortly. It
'I should be noted that the mercased number of reports

on highly polymorphic compounds in recent years is
likely the result of enhanced screening practices and
more sensitive characterization techniques.

Highly polymorphic compounds present several
challenges in drug development. First. the generation
of different forms is often not a simuliancous event.
hut gather o gradual evolupon of form diversity leading
to the ‘branding of a compound as being highly
polymorphic. Consequently. once more than one form
1s identified. concern is raised that additional forms
may eventually be discovered. For mstance, the 13
polymorphs of phenobarbitone evolved over ca. 13
vears 71 and a fourth polymorph of carbamazepine
wias reported in 2002, a full two decades after the
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publication of the structures of the mitial three forms

[83]. Sccond. sc¢léction of the preferred form of a

highly polvmurﬂh:c compound for deselopment

demands a compley ser of thermodynamic and Kinetic

investigations. due to the geometric increase in the

number of stability relationships that need o be

established. More cmnplexit_\jartses when some poly-

morphic pairs are enantiotropic. exhibiting a switch i
the identity of tl'(L- stable form as a function of temper-
ature. Third. concems over bio-performance and the
impact of a Iarge number of polymorphs on processing
lead to rugulat?ry issues that need to be addressed.
Decision  trees [58] hayve been established to aid
SCICntists in }mmne the impact of polymorphic
change and hzwe been mcorporated into the ICH
cuidelines w] Lastly. the analytical challenge of
monttorhg p@l\nmrph content m the dosage form
merenses as ‘{lu number of possible forms grows.
particuliiv fth low dose compounds where the
coneentiatiog ot drug i the formulation is smali.

The h';rsilm on highly polymorphic pharmaceut-
icals iy relatively sparse. but several examples of
compuounds Knm_\ n 1o haye four or more polymorphic
forms are avalable m the lirerature and are summa-
rized in Taltle 2. In addition to these drug examples.
the Pli‘\i'l'l‘lli{.‘t’lltit‘ﬂ ingredients mannitol and aspar-
tame have been shown to exhibit 4 and 5 polymorphs.

ze-qm.tmi\ 1 The phenomenon in inactive exci-

| :
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pients may well be under-appreciated duc to lack of ||

study.

In general, pharmaceutical polymorphism is likely
10 be underreported in the literature, since much of the
polymorphism research is carried out in companies.
As a result of growing interest in the subject and
advances in techniques ta study polymorphism. it is
expected that reports of extreme form diversity will
grow. Conferences on the subject, such as the ACS
ProSpectives symposium, reflect the appreciation for
the complexities introduced by the appearance of
polymorphism in important materials such as pharma-
ceuticals. Work has recently commenced to under-
stand the opportunities and challenges of using HT
rechnologies in pursuit of] rapid identification and
characterization of the large number of torms pre-
sented by highly polvmorphic compounds. Three
published case smdies and two examples that are in
press at the time of this review will be highlighted.

Form IV of carbamazepine was reportedly discov-
ered as the result of crystallization tnials in the
presence of hydroxypropyl cellulose HPC [S5]. Sub-
sequent 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
polymorphs of carbamazepine and acetaminophen.
In all. 84 different polymers were employed to direct
nucleation. Form IV of carbamazepine was found to
crvstallize from methanol in the presence of hvdrox-
vpropyl cellulose. polyi4-methylpentene). poly(R-
methylstyrene) or poly( p-phenylene ether-sultone)
Using the same approach. the monochnic and ortho-
rhombic forms | and IL respectively. of acetanmino-
phen were also isolated. While observation of
mietastable form 11 was not reported m this study.
the strategy of employing polymeric additives is of
nterest. as 11 can direct the course of crystallizanon
and because polymenic impunties may be in contact
with a drug substance and/or formulation at variotis
pomts in development.

Another approach. reported by Anquen! et !
wdentified selective conditions for the crystalhizanon o
carbumazepine polymorphs forms!l and HL as well s
the dihydrate. from methanol and/or methanol water
solutions by thermal processmg m a mueroliter cell
format (1.c.. 35- 100 pl). Optical laser trapping was
used in st to targe! the microcrystals for real-nme
form analysis using Raman spectroscopy. The crystal-

lizaton process was monitored optically and with
| Raman spectroscopy as a function of temperature
| 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 samration
solubility of each crystal form produced. Although
only several experiments were carried out in this study.
| the authors advance the microfluidic cell formart as a
|potentially viable system for HT polymorph screening.
| A third report details the use of in situ Raman
'|schtroscopy to optimize process conditions. The com-
pound MK-A has four anhydrous polymorphs and
several other forms. including two hydrates and nu-
merous solvates {861, The study gives an example of
[Hw complex thermodynamic relationships (monotropic
dnd enantiotropic pairs) that can exist in highly poly-
morphic systems and demonstrates the power of in-situ
n'}e!huds for monutoring the crvstallization process.

| The angiotensin-11 antagonist MK-996 is an exam-
ple of a highly polymorphic compound (Table 2 [N7].
The stucture of MK-996. depicted in Fig. 6, contains
seben rotatable bonds. the conformations of which
could lead 1o many configurations for crvstal packing.
HT crystallization experiments with MK-996 in 96-
well amays comprising over 1500 discrete recrystalli-
?_aﬂon trials from a set of 21 solvents or solvent
miytures vielded 186 solids. which were harvested
o “f a pertod of 7 days (871 PXRD analysis of these
\'ﬂllill.\ suggested the presence of at least I8 distinet

N
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forms. somc resulting from solvent-mediated recrys-
~uallization, A hydratc (originally named form 1)

obtained l;ly slurry comversion in the presence of
aqueous solvent mixtures in the HT experiments, was
the form previously selected for pharmaceutical de-
velopmen Importantly. a torm (torm D) reported by
the tnovs Tmr [87] 10 be a *"disappearing polymormph™
|83/ once form | appeared. was also found in the HT
screen. C carl) sufficient experimentation with ratio-
nally selected diverse conditions affords the possibility
10 regenerate elusive forms.

Smra inc HCl, the active ingredient in the anti-
dcprenaqt Zoloft®. is found in various crystal forms.
The molecular structure for Sertraline HCI s illustrat-
ed in Fig 7. Information on various solid phases can
be !oumti in patent disclosures filed by several com-
panies [W 92|, Survey of these documents. which
published between 1992 and 2001. reveals data for 27
purported crvsial forms of Sertraline HCL including
17 polymorphs. 4 solvates. 6 hvdrates and the amor-

phous [mlid Further analysis and companson of

L]'I.lldi.tt’l‘lZ'ﬂlUﬂ dita for the various forms presented
n the patents revealed that mixtures have been
nustaken for real polymorphs on at least wo ocea-
sions.ljand at least two polymorphs were disclosed
more than once (by difterent workers each time). In
addinon, the hydmte forms reported were not readily
wlent wd as poly morphu_ and many of the forms are
!ikcl\i transient. c.g.. only idenified by vanable-tem-
peratire and hunndity-controlled XRD. With the help
of HT eryvstallization. the extent of true polymorphism
ot 1I HCT salt was estimated at eight forms so fay

Two new solvates were also found m the HT
stu_d es, Care should be taken n 1solation of such
rms. particularly at small to miermediate scale, as

- 111¢ cl

Cl

Fige 7 Tht molscular struetire of the seleetive seratanin reuptake
ut-hm-r (SSRI) senmline HCH
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durmg processing may cause once 10 overlook solvated
forms [93]. Comparing the n.sultsa of the HT study to
the congruence of histoncal data. one can conclude
that HT screening gives rise to relevant forms of the
drug in a nme frame ot weeks rather than years. One
metastable form. polymomh IV, '|¢1mm::d elusive an
the hands of the autl ors (Y21 The lack of observation
of form IV may be due 10 a subtle purity ditference
berween early barches at Pﬁz&r and the materials
available for testing in the HT screen. Clearly. |mpu—
rity effects should be explored further [32].

To date. HT studies on highly polymorphic mateni-
als highlight the importance of varying processing
conditions (mclud{ug solvent oondnmns degree of
supersaturation. méthnd of crystallization, desolvation
of solvates, mclusion of addm'i'es thermal microsco-
py. ete.) to find as many forms as possible. It has been
shown that multiple process modes. including HT
processing. umpit‘d with detatled follow-up charac-
terization, studies|of form stability. facilitate nsight
mto erystal fom diversity [404 Such a multimode
strateyy becomey valuable i the quest for the most
comprehensive dataset possib sle for a given pharma-
ceutical matenal ]

Undoubledlv the definition of highly polymorphic
materials and their frequency will evolve in the age of
HT erystailizatipn (40,06 and with the aid of ever
improved solid-state analytical capabilities | |84 45
The value of employing muluple processing techni-
ques 10 elucidate as many crvstal forms as possible will
be demonstrated. as 1t i expected that no single
rechmique will generate all forms of a given compound
Without doubt. HT crystalhzauon strategies will be
used. as a complement to other techniques. to identity
issues of polymorphism carly. thus allowng drug
development scientists to react appropriately 10 infor-
mation on torm diversity of their compounds,

3.3 Avaiding latent polymorphism

\eny few l..hr.'\ of latent polymorphism have been
reported :}::: hterature | It is likely that many more
instanices of the phenomenon have occurted. bur
unless | product duclupmml was slowed. product
pertormanca was un;mcnd Or generie competion

was threatened. a spotlight s nov usually. cast on the

issue  As ah example of a public polymorph issue.

tarm 2 of ranindine hydrochloride 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-
ctine hydrochloride hemihydrate. the active ingredi-
ent in Paxil®, was discovered during development
after only an anhydrate had been known for a number
of years [47]. The hemihydrate is the form marketed
by the innovator. but recent litigations have occurred
between the mnovator company and generic compe-
ution around the anhydrate torm.

One of the most recognized cases of latent poly-
morphism occurred with Abbott Laboratories’
Norvir®, Two years after entry into the market. a
previously unknown. but thermodvnamically more
stable, polymorph of the active ingredient (Ritonavir)
appeared. This new form (form II) was approximately
50% less soluble in the hydroalcoholic formulation
vehiele. resulting in poor dissolution behavior and
eventual withdrawal of the original Norvir® capsule
from the market | Y8 |, At some considerable cost. a new
formulation of Norvir® using form I was eventually
developed and launched [99]. In a recent HT crystal-
lization study on Ritonavir. a total of five forms were
found: both known polymorphs and three previously
unknown forms [29]. The HT polymorph screen. which
consisted of 2000 experiments was carried out with less
than 2 ¢ of the API and used multiple, and sometimes
combined. process methods. The three new forms were
described as a metastable polvmorph. a crystalline
solvate and a non-stoichiometric hydrate. Interestingly.
the solvate was easily converted tol form 1 via the
avdrate phase using a simple washing procedure. and
provided an unusual route to prepare the form | “dis-
appcaring polvmorph™ {88 ] Smce the Crystals of form
I prepared using this method retamned the small needle
morphology of the solvate. the authors suggest that the
process may offer a potential strategy for particle size
and morphology control. The results of this study
emphasize the need for more comprehensive studies
of form diversity in the early stages of drug develop-
ment to avoid risks of form conversion downstream.
and highlight the advantage of combining parallel HT
crvstallization experimentation with detailed physico-
chemical analyses 1o dentify the diversity of sohd
rorms m which & given molecule can exast. Clearly,
ate stage discovery of new forms or form conversion
can have serious compentive and regulatory implica-
1Hons (e.g.. process control), especially in cases where
the new forms are not bioequivalent.

1
?-J Prediction of crvstallization and polvmorphism:
a';lrp.-’ir:an'mrs to pharmaceutical form studies

| Crystal structure prediction is 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
hcn!lvccn 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 [S8]. While
this important arca of theoretical rescarch 1s oo large a
topic|to be considered in detail here. a brief overview
ur‘lhdrl successes and challenges will be presented. and
the pdrennial for using HT crystallization as a vahda-
tion 10 ard model development will be highlighted For
4 moré detatled discussion on polymorph and crystal
structuye prediction. refer to the article by Price | [00)
in this jssue.

Polylmorph prediction of pharmaceuticals is thwar-
ed by the complexity of active pharmaceutical mole-
cules. Tllhc number of degrees of freedom in torsion
angles and the molecule count in the unit cell (which
can be deduced by such techniques as solid-state NMR
[94]) are [frequently too great to allow computations on
a reasondble time scale. Additionally, predictions are
typically karried out one space group at a time. This
imitatiom|is mitigated by the fact that over 90% of the
organte campounds in the Cambridge Structural Data-
base (CSD) L ervstalhize in only a few space groups

00 We know of only one example where predictions
have been ul:\tcnv.!'ud 10 multicomponent systems [ 102],
The prey :ﬂ&incc of multicomponents systems. some of
which have|charge transfer (salts) and many of which
exist as hydyates. solvates or mixed hydrate/solvates,
essennally Ii'mils the usefulness of the prediction meth-
ods 10 neuttal compounds. Various other technical
ISSUCS rcm:nnil as the science of crystal structure predic-
non matures || (00 Some of these issues were high-
lighted in ‘.'.\'ullll.\!!m! tests thar were conducted in recent
VEUrs to dc:-\-il'm!!:v the accuraey and robusiess of
crvstal structute predicnon [ s In the Latest round.
17 methods \xlliui'a.' used to predict structure, yviclding
only three correct predictions [104] For one of the
compounds usad in the study. expenmental character-
ization of a scc'(lmd. more stable, polymorph provided
the key to the correct prediction by three participating

| =559 455
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research groups. The structure could have casily been
overlooked. leading to the misinterpretation of the
results as an apparent failure of the computational
me:holﬁs. Thus, compounds that are amenable to struc-
ture prediction are not always studied experimentally to
the c’sl_tcm necessary 1o ensure that the relevant forms
have in factbeen discovered and characterized ahead of
-:mn[_jlut:ltinnal studies.

Dlic.spilr.' the ¢hallenges. a few methods have been
developed that allow structure predictnon ot small,
reklg'ivcly rigid organic compounds with only a few
funetional groups in several important space groups
(171103, 106]. Polymorph Predictor™ has been imple-
mented within the commercial software Cerius2 (€2
Polymorph by Accelrys). In general, current predic-
non methods generate large ensembles of different
packing amangements along with calculations of rel-
ative energencs. In reality. many of the caleulated
structures are not observed. giving the appearance of
over-prediction of polymorphism. This was apparent-
Iy the case with acetaminophen lpancet;nno!) {107).
In their studv of the drug, Beyer et al, [107] calculated
14 structures. 2 of which were the known monoclinic
(stable) and orthorhombic forms. The remaining 12
structures were congsidered as candidates for the meta-

| 5 .

[stable form II1. which had been observed by thermal
|.' microscopy methods [82] bur for which diffraction
[data were unavailable. Using calculations of mechan-

teal properties and morphology. Bever et al. separated
the 12 energetically feasible structures o) 1w
groups. based on the likelthood of cach strucnie o
existas @ swble form. Shouly atter the publication off
the predichion study. the expermmental powder pattern
ot form HI became avatlable {400 Rienveld refinement
and companison of the experimental dittraction results
with the theoretical powder patierns published by
Beyer ¢t al yielded a monochnic structure solution
for  form 111, This swucture is in fact part of the
predicton set. bur was considered an unlikely con-
tender based an its extreme plate-like morphalogy.
The potenual for complementarity of HT crystalliza-
non and polvmorph predicnon is evident from these
sitidies; In one sense. polvmorph prediction can serve
as ayardstich tfor risk assessment” when it comes to
form diversity. but inevitably one will require eaper-
imental data to assess the scope of polymorphism that
can be elicited and the precise relative siabilities of
different erystalline arrangements.

Opportunitics cjo exist for current use of predictions ‘4
in solid form discovery. For instance. certain hydro- '
gen-bonding mmfif's or molecular layer types may be
observed in predicted structures. Such information can ,
be used to aid the design af crystallization experi- .
ments. [nught be desirable 10 employ a particular vpe
of mteraction with salt selection or co-crystal forma-
non by the strategic selection of crystallization con-
ditions. solvents. additives and processing methods

22250 in .u!LImun. since transient or metastable
crysmllmc spevies may be difficult to characterize
accurdtely. on¢ may use predicted structures 1o esti- !
mate yarious ‘physical data. For example, powder
diffracion patterns may be used 1o assist the accurate
description off these metastable forms (40}, Conunued
development of theorenical methods coupled with
validation of/the predicuons by extensive crvstalliza-
non screentng will lead o better models and compu-
tational methods. At present. experimental methods
must still be rehed upon 1o assess the potennal form
diversity offa given compound. It will be important to
concurrently push the limits on theoretical prediction
and HT crystallization, m order to advance our under-
standing of the nature and extent of polymorphism in
pharmaceutical compounds.

3.5 Engineering of co-crvstals
, ;

Co-orystals of drugs and drmg candidates represent
A new nipe of matertal for pharmaceuncal develop-
meji Tlic\ are part df o broader famidy of muliicons-
ponent L!\'«I ths thar also includes salts. solvates.
clathratds., maluwvn crystals and hyvdrates as shown
m Seidie 2 The priary difference between xul\.m.-e
and cozen snlx 18 the physical stae of the I'\Olak‘d.
plire components; it one component is a liqud at
room Ilemperauue._ the crystals are designated ‘__15
solvates: if both components are solids at room
tmupei“uw‘c thc crvstals are dea‘ig.nnted as Co-Cry

i :\1.!] they hnc pmlound mpact on p:cpat mon
stability and ultimarely on the ability 10 -.levd_
|Hmhl';lcl:\.

In general. 1t as usually casier o mimally pre
solvates than co-grystals. and mdeed. solvates are of
found as by-products of polymorph and salts v#re
C o-mystals have been prepared by melt-crystallizatic
arlddme and recrystallization from solvents [Ih
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Multi-\component Crystals

,;/Sorvates. clathrat s/

inclusion comple'fes

A

\5 © Co-crystals

Scheme 2. l}ipc.\ of mulucomponent crystals

vent systems for co-crystals must dissolve all clepu-
nents. but must not terfere with the interactions
neeessary for co-crystal formanon. The need 1ty

| G <
many solvent combinations and the availability of

muluple co-crystal formers creates a diversity lh‘il Is
ideally suited tor exploration by HT systems.
Co-crystals have the potential to be much le‘e
useful in pharmaceuncal products than solvate
hydrates. The number of phanmaceuncally accept-
able solvents 15 very small. and because mi\'Ema
rend to be more mobile and have higher vipor
pressure. it s not unusual to observe dehydrat
desolvation 1n solid dosage forms. Solvent
frequently  leads to amorphous compounds, which
are less chemically stable and can crystallize into
less soluble forms. In contrast. most co-cry.ktal
formers are unlikely to evaporate from solid dospge
torms, making phase separation and other physical
changes less likely.
Examples of co-crystals have existed in conductive
organic crystals. non-linear optical crvstals. dyes.
photographic matenals pigments and ugmchcmiduls
tor some time | 7] Two recent papers by Fleischmay) et
al [43.45] emphasize the importance ul'umlcm-.tmiI
“supramolecular synthons™ in svnthesizing co-cry s-

tals containing pharmaccutical agents, For uxumTc.

or

un

0Oss

nge

the ability to insert 4.4’ -bipyridine between the cpr-
boxylic acid dimers of aspirin, rac-ibuprofen and rge-
tlurbiprofen was recently reported [43]. The thiee
examples clearly demonstrate the generality of the
use of a pyndine-carboxylic acid heterosynthon |11

i Scheme to replace a dicarboxylic acid dimer
homosynthon [ A second study focused on finding
multple solvates and co-crystals of carbamazepine
431 Carbamazepme polvmorphs crystalhize as anude
dimers. cach of whieh ties up the polar amide fune-
tional groups through homosynthon HL Crystal struc-
tures shows that each dimer contans a peripheral H-
bond donor and acceptor pair that remain unused due
o geometre constramts imposed by the drug mole-
cule. Simple H-bond acceptor solvents like acetone
and DMSO msert themselves to il voids berween the
adjacent pans of dimers (431 Muluple co-crystals
formers having hydrogen bond acceptors likewise
msert themselves into the void. The homosynthon
can also be broken to form heterosynthon [V, an
amide-carboxylic acid dimer [45]. This was achieved
to form solvates with acetic, formic and butyric acids.
and co-crystals with trimesic and nitro-isophthalic
acid.

A recent study of adducts of acetaminophen
(paracetamal) with ethers and amines provides addi-
nonal examples of supramolecular synthons tor co-
LON | While amide-amide homo-
synthon could have formed. both known forms of
the pure maieral consist of lincar head-to-tail chains
held together through mout V1D the chams are cross-
linked through synthon VII. The linear chain strue-
ture is preserved in co-crystals with 44" bipyridine.
but the cross-linking interaction VII is replaced by
VIIL in which the 4.4° bipyridine 15 hydrogen bond-
ed to the amide hvdrogen. The chains remain cross-

crvstal formation
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W rm.miw nportqg on the discovery and disso-

~lution’ pmpcrqwx of pharm n- uucaﬂy aércptahiu co-

- crystals consisting of hy _' en-bonded trimers of two.

molecules of 13- m'"ird azol¢ and one molecule of a

| 4-dicarboxviic aud r 13111*__ ¢ from a HI crystalliza-

- ton screen (44, The crystal| s thc suceinic

- acid co-crystal (Fig o - unanticipated

~interaction between th A7 itraconazole and
h | B ~ the carboxylic acid (h rerb";_ thon V in Scheme 3).

fies us«adI on mmonxtmting!he' - The extended succinic acid moleeule ills a pocker.
.tzIsr thons to create novel erys- hndgmg the triazole groups! The interaction between

¢ variety of structures observed the 1.4-diacid and lbe strongest base on -umcouazo!e

S wﬂl have snpenor- ; (papemzme)ﬁsabae 1 in the co-crystal stn

< - 1A-diacids i seluding fumaric acid. L—llnc acid and

dm un; men ©imop-and npetartane acids also yiel i.. co-crystals

:1em~=:.a:\ ) W nh ummmrule lfinl[..m r

,IIJ\II! ll'ld t.‘lt‘ ilClL \\'ﬂh Z"

ak

- b

|'
18l
I8 :1
..":‘

.nppmrs 10 ht' nuw mwu,,
try mn dzrcu ny LN\I-{:h 1
::rawnazulc mm 1.

drug \mh apcc;:talilu solu\ ty. sol
stability enables selec
dosage form development.
~ture. the. dl\asolunan of i aconazole co-crystals in

’ ?
T

¢

S e O [ _d SRS

m—ww- ALAA
=

[ =S

k

LER e



E---0159

105

Fig 8. Trimer unit of the itraconazole succinic acid co-crystal from sipgle crystal Xeray strucrure (from (44, with permission)

aqueous medium was studied to assess their potential
impact on bioavailability of the drug from a solid
dosage form. Fig. 9 compares the dissolution profiles
of the co-crystals into 0.1 N HClI to those of crystal-
line itraconazole-free base (95 % of all crystalline
particles <10 pm) and commercial Sporanox ®* beads
(amorphous itraconazole). The malic acid co-crvstal
rivals the dissolution of the commercial product. In
general. the co-crystals behave more similarly 1o
Sporanox * than the crystalline-free base. The co-
crystal torms achieve and sustain 4- 1o 20-fold higher
concentrations than that achieved from the crystalline-
free base. The practical mmplication is significant.
since the ability to form a supersaturated solution.
even transiently. can have dramaric impact on absom-
tion and bioavailabilitv.
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Fig. v, Dissolation profiles o (.1 N HCT ar 25 °C plotted as
iraconazole concentration ([iraconazaolel) as a functon of tme for
Sparditoxn T beids (), ervstalline irinconazaole-Tree base (# and Co-
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ICo-crystals represent a class of pharmaceutical
tnalperia]s of mterest. both i terms of projected diver-
sity and applicability. The study of co-crystals. along
with polymorphs. solvates. salts and hydrates. is
pr.'r'feu:ll)-' suited 1o HT crystallization experimentation
and| should be considered part of the form selection
pl'L‘-t:T‘us_&'CS.

|

|
4. Post-screening analyses and form selection
|

S!F\'eral runctional charactenstics must be consid-
ered [1n the selection of a suttable ervstal form for a
pharmaceutical dosage form. HT crystallization has
the potential to create a larger pool of crystal forms for
which functionul parameters, such as dissolution rate.
chemjeal stabihty, flow and compressibihty, must be
L:g:c!"llr‘.‘.rm". and compared. Strategies o accomplhish
ranknte of the pumerous lorms must be devised. An
example i~ the adaptanon of HT for solubiliuy mea-
ill:'cmlln'r‘.! The plotan Fig Y illustrates results of a
plate-based kimeuce dissolution assay in which various
forms bf a compound were placed in simulated gastric
fluid and monitored for dissolution as a function of
time. The schemanc in Fig. 10 shows how such an
analysis can be accomplished in a 96-well filter plate,
The concentration at a given time point is determined
after filrauon of the suspension by quantification
using either UV or HPLC with UV detection.

While the entire plate is filiered at one tme.
.i.ﬂc'.'(-wll'. nme pamts can be achieved by nming the
addiion of dissoluiion mediam such that the aliquot
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! ciptan > from the studies. 1t is essential to have the ability 1o
S==scs=sc=sS2 b des.i__gn experiments. track samples in the process.
S8 gg SIS or colleet the data 'm-il relational databasc. and mine the
8}88§§ g g =8 8% 2 praca imformation using statistical techniques and maodels in
= 8 S SRIB2B property space that assist the \\.]E'nrlﬁl 1o maximize the
£ { 1 value of the data, Such models atrempt to fit an output

Figl 10, Schemutic of a 96-well dissolunon filter plate

|
[

for the ||Ibngcst time point desired is dispensed first and
the shortest one comes last. Instead of varymg the
form along one axis of the plate. one can choose 10

- study the dissolution of a single’ form mto several

i
different media (see 112 10). Equilibrium solubiliy

can be determined m a varery of solvents and at
different temperatures using a similar principle tw the
dissolution plate. A demonstration has been provided
usingEmlmnated React-IR analysis [109], Other func-
tional parameters, such as solid-state stability and
thermal properties. can be adapted to HT. Such
systems for ranking the stability of forms generated
from HT crystallization await publication and review
at a future date.

I|
5. ﬁhmmar@‘ and outlook

| ]
HT crvstallization methodologies are capable of
s¢ Jcning huncreds or thousands of erystallization
conditions in parallel using small amounts of com-

pound for the dentification and charactenzanon, ot

diverse forms of acrive pharmaceutical ingredients. As
demonstrated by numerous case studies from several
sIaLes of phanmaceutical development. such technal-
agies have beeun 1o show promise in enabline more
cumprcl_m:"..sv.u exploranon of solid torm diversiy
The technolowes are Bkelv 100 provids o Ladscape
;_!l‘i|§t_1iu-;=rt.i1 wparating condinons from wihichacient:sis
engineery can design robust and scilabie process-

S for manster © manutictunng.
The abiliy o conduct extensive crysrallizations

with small anounts of material using a variety of

stblvcnts. ‘addmves and conditions necessarily gener-

es large seis of data, However. the information by
its If 1s of limited value. unless it can be properly
|’ alyzed In order to extract maximum knowledge

variable to physidal propemes or descriptors using
techniques similar to those used in waditional quann-
tative structure activity relationships (QSAR). These
models can be carefully extended to mixtures contain-
ing compounds that were not included in the original
experiments 1if validation suggests that the models are
sufficiently stable. Significant models that are tound n
the analysis of tluI data can be stored in the database for
later retreval and use 1o direct iterative experiments.
The power of this approach becomes increasingly more
visible when sev u;ral prorberucf are being co-optimized.
as can be very umportant in the pharmaceutical devel-
opment process where such propemeq as oral bioavaul-
ability. stability and processability need o be
reconciled. The availability of a map of conditions that
lead ro the formation of different forms (sals, hydrates.
solvates. polymbrphs. co-crystals) of the drug can be
valuable 10 the process chemists or engineers as they
develop scalable processes to produce materals suit-
able for develapment and lngim ation,

For many yx IS, the value of composition of matier
(CoM) pmenm‘ on new LhEl'l'llCﬂ] entities. including
‘where appmpria:e pharmaceutically acceptable salts.
has been well appreciated. However. it is only within

‘the last decade or so that the application of CoM
patents has

een significantly extended to cover all
forms of the compound. including hydrates. solvaies.
co-crystals any
the most pnnlcan be pruphu.tu..all\r claimed based on
an understanding of the |chemical structure of the
compound :uad 115 jonization constants. the existence
Angd Aot zu! hyvdirates. solvates, co-crvstals and
pelvinorphs (i'. ne tit.i‘lu] prediction. Theretore.
orden g -hm!‘n patent pmlul:un on these forms. some
of which may have significantly different properties

and :dn.uwc s dewluiﬁncm candidates: 1t is essen-

tal 1o pacp\}e them. identify conditions for m.:klm.
them and evaluate thewr properties as valuable new
pharmaceuti nl matenals.

In general. discrete ervstal forms are considered
non-nhnmé 1nd patentable. Given the diversity and
areater cun]plcxm' of chemical structures of today’s

polymorphs. Unlike salts. which for
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drug candidates [110]. coupled with the advanced
technology to identify novel forms. it i1s common to
find multiple forms of drugs [61]. some similar. some
dramatically different in terms of their in vivo perfor-
mance. These forms are all candidates for separate
intellectual property protection. Therefore, it is incum-
bent on the innovator of a new drug candidate to
wdentify and patent these forms in order to optimally
protect their investment in the compound. Recent case
studies suggest 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 crystallization technologies for rapid, compre-
hensive discovery and charactenization of sohids form
diversity offers significant advantages for the devel-
opment of a strong intellecrual property position.
With the advent of HT crystallizanon methods.

appreciation for the landscape of physical form for
drug development has begun to change. Use of these
systems has the potential to facilitate drug develop-
ment by saving valuable time 1n selecting the optimal

physical or chemical form of a given compound. HT
systems that generate rich datasets offer the ability o
develop a more fundamental understanding of the

crystallization process. based on knowledge generated

from large numbers of experiments on diverse com-

pounds. Having such information at an early stage

mimimizes the risk of process modifications resulting

in form changes and provides the opportunity to gain

more comprehensive intellectual property coverage.

In addition, comprehensive form data help address

important regulatory questions related to the number
ot sohid forms of an APl and the relationships between
them,
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Abstract

A hydrate is a solid adduct containing both the parent compound (e.g.. the anhydrate of
adrug or excipient) and water. This review discusses only the crystalline stoichiometric hydrates
in which the environment of the water molecules 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 enthalpy) and the
crystalline disorder (entropy). and hence influences the free energy. thermodynamic activity.
solubility, dissolution rate. stability. and bioavailability. In addition, many solid-state properties
are altered, including mechanical behavior, such as tableting, grinding. and product perfor-
mance. The physicochemical characterization of hydratesisiincluded in a flow chart of questions
to be answered as part of a “decision tree” during the process of product development.
Pharmaceutical 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 spectroscopy. and isothermal
microcalorimetry. and considers a varniety of pharmaceutical examples.

Keywords: Biouvailability: Dehydration: Drug: Hydrate: I’é‘.eudn-polymnrphisn'-; Stability

1. Introduction

Pharmaceutical solids may come in contact 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 to 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
adsorbed onto the solid surface and/or may be ubsorbed in the bulk solid structure.
The former is dependent on the specific surface urea while the latter is independent
of the specific surface area of the solid [1].

With some crystalline solids. solvent in the surrounding medium may become
incorporated into the crystal lattice of the compound in stoichiometric proportions.
These molecular adducts are termed solvates. Hydrates are formed when water is
the solvent of crystallization. In hydrates water occupies definite positions in the
crystal lattice, usually by forming hydrogen bond(s) andldr coordinate covalent
bond(s) with the anhydrate drug molecules. This article discusses only the crys-
talline stoichiometric hydrates in pharmaceutical solids.

Incorporation of the solvent molecules into the crystal Jattice produces a new
unit cell different from that of the anhydrate and. consequently. the physical
properties of the solvate may differ from those of the anhydrate. This effect is
analogous to polymorphism, a term which indicates the ¢xistence ol at least two
dilferent ¢rystal structures of the same chemical substance. although solvates are
strictly molecular adducts. To distinguish solvates from polymorphs. the term
pseudopolymorphs has been applicd to solvates [2] Like many other chemical
compounds. however, certain solvates may themselves exhibit polymorphism, as in
the case of fluprednisolone monohydrate [ 3], succinyl sulfathiazole monohydrate [4].
and nedocromil sodium monohydrate [5]. 1t is important 1o emphasize that the two
crystal forms must have the same stoichiometry in order to be termed polymorphs.

2. Nature of the water molecule environment in hydrates

The water molecule H,O behaves as if it consists of a tetrahedral distribution of
tvo positive and two negative regions ol charge, On cau;hi" negatively charged region.
the water molecule interacts wath its neighbors via a coordinate covalent (dative)
bond or by accepting a hydrogen bond. On each positively charged region the water
molecule interacts with its neighbors via a donated hydrogen bond. Thus, the
neighbors of a water molecule in a hydrate include clectron acceptor groups (or
proton donors). such as M"~, R-OH. R,R,NH. and electron donor groups (or
proton acceptors). such as R-COO . R-O . Cl . The neighbors of a water
molecule may include other water molecules suitably oriented for hydrogen bond
formation. The water molecule may also participate in the various types of van der
Waals™ interaction (dipole-dipole. dipole-induced dipole and dispersion forces).

Some of the numerous possible cnvironments of @ water molecule in a hyvdrate
are presented i Fig. |- Wells [6] has proposed a classification of water molecules
in hydrates based on the number of nearest H.O neighbors. Fig 1 shows that a
water molecule in a hydrate may have (a) four. (b) three. (¢) two. (d) one or (e)
zero water molecules as nearest neighbors. When several tvpes of water molecule
occur in the same crystal structure. finite or infinite hydrogen-bonded water
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Fig. 1. Environment of water molecules in hydrates. The m‘lln-shadcd larger circles represent water
molccules. the smaller shaded circles represent multivalent metal 1ons. and the larger shaded circles
represent univalent metal ions or any electron accepting (or proton donating) groups or electron
donating (or 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 <n <infinity): Fig. 1(d)
occurs in pairs (dimers) of water molecules, while Fig. I(e) represents a single
(monomer) water molecule (associated with metal ions in the case of salt hydrates).

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

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

A change in the volume of the unit cell upon hydration corresponds to a change
in 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 crystals: (a) the interaction of the
clectron vibrations with light quanta changing the refragtive index: (b) the interactions
of the molecular motions with heat quanta changing the thermal conductivity: (c)
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 between the host molecules themselves alter the
cooperativity of the molecules in the crystal lattice and hence alter the melting point.

Fig. 2 summarizes the effect of hydration of a drug on its physical properties [35].
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 und

E==-0167
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Water molecule(s) in the crystal structure '
affect fl
Interactions between the molecules within the solid I

Intemal energy Disorder due o thermal morions & spatial lcations

Intemal caergy + PV = Enthalpy: Enien

Partial molar free energy = Chemcal poienuial

THERMODYNAMIC ACTIVITY
! { [
{ i
 SOLUBILITY = Thermodynamic activity | Activity coefficient Thermodynamic
of the solid of dissolved solute activity & Rate of reaction

| .=
AK(Cs-C)= J°A = dmidt = DISSOLUTION RATE sn;ajuw = 1 rate of Becompusition
§ |

[}
BIOAVAILABILITY AND PRODUCT FERFOWMANCE

Fig 2 Fifect of hydration on the phasical and pharmaccatival propertics of . drug A s the area of the
solid exposed to the dissolution medium. & is the mass transfer coetlicient. ¢ s the solubility of the solid.
€ s the concentration dissolved, J is the intrinsic dissolution fate urg‘d i g s m..- dissolution rate of

the solute. |'
t

hence modifies the internal energy and therefore the ¢ mh'alp» o!J the solid. As a
result of hydration of the solid. changes in the shape and symmetry of the unit cell
alter the entropy of the solid. These changes in the ¢nthalpy and entropy result in
changes in the frec cnergy and chemical potcnlmlll of the solid. Finally. the
modification of the chemical potential changes lhegfug.:cm and therefore the

lhc.rmudynan'uc activity of the solid. I |

| :

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

41. Appﬁcariw;x_ of pharmaceutical hydrares {
'i, |

The change in the thermodynamic activity of the sqlid due to ydrauon alters its

pharmaccutically lmporlan! properties, such as the Iub:llty and the physical and
chemical stability (Fig. 2). The changc in the solubility of a drug rsually changes its
dissolution rate. The alterations in the dissolution rate and the stability of a drug

| |
| |
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may, ultimately, modify its bioavailability aﬁ,d 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 o!' a crystalline nondissociating organic
compound A in water [4,9] is proportional to lhe equilibrium constant K, in the
equilibrium

K. |
A(solid) == A(aqueous) '. (n

The solubility depends on temperature, prcssu'rle and the nature of the solid form
(hydrate or anhydrate) and is approximately proportional to the thermodynamic
activity of the latter. The equilibrium solubility of a hydrate of A. i.e. of A - mH,O0.
in water is similarly prnporlionztl 1o the equilibr'ﬁum constant K in the equilibrium

A mH,0(solid) == A(aqueous) + mH. 0 (2)

The formation of hydrated crystals from anhydmus crystals is represented by the
equilibrium

A(solid) + mH,O —= A - mH,O(solid) | (3)

# alA - mH,O(solid)]
" a[A(solid)Ja[H,0]"

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

A rule applying to so]ublllly behavior is that the anhydrous form of a substance
is always more soluble in water than the corresponding hydrate(s) which crystal-
lized from water at the same temperature [4,10]. Because the hydrate has already
interacted intimaltely 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 lh.m that of the theophylline
monohydrate below 60 C.

Because Eq. (1) 1s given by adding Egs. (2) and (3)

KhZKJIK: I- [5)

(4)

and
AGy, = ~RTInK,= —RT In(K_|K") (6)

|
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phate hutier (pH 6) Ponts a and b represent the concentration range n Which the phise transformation
wits studied . ( Reproduced from Ref [ 1] with the permission of the mpyr‘l?ht owncr. Elevier Publishers

B.V. Amsierdum. Netherlands. )
|
where AG, is the standard free energy of hydration which is represented by Eqg. (3),
R is the gas constant and T is the absolute temperature. The value of AG, can be
calculated from the solubilities of the anhydrous and the hydrated forms ol the
drug in place of K| and K7, respectively. The corresponding standard enthalpy and
entropy of hydration. AH, and AS) . can be calculaly_d from the temperature
dependence of the solubility ratio (K,/K?7) using the van't Hoff isochore equation.
An application of the theory discussed above is illustrated in Fig. 4 and Table 1.
Fig. 4 shows that the van't Holl-type plot for the anhydrous and hydrated forms of
theophylline and Table 1 shows the thermodynamic J' quantities calculated for
anhydrate-hydrate systems of theophylline and glutethimide [4]. ;n Table | the
enthalpy of solution AH, is more endothermic for the hyc’rale than for the anhydrate
of cach drug, corresponding to a negative value for the enthalpy of hydration. AH,,.
Similarly, the standard Gibbs free energy of solution. Adif = = RT In(solubility). is
less negative for the hvdrate (solubility » K.) than 'fq"r the anhydrate (solubility
£ K_). corresponding to a negative value for the standard Gibbs free encrgy of
hydration AG; for each drug. The stundard entropy of hydration AS; is negative.
ndicating that the hydration process is enthalpy-driven for each drug.

4.3. Dissolution rate
§ |

If dissolution is a transport-controlled (usually a diffusion rate-controlled) pro-
cess. the intrinsic dissolution rate J of a solid. whichl-:is the rate of dissolution per
unit surface area (i.e. the mass flux). is given by |

J=(dmfdi)1/4) =kC —C) (7)
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Fig. 4. vant Hoff-type plot of molal solubility (mol kg |'. log scale) against the reciprocal of the
absolute temperature for the anhvdrous and hydrated forms of theophylline in water. ( Reproduced from
Refl. [4] with the permission of the copyright owner. Americiin Pharmaceutical Association. Washinglon
DC. USA)

Tuble |
Thermodynamic values calculated from van’t Hofl solubility - temperature plots for anhydrous hydrated
systems of theophylline and glutethimide.

ASTi(cal K=" mol= %) ¥

Compound  Transition A// j(cal mol ') * AH, AGT
temp.! C teal mol1hy ™ (eal mol* Y : - -=
Hydrate  Anhydrate at 25 C* at transition
temp '
‘Theophylline 73 10700 7400 - 3300 —410 ~100 -95
Glutethimide 52 - 280 ~5.8 —6.1

11700 9700
Reproduced from Ref. [4] with the permission of the copyright owner. American Pharmaceutical
Association. Washington DC. USA.
* Heat ol solution in water. " Heal of hydration = A/ of the anhydrate —AM, of the hydrate.
* Standard Gibbs free energy ol hydration = — R?‘{sn!ubilitylof the anhydrate/solubility of the hydrate)
? Standard entropy of hydration = (AH, - AG)/T. AL [T =298.15 K (25 C). ' At the transition
temperature, where AG, =)

— 2000

where A4 is the area of the solid exposed to the dissolution medium. A& is the mass
transfer coefficient. C, is the molar solubility of the solid. C s the molar concentra-
tion dissolved and dm/dr is the dissolution rate. The mass transfer coefficient
k = D/h, where D is the diffusivity of the solid and / is the thickness of the diffusion
layer which depends on the geometry of the syslcim and agitation conditions. Under
sink conditions. i.c. when C, » C. Eq. (7) can be written as

J=kC, (8)

E---017 1
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Fig. 5. Concentration pmﬁ-lc during dissolution of anhvdrous and monohydrate theophylline crystals at
23 C: 4. anhydrate; . monohydrate. ( Reproduced from Ref, [16] with thE permission of the copyright
owner. Marcel Dekker New York. USA)) E

As discussed carlier. the aqucous solubility C, of the anhydrate is greater than
that of its hydrate form at temperatures at which the hydrate crystallizes from
water. Consequemly according to Eq. (8), under the same transport rate-controlled
conditions, i.e. for the same valuc of &, the dmsoiuuon rate of the anhydrate is
greater than that of the corresponding hydrate [$.02 % Fig, 5 1lh_lstrates the
dilferent dissolution behavior of theophylline monuhydrat_e and anhydrate at 23 C
[16]. The results show a significant difference in the initial dissolution rate of the
monohydrate compared to the anhydrate. During dissolution of the theophylline
anhydrate. the solution becomes supersaturated with rcspec'; to the hydrated form,
which precipitates and grows until the concentration redches the solubility of the
monohydrate crystal form,

It is often difficult to determine the aqueous solubility ul the metastable forms
because. upon equilibration, the metastable forms may undérgn spontaneous trans-
formation to the thermodynamically stable form. In this case the solubility of the
metastable form may be estimated from its initial ntrinsic dissolution rate [14]. If
the mass transfer coefficient of the drug from the mclaslable form (Form A) and
the thermodynamically stable form (Form H). under udenucai hvdrodvnamsc
conditions arc assumed to be equal, then Eq. (8) leads to | |

‘l"! = _C.m ': (9)

yooc

A

where Jy; and J, are the mass fluxes for Forms H and A respecuvcly and C, and
C,, are the solubilities of the thermodynamically stable form and the mctastable
form. respectively. Thus. knowing the values for J,,. /J, and C, . the value for 5L

can be calculated from Eq. (9). This concept is illustrated in Flg 6 which pru:.cnh
the concentration profile during the dissolution of dmks of the anhydrous and

monaohydrate theophylline at 23 C [16]
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Fig. 6. Concentration profile during mtrinsic dissolution of funhydrous and monohydrate theophylline

from a disk at 23 C: @ anhydrate: . monohydrate. (Reproduced Irom Ref. [16] with the permission
of the copynght owner. Marcel Dekker. New York. USA)

. 4.4. Bivavailability ‘

The differences in the solubility and the dissolution rate of the anhydrate and the
hydrate may alter the bioavailability of the drug. Poole et al. [17] studied the
- physicochemical factors influencing the absorptiim 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 anhydrate were found to give higher
peaks which occurred earlier than those produced by the trihydrate (Fig. 7). It was
deduced that these differences in the blood serum concentrations of ampicillin were
the result of differences in the aqueous solubility of the anhydrate and of the
trihydrate. On account of the similar solubilities of the anhydrate and the trihydrate
in dilutc hydrochloric acid. Hill et al. [18] suggested that the differences in
bioavailability are related to formulation 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 after 1 8 weeks of storage at different relative humidities al
higher temperatures, Gouda et al. [20] concluded that the dissolution rate decrcased
through the agglomeration of the mixture of powders in the preparation. However,
the possibility of crystallographic transformation was not investigated. In order to
clarify the decreased dissolution rate of nitrofurantoin preparations after storage

E~--017;
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under high humidity conditions. Otsuka ct al. [23] analyzed the physicochemical
stability of the anhydrate and the monohydrate under high and low humidity
conditions. Otsuka et al. [23] concluded that crystallographic phase changes of the
drug can occur during the storage period at relatively high or low bu}nidilies and
suggested that these crystallographic phase changes may be among the most
important factors controlling the bioavailability of the preparation. Similarly. the
erratic bioavailability of theophylline [24] or of carbamazepine [25) from solid
dos’ags} forms has been attributed to the phasc change corresponding to hydrate
formation during dissolution. : !

|
|

4.5. Physical stability of suspensions

The meuan particle size diameter and the particle size disl!ributions of suspended
msoluble drugs are important considerations in formulatin physically stable phar-
maceutical suspensions [26]. A change from one pseudopolymorphic form to the
thermodynamically stable crystal form or a change in the crystal habit due to the
degree of hydration of the drug may induce crystal grawth in the suspensions which
may lead to caking and deflocculation of the suspensions {27 30).

Metronidazole benzoate can exist as an anhydrate and as a monohydrate [29]. The
monohydrate is the thermodynamically stable form in water below 38 ? Hoelgaard
and Moeller [29] showed that the phase transition of the anhydrate to the monohy-
drate is followed by a drastic increase in the particle sice causing physical instability
of the suspension. Supensions containing (he monohydraj'e resull in a physically
stable suspension when stored below the transition tempe rature at about 38°C.
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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 fi-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 transforms to the hydrate in dquwus suspensions. New crystals
grow by the whisker mechanism [32] and the transformation takes about | h [33].

4.6. Chemical stability

Some solid-state oxidation reactions of crystal 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, yielded 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
needle-shaped hydrate crystals which were oxidized by air at 100 C giving 70%
phenylalanine in 10 min. Similarly. the pscudopolymorphic solvate of hydrocorti-
sone 21-7-buty] acetate was found to be more sensitive (o oxidation by air than the
polymorphic solvate or non-solvate of the drug |35). The hydrated form of vitamin
B,:(cyanocobalamine) is chemically more stable to light and heat than the an-
hydrous form [36].

4.7. Tabletting

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 pointed out the importance of sludymg pseudopolymorphism in
pharmaceutical excipients.

Lerk et al. [39] studied the binding capacities jof x%-D-glucose dehydrated at
temperatures from 60 1o 135 C. Fig. § shows that the crushing strength of tablets.
compressed from fully dehydrated x-D-glucose monohydrate. increases with the
increasing dehydration temperaturc. The authors suggest that the increased binding
capacity of the particles is duc to the change in the texturc of the particles upon
thermal dehydration.

Commercial magnesium stearale exhibits batch-to- lj:alch 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]. Variations in the physical propértics of magnesium stearate
batches duc to hydrate formation have been shown to atfect the mechanical failure
properties of powder beds [45] and tablet die wall friction [46]. Ertel and
Carstensen [40] examined the lubricant properties of {threc batches of commercial
magnesium stearate and threc hydrates of pure magnc!;sium stearate and concluded

ES- 0175
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Fig. 8 Crushing strength of tablets. compressed from fully dehydrated z-D-glucose monohydrate
treated at different temperatures. (Reproduced from Ref [39] with the!i' permission of the copyright
owner, The Royal Pharmaceutical Society of Great Britamn, London. UK )

_.'
that the lubricant properties of pure magnesium stearate are mﬂuenccd by the
crystal structure of the compound, specifically the crystal,apacmg which is depen-
dent on the hydration state.

Otsuka et al. [47] investigated the effects of tablcltmg pressure of hydration
owed the hydration of the

a | kinetics of theophylline anhydrate tablets. The results sh [ _
! theophylline tablets decreased with increased tabletting pressure and that the tablets

' expanded 11-17% in volume during hydration to the monohydrate.
. According 10 an announcement made by the Food and Drug Administration
[43]. the anticonvulsant drug carbamazepine can Iow up to one third of its
| eficctiveness when stored in humid conditions (such asr bathrooms). Lowes [49)
g | reported that a pseudopolymorh of the drug. the dihvdrate form. was produced
| | when three anhydrous carbamazepine tablet I'nrmula;tionir were stored at ambient or
at elevated humidity conditions. The formation of the dihvdrate was found to be

| 3
influenced by tablet composition and by manufacturing conditions.
|

| 4.8 Grinding !

| The physical manipulation. such as grinding, of a pharmaceutical compound may
| cxert a substantial influence on its solid-state properties, Otsuka angf! Kaneniwa [50]
i | studied the effects of grinding on the physicochemical properties of cephalexin and
| showed that a noncrystalline (i.e. amorphous) form was obtained upon grinding the
drug for 4 h. Furthermore. the dehydration point andf 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 sodmm,« [51]. the results showed that
the degree of crystallinity of the drug decreased with increased grinding time. The
authors suggested that the hygroscopicity and the chefnu..ai stability of cephalothin
sodium in the solid state are closely related to the crystallinity.
Table 2 lists the hydrolysis ratc constants for the solid-state decomposition of
4-methoxyphenyl aminoacetate hydrochloride under ;ifarious conditions of admix-
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Table 2
Degradation rate constants [or the sohd-state decomposition of 4-mcthoxyphenyl aminoacetate hy-
drochloride (MPAA) under various conditions of admixture and storage with x-lactose monohydrate

Condition Rate constant/
(min~' x 109

MPAA: 39 C: 10?4 RH | 59

MPAA: 37 C: 80" RH 1.6
MPAA + z-lactose monohydrate (gently mixed): 37 C: 30“/»'R]I 255
MPAA ~+ a-lactose monohydrate (lactose ground for 10 mtn then gently mixed):

37 C. 80% RH 46.7
MPAA + a-lactose monohydrate (mixture ground for 10 mtrl} 37°C: 80% RH 50.4

Partlally reproduccd from Ref. [52] with the permission o[‘ the n.op}nghl owner. Flacnr.r Pubhshers
B.V.. Amsterdam. Netherlands.

ture and storage with x-lactose monohydrate [52]. The data show that the rate of
hydrolysis was substantially increased by gentle mixing of 4-methoxyphenyl
aminoacetate 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 monohydrate, '

5. “Decision tree”” when working with pharmaceutical hydrates

The discussion in the preceding section emphasizes the importance of characteriz-
ing' the pharmaceutical hydrates so that the problems of phase transformation
allecting the physical and/or chemical stabihity, [bioavailabihty and processing
duting product development can be avoided. Consequently, during the develop-
ment of a dosage form, it is essential to investigate whether the solid under
consideration forms a hydrate(s) and. if so, to dcler!;mine the conditions of temper-
ature and water activity under which the different pscudopolymorphs of the drug
are 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 to set
appropriate analytical specifications and controls. Flg 9 also lists the solid-state
analytical techniques that can be used to answer the questions prescntcd 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 1o varying the polarity of the
solvent the water activity of the solvent medium maly be varied using mixtures of
water with @ suitable organic solvent [5]. The crystallized solid is analyzed by the
methods listed in Fig. 9 to reveal its composition and/stoichiometry. 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 anhydrate or of another hydrate o'_f the same compound. If the

St-ep177
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Fig 9 “Decision tree”. when working with pharmaceutical hvdrates chpruduwd from Ref [1] with
the permission of the cnp)rlght owner, PDr Stepen R Byen, Purdue University, West Lafayente, IN. USA

physical properties of the hydrate and of the anhydrate br 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 anﬂ that of the final product

has to be monitored to ensure the presence of a single c;-)slal form.

6. Methods employed for the characterization of hydrates

6.1. Common. well-established methods

{ |

The established l'rl.quemly -used techniques for the characterization of hydrates.
include hot-stage microscopy [2.53). X-ray powder difiractometry [16.34]. differcn-
tial scanning calorimetry [$4-57). thermogravimetric analyms [54-56.58]). Karl
Fischer titrimetry [58). infrared spectroscopy [16.34]. Smgh. crystal X-ray analysis,
(34). and solution calorimetry [59). Because these methods have bccn extensively
reviewed, including the reference cited, they will not bc discussed in this article.
However, some of the newer methods will be prcsmtcd

6.2. Solid-state nuclear magnetic resonance spectrascopy (solid-state NMR)
|'
Solid-state NMR can be used in pharmaccutical rcsczirch for the characterization
of polymorphs and pscudopolymorphs. especially hydrates. On account of the

incorporation of water molecule(s) into the crystal Ialilce the molecular environ-
ment of the various nuclei, such as carbon. may be dlﬂ'crenl in & hydrate than in the

corresponding anhydrate. This leads to a different chemical shift interaction for
each nucleus and. consequently. to a different rwtropn. chemical sfuft for the same
nucleus in the two different pseudopolymorphs [60].

Byrn ¢t al. [61] reported the solid-state ''C NMR spectrum for the different
hydrates of cefazolin and compared it with the solution '*C NMR spectrum. Each
crystal form exhibited a characteristic NMR spectrum mdmatmg that solid-state
NMR spectroscopy can be used to determine quahla!weiy which hydrate is 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 solld state NMR for the quantitation
of the relative amounts of carbamazepine anhydtale and carbomazepine dihydrate
in a mixture. In this study. high-resolution NMR spectra were obtained by means
of cross polarization, dipolar coupling and magic angle spinning technigues.
Although the NMR spectra for 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 between pulses resulted in signals only from the
dihydrate (Fig. 10) in mixtures of the dihydrate and the anhydrate. This apparent
difference in the proton relaxation time was utilized for quantitative purposes after
construction of a standard curve. By employing glycine as an internal standard and
by measuring the peak area of the dihydrate, the amount of dihydrate in a mixture
of the two crystal forms was determined.

Solid-state NMR spectroscopy may be lcrmcd a bulk technique, because the
signal is independent of particle size. Furthermorc the signal is directly propor-
tional to the number of nuclei once the acqulsmqn 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 1o 150 em ")) which correspond to librations
and to translations of the entire molecule, are easily accessible only to Raman
spectroscopy [64]. Because the different crystal forms, including hydrates. of a
compound vield different vibrational spectra. Raman spectroscopy can be used to
characterize and to identify the solid phases of a substance.

Bellows et al. [64] characterized the two anhy.drous polymorphs and the tri-
hydrate of ampicillin by laser Raman spectroscopy. Thl. results showed that each
crystal form of ampicillin exhibits a characteristic pancrn that is different from that
of the other crystal forms. Thus. Raman spectroscopy can be used as an identifica-
tion technique for hydrates. '

Some of the advantages of Raman spectroscopy [65] are small sample size. short
experimental time and no special requirement for sam'Pie preparation. However. the
technigue is more suitable for concentrated species rather than for those present in
small amounts. such as impurities. Furthermore. the measured relative intensities
do not provide quantitative information on the concentrations of the various
species. Therefore. Raman spectroscopy cannot be used as @ substitute for other
conventional techniques in the characterization of hydrates.

6.4. Isothermal microcalorimerry

Most of the physical and chemical processes involve lchanges in the heat content,
i.c. enthalpy [66.67]. These enthalpy changes can be used as a measure of the rates
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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 to yield a curvethat is a continuous representation
of the reaction rate. The magnitude of the signal is proportional to the sample size
and 1o the overall enthalpy change of the reaction. The integrated curve yiclds the
total heat evolved or absorbed in the reaction and thus affords the extent of
reaction. A high-sensitivity isothermal calorimeter is capable of detecting 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 qensilivity of
about 10* greater than is possible with a convcnnonal differential scanning
calorimeter [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 lactosc after only | day of
storage at 58" RH. Furthermore. for a sample stored at 94% RH for 112 days, the
high-sensitivity microcalorimeter could detect the continuation of the lactose hydra-
tion 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 crystalline solids and 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. All the amorphous solids. and the
crystalline non-stoichiometric hydrate of ceftazidime. showed decreased stability at
high water content because water can be a reactant in the decomposition of
cephalosporins | 75].

Microcalorimetry is a sensitive and non- dcstruuwe technique in which no special
sample preparation is necessary. Moreover, the hcat flow measurements can be
continuously monitored. However. due to parallel processes, the heat flow curves
for mixed and complex systems 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 hydrates aré presented. It is evident that
hydration or dehydration of a pharmaccutical solid during formulation develop-
ment or in a final dosage form may adverscly alfect the physical. chemical and/or
biological performance of a pharmaceutical product. Therefore. a thorough funda-
mental knowledge of the solid-state chemistry of a drug and that of the excipients

o
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included in a formulation is most important for the successful design of a dosage

form.
| |
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Abstract

Many drugs exist in the crystalline solid state due to reasons ot stabil
drug development. Crystalline solids can exist in the form of polvmao
polymorph interconversion, desolvation of solvate, formation of hydra

ity and casc of handling during the various stages of
rphs. solvates or hydrates. Phase transitions such as
te and conversion of crystalline to amorphous form

may oceur during various pharmaceutical processes, which may alter the dissolution rate and transport characteristics of the
drug. Hence it is desirable to choose the most suitable and stable form of the drug in the imitial stages of drug development.

The current focus of research in the solid-state area is to understand the
to predict and prepare the most stable polymorph of a drug. The recent

{origins of polymorphism at the molecular level. and
advances in computational tools allow the prediction

of possible polymorphs of the drug from its molecular structure. Sensitive analytical methods are being developed 1o

understand the nature of polymorphism and to characterize the various

aum of this review is to emphasize the recent advances made in the area

solvates, to address the current challenges faced by pharmaceutical
2001 Elsevier Science BV, All rights reserved.

Kevivords: Crystallimity: Polymorphs: Hydrates, Solvates, Formulation. Drug s

crystalline forms of a drug in its dosage form. The
of prediction and characterization of polymorphs and
scientists and to anticipate furure developments.

bstance: Phase transtormation: Charactenzation
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1. Introduction

|

Most organic and inorganic compounds of phar-
maceutical relevance can exist in one or more
cryftalline' forins. When applied to solids. the adjec-
tive, crvstalline. implies an ideal erystal in which the
st ltmz"al units. termed wnit cells. are repeated
regularly and indefinitely in three dimensions in
spi‘c The unii_ cell has a dcﬁnite orientation and
shape defined by the translational vectors, «. h. and
c alm'd hence has a definite volume. I that contains
the,amm: and molecules necessary for generating the
stal. Each crystal can be classified as a member of
- of seven possible crystal systems or crystal
clagses that are defined by the relationships between
the individual dimensions. . b, and ¢. of the unit cell
and between the individual angles. «. B. and vy of the
unit cell [1.2] The structure of a given crystal may
be assigned 10 one of the seven erystal systems. 1o
one of the 14 Bravais lattices. and 1o one of the 230
space groups | 1]. All the 230 possible space groups.
their symmetries. and the symmetries of their diffrac-
to  patterns are compiled in the International Tables
fo Lrystallog:aphy 13).
he common crystalline forms found for a given

¢ substance are polymorphs and solvates. Crys-
talline polymorphs have the same chemical com-
position but different internal erystal structures and,
therefore, possess different physico-chemical prop-
miﬂ The different crystal structures in polymorphs
arise when the drug substance crystallizes in differ-
en ensml pucking arrangements and or different
conformations. The occurrence of polymarphisn is
quite common among organic molecules, and a large
number of polymorphic drug compounds have been
u'oleld and catidogued |4-7).

Solvates. also known as pseudopolymorphs, are

e D R e
1
E

crystalline solid adducts containing solvent mole-
cules within the crystal structure, in either stoichio-

metric or noﬁstonclnomemc proportions. giving rise

o unique d|fTerenc:Ea in the physical and pharma-
ceutical properties of tlxe drug. If the incorporated
solvent is water. a solvate is termed a hydrate.
Adducts frequently crysthlllz:. more easily because

wo malecules often cap pack together with less
difficulty than single molecules. While no definite
explanations can be given. possible reasons include
adduet  symmetry. adduct-induced conformation
changes, and the ability to form hydrogen bonds
through the solvent molecules [2.8.9). Desolvated
roduced when a solvate is desolvated
and tlu: crystal retains the structure of the solvate
C[10). Desolvdted solvates are less ordered than their
~erystalline counterparts and are difficult to character-
1ze. because im.!l\,tic*ﬂ studies indicate that they are

solvates are

unsolvated matenals (or anhydrous crystal forms)

when. n mu{ they have the structure of the solvated

erystal form from which they were derived [11].
Because different crystalline polymorphs and sol-

vates differ in crystal packing. and/or molecular

conformation as well as in lattice energy and en-

their physica propemes.l such as density, hardness.
tabletability. refractive index. melting point. enthalpy
of fusion, vapor pressure, solubility. dissolution rate.
other thermodynamic and Kinetic properties and even

- tropy. there |are usnallf significant differences in

color [12]. Differences  in physical properties of |

variotis solid forms have an important effect on the

processing of drug subfmmeq into drug products

[13). while dﬂf‘tc:ences in solubility may have impli-

cations on th}': nhsorptmu of the active drug from its

dosage lornhil-lj by affecting the dissolution rate
and poas:bM the mass transport of the molecules.

These concems have led to an increased regulatory
{
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interest in understanding the solid-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 polymorphs, hydrates and amorphous forms
of the drug substance and also stresses the impor-
tance of controlling the crystal form of the drug
substance during the various stages of product
development [11]. It is very imporant to control the
crystal form of the drug during the various stages of
drug development, because any phase change due to
polymorph 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-
erties. with consequent changes in its dissolution and
transport characteristics [15].

Various  pharmaceutical processes during drug
development significantly influence the final crys-
talline form of the drug in the dosage form. The
various effects of pharmaceutical processing on drug
polvmorphs. solvates and phase transitions have been
described in detail by Brittain and Fiese | 16] and will
be discussed in later chapters. Briefly. processes such
as lyophilization and spray drying may lead to the
formation of the amorphous form of drug. which
tends to be less stable and more hygroscopic than the
crystalline product, Also. processing stresses. such as
drying, grinding. milling. wet granulation. oven
drying and compaction. are reported to accelerate the
phase wansitions in pharmaceutical solids. The de-
gree of polvmorphic 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 form 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 metastable form during
processing or in the final dosage form often leads to
instability of drug release as a result of phase
transformation [17].

Crystallization plays a critical role in controlling
the crystalline form and the distribution in size and
shape of the drug. The significance of crystallization

me-:hanlisms and kinetics in directing crystallization
pathways of pharmaceutical solids and the factors
affecting the formation of crystals have been re-
viewed lin detail by various researchers [12,18,19]. A
crystalline phase is created as a consequence of
molecular aggregation processes in solution that lead
to the formation of nuclei. which achieve a certain
size during the nucleation phase to enable growth
into macroscopic crystals to take place during the
growth phase. The factors affecting the rate and
mechanmisms by which crystals are formed are:
solubility. supersaturation, rate at which supersatura-
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 et al. [2] and Etter
[20].

Various analytical methods are being currently
used to|characterize the crystalline form of the drug
during the various steps of processing and develop-
ment. These methods have been reviewed recently in
detail by many auwthors [7.10.21-25]. The single
most viluable piece of information about the crys-
talline solid. including the existence of polymorphs
and solvates. is the molecular and crystalline struc-
ture, 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 to determine crystal structure.
Once the existence of polymorphism (or solvate
formation) is definitely established by single-crvstal
and powder X-ray diffractometry. spectral methods,
such as [Fourier transform infrared absorption (FTIR)
spectroscopy. Fourter transform Raman scattering
(FT Raman) spectroscopy. solid-state nuclear mag-
netic resonance (SSNMR) spectroscopy. ultraviolet
and visible (UV-Vis) and/or fluorescence spectros-
copy [23] may be employed for further characteriza-
tion. Of special significance are thermal methods.
such as differential scanning calorimetry (DSC).
ihermo_ju‘a\-'imetric analysis (TGA) and optical micro-

scopy using a hot stage [24). These methods are
almost always employed for further characterization.
Modulated  (temperature)  differential  scanning
calorimeuy (MDSC) in combination with DSC and
optical microscopy are able to identify the glass

| E---0185
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tlransitio'n of amorphous forms with much greater
larity and allow unique i'nsights into the glass
transitional and polymorphu: behavior of drug sub-
stances [26].

Because solid-state NMR spectroscopy can be
used to study crystalline solids. as well as pharma-
cutical  dosage forms. this powerful method is
ﬁnding increasing application in deducing the nature
of polymorphic vanations [27]. such as variations in
hydrogen bonding network and molecular conforma-
tions amonyg polymorphs [28.29] and for the de-
termination of molecular conformations and mobility
of drugs 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)
¢
1

ffers information not obtained readily hy other
echniques. Recemtly. two-dimensional '*C-solid-
state NMR spectroscopy has been used to study the
three conformational polymorphs of S-methyl-2-[(2-
nitrophenyljamino|-3-thiophenecarbonitrile [30]. Use
of two-dimensional NMR and total suppression of
spinning side bands (TOSS) pulse sequences allowed
the separation of isotropic and anisotropic chemical
shifts for the three forms. This is a very powerful
me[hod for analvzing differences in the chemical
en\ ironment and is finding increased application in
lzhe study o1 conformational polymorphism.

With advances in analytical methods. the current

ocus of research in the solid-state area 15 to under-

stand polymorphism and pseudopolymorphism at the
molecular level. Knowledge of the ervstal packing
Irrangemems.l and the various intermolecular forces
ﬂluvnived in the different packing arrangements will
help in the prediction and preparation of the most
stable polymorphs of a given compound well in
advance. to avoid surprises during product develop-

ment. A cwrent emphasis is on the development of

software to predict crystal structures of polymorphs
frmu molecular structures. A thorough understanding
of the physicochemical propdnies of polymorphs and
solvates (hvdrates) is of primary importance to the

election of a suitable crystalline form and develop-
tent of a wccessful phalmaceutlcal product. Bray et
I [31] have shown that. by thorough characteriza-

ion of four different crystall_zne.l forms of L-738.167.
fibrinogen receptor antagori_ist ‘by various analytical

! Advanced Drug Delivery Revigws 48 (2001) 3-26

techniques, it was possible to determine the suitabili-
ty of one or two forms for the development of
pharmaceutical oral dosage forms. ,
The present review aims to emphasize the recent
advances made in the area of prediction and charac- S|
terization duf polymorphs and solvates. attempts lo
address the current challenges and problems faced by
pharmaceutical scientists and intends to anticipate
future development. This review does not attempt 10
provide wdulmm 10 the problems but attempts to
review uonwrehenm ely the advances made in ret.‘em1
years to help address these problems.
2. Recent advances in the identification, [ a8
prediction and characterization of polymorphs

2.0 Tvpes of polvimorphism
gt id J Ml

Based on differences in the thermodynamic prop=
erties, polymorphs are classified as either enantio-
ropes or monotropes, depending upon whether one
form can transform reversibly to another or not. In
an enantiotropic system. a reversible transition be-

tween polymorphs is possible at a definite transition

tempenm:!t below the melting point. In a mono-
tropic system. ne reversible transition is observed[
between tlﬁ‘ polymor hs below the melting point.
Four useful rules have been developed by Burger an
Ramburger |32.33] tu determine qualitatively the
enantiotropic or muno]'tropm nature of the relauon-}
ship between polvmorphs. These rules are the heat oiJ
transition }ui; heat of fusion rule. infrared rule .Jnd
densiy rul;

It. by use of the above rules. it is established th.m
the polymorphs ot a particular drug are elmnnotropn,|
or monotropic. then the next goal is to define the
thermodynamically snble (or metastable) domain of
cach erystalline phase of a substance as a function otj
temperature. The plot of the Gibbs free ener
difference. AG. against the absolute temperature. 7;

gives the moﬂt complete and quantitative information

on the stability relationship of polymorphs [22]. with
the most stable polymorph having the lowest Gibbs
free energy. The AG between the polymorphs ma:
be obtained using several techniques operating at

-
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different temperatures, such as solubility [34] and
intrinsic dissolution rate. Yu [35] has derived thermo-
dynamic equations to calculate AG between o
polymorphs and its temperature slope from the
melting data. This method is essentially an extension
of the heat of fusion rule, which is based on
statistical mechanics. Extrapolating AG to 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
to be checked [22]. Another approach to establish the
order 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 stable poly-
morph exhibits the lowest vapor pressure. The
accuracy of this approach to establish the stability
hierarchy among the polymorphs has been shown to
be very much dependent on the accuracy of the
experimental data.

In recent years. the main focus of research has
been the characterization of polymorphs arising from
structural differences in the crystal lattice. It has
been established for some time that organic mole-
cules are capable of forming different crystal lattices
through two different mechanisms. One of the mech-
anisms s termed packing polvmorphism. and repre-
sents instances where conformationally relatively
rigid molecules can be assembled into different
three-dimensional structures through the invocation
of different intermolecular mechanisms. The other
mechanism is termed conformational polymorphisn
and anises when a nonconformationally rigid mole-
cule can be folded into different arrangements, which
subsequently can be packed into alternative crvstal
structures. The distinction between packing poly-
morphism and  conformational  polymorphism is
somewhat artificial because different packing ar-
rangements impose different conformations on the
molecules. however slight, and different conforma-
tions will inevitably pack differently. The structural
aspects associated with polymorphs have been re-
viewed recently [2], as have the analogous features
of solvate and hydrate systems [9]. In the nexi

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

|

2.2, Padking polvmorphism
An ilf\'esligalion into the structures and charge
densities of two polymorphs of p-nitrophenol has
been performed with the aim of deducing the differ-
ent mod!es of inter-molecular hydrogen bonding that
lead to the formation of the two structures shown in
Fig. la and b [37]. A detailed analysis of the charge
density of the two forms indicates charge migration
from the benzene ring region to the nitro and
hydroxyl groups that accompanies the transformation
of one form into the other. In addition. polarization
of the oxygen lone-pair electrons was found to be
substantjally larger in the crystal forms than in the
free mOIECLIlE. resulting in considerably larger dipole

moments in the solid state.
Durin%g the study of a new crystal form (form 1) of

Fig. 1. Molecular packing diagrams of the (a) B polymorph of
p-nitrophenol, (b) a polymorph of p-nitrophenol. showing 50%
o R -
probability displacement cllipsoids ([37]. reproduced with the

permissidn of the Amencan Chemical Society)

E---0153
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chlordiazepoxide. it was found that the heat of
transition between the two forms (forms | and 1) is

rather modest. and kinetic factors permit the exist-

ence of the metastable phase [38]. Both structures
contain four crystallographically independent mole-

ules linked in dimers through hydrogen bonding.
ur the dimers are packed differently to yield the two
F“ stal forms. Because the dimers in the fundamental

nits are spaced differently in the two forms. it was

posed that the solid-state enantiotropic trans-
formation entailed rearrangement of the dimer units.

A different approach has been taken during an
valuation of the different structures formed by
sulfathiazole [39]. Using a graph set approach to
Tlasmfy the known structural dlfferences and simi-
larities amonyg the various forms. it became possible
to identify packing motifs common to three of the

fuur crystal structures, Fig. 2 shows the unit cells of |

he polymorphs 1. 1L I and IV. where molecules are
fmired as hydrogen-bonded dimers. At the end of the
T?occss. the authors were able to deduce possible
links between the observed patterns of hyvdrogen
bonding. processes of nucleation. and the crystal
;I‘owth observed from a number of solvent systems.
Interestingly. the analysis did not indicate a relation-
hip between the appearance of a particular poly-
morph from solution and the growth of its fastest

iV

.-/_'d

. -
(h) Form 11 (d) Form 1

Fig. 2. Unit eolls of four polymorphs (L 1. HI and V) of
sulfathiazole showing hydrogen bonds, with the dimer structure

c
Rovul Sociery of Chemistry),

Avhanced n!'.llg Delinvenn Revtews 35 (2001) -6

early discernible ([39]. reproduced with the permission of the

growing surface. Rathér. it appeared as if the d;ffer- ,
ent solvems affected the process of polymor'ﬂ? .
formation through the!r effects on nucleation of

various fO‘ml‘i

]

230G ‘nu}n;w_'mc iional :piu!_l‘mm-‘phf.mr
{

The conformauonal polymorphism of the wo
forms of piroxicam pivalate has been studied m}
detail [40). This compound is distinetive in that the
high-melt‘i'lg form [pblymurp_h 1) contains an _un
anticipated array of associated molecules bound
centros 1etric dim'eL through hydrogen bonding.
with the amido nitrogen atom acting as the donor an o
the pyridine nitrogen as the acceptor (Scheme 1.
structure 1). The low-melting form (polymorph 2)
contains molecules of two distinet confonnanona
states coek:sung in the same crystal (Fig. 3), but
linked th ugh different hydrogen bonding arrange-
ments. This latter finding represents another unusual
aspect of the erystallography of the substance. 1

The Il‘lC!uxll‘ln of different solvent molecules in a
crystal lattice can lead to the existence of d]ffereu,
packing pattemns. andrl has also been found to in- 8
fluence the molecular conformation of paroxetine
hydrochloride in two solvate forms [41). One form

0 4p m.'.'-
S | CHy .
'}F | NO; H a:
| NN N - P
oo S
CO]' CH.
clc‘m»
!
" i
i
| |
$ ! COCH;
g . H-N
NO, -~ N y
3 Cow
!
Seheme | Mulecular structure of pirosicam . pivalate 1) Nm‘l

Semethnd.2 [’vtmimplh.mlMmuu\} S-thiophenecarbonitnle oy
BT T -all.\i-lmldﬂ--t [N N abis 2-mcthylcarbonylethyl lﬂ.mmn]--i-, ]
oy I.zllhi.l\h?‘lk LIy 48] i
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IFig. 3 Conformations of the two independent molecules of
prroxicam pivalate (1) in polymorph 2. Thermal ellipsoids arc
drawn at the 40% probability level, and H atoms are shown as
spheres of arbitrary size ([40], reproduced with the permission of
the American Pharmaceutical Association).

was obtained as a hemihydrate. and the other as the
solvate of isopropanol (2-propanol). In the unit cell
ot the hemihydrate, one finds two protonated parox-
etine and two chloride 1ons together with one water
molecule. Interestingly. the two paroxetine molecules
are conformationally nonequivalent. and exhibit a
number of different bond angles and torsion angles.
In the other form. the unit cell contains one proton-
ated paroxetine molecule, one chloride ion. and one
isopropanol molecule disordered along a molecular
channel. Furthermore. the conformation of the parox-
etine molecule in the isopropanol selvate is different
trom either molecular conformation observed in the

hL:‘lHl'hl}-’dI‘i‘lIe phase. Crystals of the isopropanol sol-
vate [decomposes 1n the open air at room tempera-
ture. because the isopropanol molecules are released
casily through the chamnel. The hemihydrate is
relatively stable.

In| an impressive fundamental study. the poly-
morphism of 3-methyl-2-[2-(nitrophenyl)amino]-3-
thiol:l:he11ecarbonitrile (Scheme 1, structure 1l) has
beeni catalogued [42.43] and discussed in detail [2].
Thisicompound was crystallized as six solvent-free
polymorphs, each of which differed in the mode of
packing and in molecular conformation. The differ-
ent conformers yielded sufficient perturbations on the
requ!ctive molecular orbital so that a variety of
crystal colors (red. orange. and yellow) were ob-
served. To obtain a more detailed evaluation of the
relative stability. the authors considered a partition-
ing of polymorphic energy differences into lattice
and conformational contributions, and were able to
dedu{:e general trends that appeared valid in the
absence of hydrogen bonding. The act of crystalliza-
tion was found to feature an interplay of opposing
forces. with perpendicular molecular conformations
being favored in fluid solutions. while a preference
for planar/high dipole conformers existed in most
crystal forms. as shown in Fig. 4 [42]. The unusual
pOI_VI;nOI'p!liSIII displayed by this system 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 formation of inter- and in-
tramolecular hydrogen bonds. and the thermody-
namiF tendency towards low energy and high en-
tropy.

24, WPhase rranstormations in the solid stare

Stiidies of phase transformations in the solid state
are gmportant. because the sudden appearance or
th;mfpc;n';uwc of a crvstalline form can threaten
procgss development. and can lead to serious phar-
macgutical consequences it the transtormation oceurs
in the dosage forms. Hence. an understanding of the
kineties and mechanism of phase transformations is
of practical importance. The rearrangement of mole-
cules| into a new structure during phase transforma-
tion jmay or may not involve a solvent or vapor
phas¢. To explain the mechanism of solid-solid
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6- Free al. [2] have glrevie_wed briefly the aspect of poly-
molecules Crystals morphic inteljponver_sions and the factors affecting
_ the transformations. In one study, the contribution of
ol m;:g;‘l’:‘ No intermolecular hydrogen bonding to the a— B phase change of
= ' g: H bonds resorcinol has been detailed [46). The « form is
£ |21 more stable than the form at room temperature. but
3 is less dense than the B form. The transition of
5 o ;;m:um :-N _ i w—f3 ar .an!' esnimatefij %t'ransi:io_n tempef'amre of
g t g:‘l 3371 K is chompame_d by an increase in crystal
W ; R density. with| the stucture shifting from an open
i array of molecules (linked through hydrogen bond-
Stabilized by inter- i ing) to a denser structure resembling molecular

! molecular H bonds K 13 | 5 | t
-4 : crystals. Through the use of a simple potential
Free molecules  Polymorphic crystals model, it was concluded that. during the phase
Fig. 4. Comparison of conformational energies and erystal ener- tra“""fom“‘{im.—!' the energy of the hydrogen bonds

gies | of the vamous polymorphs of  3-methyl-2-| 2-tmitro-
phenvhamina|-3-thiophencearbonitrile (1. Form R fred prisms.
oup 1062 C), form Y (yellow prisms, mop. 10958 C), form OP
toraige plates. mipr HE27°C) form N (orange needles. mop.
PIASEC). form YN fvellow needles, mip, not measarable) (431,
reproduced with the pernussion ol the American Chenieal Socie-
.

physical transition, four steps have been proposed:
(a) molecular loosening in the initial phase: (b)
formation of an intermediate solid solution; (c)
nucleation of the new solid phase and (d) growth of
the| new phase [2]. In an interesting study.
Skwierczynski [44] has proposed a two-environment
model to describe the decomposition reaction kinet-
s 0f a crvstalline solid. aspartame. The decomposi-
tion reaction of aspartame is a simple unimolecular
thermally-induced  aminolysis and  the reaction
proceeds under anhydrous conditions. Le.. water is
notja reactant [435]. This model links the chemistry of
the |solid-state reaction with the molecular mobility
of the reactant as the reaction proceeds. The advan-
tage of this model is that it can be used to determine
the shelf life of a product from kinetic data gathered
at elevated temperatures. Apart from solid-solid
physical transtormations, solution-mediated physical
transformations among polymorphs are also known
{0 occur in processes, such as wet granulation and
during dissolution testing. i

While the majority of studies have probed the
equilibrium properties of polymerphic and solid-state
solyated systems. relatively few have been concerned
with the dynamics of phase transformation. Byrn et

decreases along with the extent of such bonding. The
energy liberated by this process is almost offset by
the enhanced Nan der Waals energies associated with
the mcerease 1 erystal density. and consequently the
transition enthalpy 1s rather small. Accompanying
the shifts in hvdrogen bonding is a number of
effective proton transfers. altering the covalent and
ionic portions of the crystal. It was also learned that
the increase in entropy produced from the redistribu-
tion of protons was of lhc same order of magnitude
as the entropy of the phase transition.

A number of spectroscopic techniques have been
used to .«uudy{ the processes associated with a poly-
morphic  wansition  of  2-(2.4-dinitrobenzyl)-3-
|nethy]p}'ridinlle [47]. The two interconverting struc-
mres'cu.wxistd:d over a temperature range of at leas
8-9°C The phase change was associated with a
molecular tutomerization thar translated through the
collective c]uingcs of a large number of molecules.
vielding dompims having definite short-range order.
The slowly evolving spectroscopy that took place
above the transition teuiperature was interpreted as
the a_nnénlingj of domain__si into a long-range ordered
system, The process of phase transformation ap-
peared 10 consist of an initial fast rediswribution of
the mole ratio of the coexisting phases. followed by

a much slower process involving a macroscopic

relaxation of the system. Although local thermo-
dynamie equilibrium was thought to exist -
dividual domams. the magnitude noted for the tem-
perature rm;g'di‘ of the phase transition was proposed
to arise from nonequilibrium conditions existing
among the various types of domain.




E---019;

|
S.R. Vippagunta et al. | Advanced Drug Delivery Reviews 48 (2001) 3-26 1

A combination of solid-state ''N-NMR spectros-
copy and X-ray crystallography was used to study
polvmorphic transitions in an azobenzene dyestuff.
2'-acetamido-4'-[ N N-bis(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 two molecular conformations for the
X-ray structure determination of structure 11l at 293
K are shown in Fig. 5. Selective polarization inver-
sion and band shape-fitting experiments were used to
deduce the thermodynamic parameters of the ex-
change process.

Raman spectroscopy was used to study the effect
of pressure on the phase transitions in hexa-
methylbenzene and hexa(methyl-d,)benzene [49].
The form Il — form Ill transition of the parually
deuterated substance was found to take place at a
lower pressure relative to that of the analogous
hexamethylbenzene compound. which was attributed
to differences in the energies of the intramolecular
methyl torsional vibration in the two crystal forms.
In another study performed by the same group. the
effects of both temperature and pressure on the phase
transitions of tetrafluoro-1.4-benzoquinone were con-
sidered [50]. In this system. the changes in en-

Fig. 5. ORTEP plots of the two molecular conformations (1 and
20 for the Neray structure determination of 2'-acetamido-4"-[ V.N-
bist 2-methoxyearbonylethybanmino|-4-nitroazobenzene (Scheme |
Structure) at 293 K, Thermal ellipsoids are shown ar 30", for
chiriv, with conformer 2 being represented by the solid lines and
Contormer | by the doned lines t]43]. reproduced with the
permision of the Amencan Chemitcal Society)

! vironmental conditions were found to influence a
| number of intermolecular and intramolecular vibra-
 tional modes, yielding conformational changes that

| in turn 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 to
' predict the number of forms that can be expected in a
| given case. This prediction would invelve quantifica-
tion of the myriad intermolecular forces within any
proposed crystal structure as well as the ability to
postulate the likely packing modes for a given
molecule in all its configurations |10]. Accurate
(theoretical prediction of polymorphs from studies 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 polymorphic
[forms at an early stage in the drug development
[process. The recent developments in computational
chemistry allow the prediction of possible poly-
morphic forms based only on the molecular structure
!uf the drug. The Polymorph Predictor. from Molecu-
lar Simulations. is currently the only commercial
l:iot'm-‘arc package that can predict the possible poly-
norphs of an organic compound from its molecular
Structure [51]. The package developed by Karfunkel
and co-workers [32-54] uses a Monte Carlo simu-
lated annealing approach to generate thousands of

ossible crystal packing altematives for a given
molecule. Each of the unique crvstal structures is

hen subjected 10 a lattice energy minimization to
lwhmm the relative stability ranking of the various
packing possibilities and the resulung lowest-energy
structures are the potential polymorphs. This method
d]as been successfully employed to generate known
polymorphs of primidone (Fig. 6A and B) and
progesterone. starting from the molecular structures
alone [55]. It has also been used to predict poly-
morphs for a range of small molecules and to predict
unknown polymorphic structures of 4-amidinoin-
ujunune guanylhydrazone, a selective inhibitor of §-
adenosvimethionine decarboxyvlase [36]. and of as-
prm (371
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Fig. 6. Coampanson of the erystal structure of primidone A (A)
versus the most likely pucking arrangement. frame 7 (1) ([35],
reproduced with the penmission of Elsevier Science)

The tlLeorclicnl predictions of lattice energies.
entropies. morphologies and polymorphs  should
stimulate| experimental activities and vice versa. The
current crystal-modeling efforts have the potential of
producing more quantitative tools for bridging struc-
tures an(li properties, which could help in creating
solid forms with desired properties [22]. There are
many limitations in using computational methods for
predicting polymorphs theoretically. The first limita-
non is ri?a:_‘zhe ab mitio sereening is useful only for
nonionic rigid molecules. For more complex sys-
tems. the method is very useful for generating
plausible crystal structures. but it 1s not accurate
enotigh to determine which of these possible struc-
wres can actually be crystallized [58]. In addition,
the limitations in computer power can restrict the use
of this method for predicting polymorphs of complex
molecules. An issuc of concem is that the existing
methods only predict the lattice energies. which
relate to internal energies or enthalpies of the
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2.6. Directing the ch:vm!ﬁ:aﬁoh of specific
polvmorphs | |

Complementing the different computational meth-
ods for predicting the stable polymorphs of a given
compound. various experimental methods are also
being employed extensively to control the type of
polymorph formed tﬁuring. the crystallization process.
Many studies have reported the role of additives in
controlling the outcome of the crystallization pro-
cess. Some of the preselected additives are capable
of inhibiting the nilclcalion and/or growth of the
unwanted polymorphs. For the first time. the role of
reaction by-products in commrling polymorph ap-
pearance of a drug has been reported [39). This drug
15 sulfathiazole that is known to exist as polvmorphs.
forms L 1L Ul and IV. that differ in the hydrogen-
bond network: Form | was found to be different from
the other three forms as a result of a different
hydrogen bonding! at the aniline moiety of the
molecule. From siudies of the hydrogen-bonding
pattern, it was predicted that the ethamido derivative
of sulfathiazole could selectively control the forma-
tion of form | over other forms by entering the
growing face of form | wijthout disrupting the
structure (Fig 7a). Because a similar effect was not
possible with the other forms.| incorporation of the
ethanmudo dern ;ui\-;' in the other forms should inhibi
their growth (Fig. 7b). Experimentally. it was shown
that the ethamido by-product stabilized form I over
the other polymorphs. This study clearly shows that
the combinanion of crystal morphology and the
hydrogen-bond network analysis of the different
polymorphs offer # new and powerful approach to
understanding and controlling polymorph appearance
and stability in the presence of additives.

A similar appro$0h was also applied to stabilize a

metastable. « cq‘nfonnutinnall polymorph of -
glutamic acid usig addiuves |60]. Methods such as
DREIDING and TRIPOS torce fields were used to
select appropriate additives which could mimic the «
and B3 conformanons. Four additives were chosen for
this study of whic%fh wo were present exclusively in
the 3 conformation and theoretically should selec-

crystals. However.  the relative thermodvnamic
stability of polymorphs is determined by the Gibbs
free energy. which is a linear function of both
enthalpy and enwropy. Predictions 'of the relative
stability of polymorphs will be more accurate when
the entropies. as well as lattice energies. are consid-
ered. Application of molecular dynamics may enable
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! the entropies to be' calculated. Hence. no general tively inhibit the crystallization of the B phase and
¢ method |15 currently available for the prediction or thus stabilize the metastable « phase. Experimental-
’ interpretation of the properties of complicated poly- ly. it was proven that the additives. by virtue of their
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morphic or pseudopolymorphic svstems. conformation, were able to selectively inhibit the
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Only 1 amino hydrogen
involved in H-bunding

g Form IV,
| fle..desny

| Both amino hydrogens
| involved in H-bonding

Fig. 7. Possible hinding interaction of ethamidosulfanude m the fustest growing faces of G form Land (b) torm IV of sultathazole ([39).

reproduced with the pernussion of Elsevier Science)

appearance of the stable B polymorph of L-glutamic
acid by nterfering with either the nucleation rates or
the growth rates and thus stabilize the metastable
form. These studies demonstrate clearly that the
molecular packing and intermolecular hydrogen
bonds are the main features, which make possible the
conformational discrimination. The use of conforma-
tional mimicry to stabilize the metastable structures
of conformational polymorphs now offers a powerful
tool for the prediction and development of robust
processes for the control of polymorphic systems.

2.7, Characterization of polvmorphs using a
combination of analvitical techniques

The common techniques often fail to differentiate
definitively between wwo structurally similar poly-
morphs. Hence more advanced techniques or a
combination of technigques need 10 be used to avoid
errors of mterpretation and in the identification of
polymorphs [24]. Combinations of techniques are
being employed currently for the characterization of
crystalline pharmaceutical solids. For example, con-
ventional single-crystal X-ray diffractometry and
polarized microscopy were of no use in distinguish-
g the two forms | and 1l of roxifiban, a verv
promising cardiovascular drug. because of the rela-
tivelv small envstallite sizes of the polymorphs.
Henee. transmission electron microscopy (TEM) and

svichrotron X-ray diffraction techniques were em-
ployed to characterize the unit cells of the two forms
By coupling the highly resolved synchrotron powder
.\-I"d#‘ diffraction data shown in Fig. 8. with in-

(a) !

Q. it

Fig. 8 A partal comparison of (a) a synchrotron pattemm of
!“‘5}'=1‘-l‘ﬂ‘|h I of roxifibun, collected using a wavelength of
100006 A with (b) & comventional N-ray dilTraction pattern using
Cuka radhation @ region where there are muany overlapping
peaks The pattems are plotted as a function of 0 = 27 J=1%
st th o remove the effects of different wavelenaths ([al].
reproduced with the permission of the Amencan Pharmaceuncal
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formation obtained from TEM diffraction patterns,
the unit cell parameters of the two forms of roxifiban
were determined [61]. Similarly, the three modi-
ﬁcat‘iongs._ 1. 11 and 11, of the nonsteroidal antiinflam-
matory drug. tiaprofenic acid. could not be dis-
tinguished by the two traditional spectroscopic meth-
ods. FTIR and FT-Raman spectroscopy. The modi-
fications can only be distinguished by a combination
of thermoanalytical and powder X-ray diffractomet-
ric mn]:_lhods [62) ;

Another example. to which a combination of
techniques has been successfully applied to identify
the various conformational polymorphs of a drug. is
the characterization of the solid forms of neotame
[29].| Neotame. N-(3.3-dimethylbutyl)-t-aspartyl-i-
phenylalanine methyl ester. a new high-potency
sweetener exists in the following phase-pure crys-
talline forms: monohydrate. the most stable crys-
talliilc form of neotame under ambient conditions, a
metl{;ano! -~ water solvate [63]. a methanol solvate
[6{1]1;311 amorphous anhydrate [29] and a crystalline
anhydrate (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 anhydrate to the
monohydrate upon exposure to moisture under am-
bient conditions. No significant changes were ob-
seryed in the powder X-ray diffraction patierns
dumhe part of the reconversion process. suggestng
that: no change in latice structure had  occurred.
However. the solid-state "C-CP-MAS NMR spectra.
indicated the presence of several forms of neotame
Qu}ing the reconversion (Fig. 9). This diserepancy in
the results between the two techniques was attributed
m!l_:he conformational change of neotame molecules
during reconversion. without significant change in
unit cell parameters. This example indicates that both
solid-state ' C-CP-MAS NMR  spectroscopy and

wder N-ray diffractometry are needed to analyze
mixtures of solid forms of conformationally flexible
molecules. such as neotame.

A combination of solid-state "C-NMR spectros-
copy and single crystal X-ray diffractometry also has

en used to examine the solid-state tautomerism of
acetohexamide [66,67]. Polymorphism of the anti-
diabetic drug acetohexamide has been investigated
by numerous techniques. On the basis of FTIR data,

form A of acetohexamide has been proposed to exist
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in the enol-tautomeric state. whereas form B has
been proposed to be in the keto-tautomeric state.
Using NMR and crysta'i structure data it was firmly
established that both these acetohexamide polymor- |
phic fomls} are present in the keto-form. Hence the
combination of solid-state NMR spectroscopy and
X-ray crystallography provided strong evidence that
both forms of acetdljexalllide exist in the ke'to:-j
tautomeric state and are truly polymorphic. '

|
1
|
COPMAS NMR spectra of neotame r
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3. Recent advances in the identification and
characterization of hydrates and solvates

3.1. Introduction to solvates and hydrares

It has been estimated that approximately one-third
of the pharmaceutically active substances are capable
of forming crystalline hydrates [68]. The water
molecule, because of its small size, can easily fill
structural voids and because of its multidirectional
hydrogen bonding capability. is also ideal for linking
a majority of drug molecules into stable crystal
structures [2]. The mere presence of water in a
system is not a sufficient reason to expect hydrate
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 solvates be-
have similarly to hydrates. common analytical tech-
niques can be used for characterization of solvates
and hydrates.

3.2, Swuctural aspects

Crystalline hydrates. based on their structure may
be classified into three categories. The first category
(class 1) are the isolated site hydrates. where the
water molecules are isolated from direct contact with
other water molecules by intervening drug mole-
cules. ¢.g.. cephradine dihydrate. The second cate-
gory (class 2) are channel hydrates where the water
molecules included in the lattice lie next to other
water molecules of adjoining unit cells along an axis
of the lattice. forming channels through the crystal,
e g.. ampicillin trihydrate. The channel hydrates can
be subclassified into two subcategories. One category
comprises the expanded-channel or nonstoichiomet-
ric hydrates. which may take up additional moisture
in the channels when exposed to high humidity and
for which the crystal lattice may expand or contract
as the hydration or dehydration proceeds effecting
changes in the dimensions of unit cells. e.g.
cromolyn sodium. The other subeategory comprises

| B=--0196

SR Vippagunta et al. | Advanced Drug Delivery Reviews 48 (2001) 3-26 15
|

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

Inthis section. some examples of nonstoichiomet-
ric hydrates and their characterization will be dis-
cussed in detail because these forms pose a special
challenge in dosage form development due to unpre-
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 well as by
molecular modeling [71]. Cromolyn sodium, an
antiasthmatic drug. exists as two liquid crystalline
phase$ 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 patterns of the crystalline
hydrate phase of cromolyn sodium in response 10 the
surrounding relative humidity (RH) were explained
in the llight of the molecular and crystal structure of
cromolyn sodium. Single crystal X-ray diffrac-
tometry indicated the space group for cromolyn
sodiunt as P1. a chiral space group. even though the
mnlcu'}lc itself is achiral. The crystal structure of
cromolyn sodium with five or six water molecules
per cromolyn sodium  molecule. solved at room
temperhture by Hamodrakas et al. [72]. rev caled the
]1\1sitins1].~. of only one sodium ion and two water
molecules and showed that the second sodium 1on
and the other water molecules are disordered Re-
centlv. | the single crystal swucture of cromolyn
.-mdlium'I at 76% RH. with 6,44 molecules of water
was solved at 173 K by Chen et al. [71). This work
showed|that the second undetermined sodium ion is
diso:'deslicd over three sites and that four of the eight
water positions are partially occupied. Comparison
of the crystal structures determined by Hamodrakas
et al. [12] and Chen et al. [71] indicated that the
cromolyn anion is flexible. In particular, the bond
and torsiozml angles of the 2-hydroxypropane limking
the two|cvelic moieties. changed to accommodate
lattice expansion or contraction resulting from water
sorption jand desorption by the crystals. As water is
taken up. the relative occupancies of the sites of the

|
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second sodium ion and that of water molecules
change. As a result, the triclinic structure with o« >
l}_l)'] approaches the monoclinic form with « = 90°,
To summarize. the presence of large water channels,
:hell flexibility of the 2-hydroxypropane link. the
disi'qrder of the second sodium ion (Fig. 10) and the
disorder of the surrounding water molecules in the
crystal lattice explain the reversible and nonstoich-
iometric water sorption and desorption by cromolyn
sodium, This swdy emphasizes the importance of the
detailed single crystal structure in explaining many
::ﬁsual physico—chemical properties of drug' hy-
es. ;

The muscarinic agonist, LY297802 tararate {i.c..
(' 1-3-{3-{butyhhio)—I.E.S-thiad-iazol-4.-ytj-l-

azabicyelo[2.2.2Joctane monohydrogentartrate}. was
al_.k‘o found to exhibit an unusual tendency to form
nonstoichiometric hydrates of variable. but specific
composition. ranging from 0 10 0.5 mol of water
173] Solid-siate “C-NMR spectroscopy. in conjunc-
non with moisture sorption analysis and N-rav
crystallography was used to provide unique insights
into nonstoichiometric moisture sorption behavior,
The PXRD patterns of the drug exposed to different
RH values (0 10 75% ). indicated neither a peak shift
Hlor the presence of any new peaks. suggesting that

|
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the anhydrous and the hydrated forms of the drug are :
isomorphic. Fig. 11 shows the significant changes in
the SSNMR peaks on exposure to different relative
humidities aFd temperature, indicating that water
incorporated into the crystal lattice changes the local
chemical eanimnmem and causes the observed NMR
changes. Tl}iincorpamtibn of water into the crystal
latice of the drug was also confirmed by Xeray
crystallography. The considerable hygroscopicity of i
the drug wis rationalized in terms of the similar
crystal structures of the hvdrated and nonhydrated
forms. and ‘hence no Significant structural modi-
fications areg needed for the reabsorption of water
into the solids. The rates of dehydration and rehydra-
tion are largely determined by the size of the water
channels and the strength of the hydrogen-bonding
iteractions that bind the water molecules in the
channels, ! : [
Another interesting study with different solvated
forms  of '_f.-]ysme maonohydrochloride (LH) wa__s_r'
conducted by Bandyopadhvay et al. [74]. LH was
found ro I?wrm: a pure methanol solvate at water
ACUVItY. a1, << (.34, with methanol activity. > DTS4
a dihydrate at @, > 065 with o< 045: and T
mixed solvhtes at intermediate values of a, and Pl |
It was f(ll;lnd that the dihvdrate and the mono-
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|§tripm\| circles represent the sodium sites, The open circles represent the oxygen atoms coordinated w0 Nagly The dotied tgray) circles
represent the oxygen atoms coordinated to Na(2 ). Na(3). or Na(4) ([71]. teproduced with the permpssion of the Amernican l'h;mn.n-:culic‘?f_l_
Association), ' f '
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0% R.H.
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Fig 11. Solid-state ""C-NMR spectra of LY297802 wrtrate {( + )-

monohydrogentartrate} after storage at (0% humidity and before
and after dryving at clevated temperatures ([ 73], reproduced with
the permussion of the American Pharmaceutical Association),

methanol solvated forms of LH possessed similar
crystal structures. similar PXRD patterns, but dif-
fered in the crystal habit. The ervstal structures of
LH hydrate and methanol solvate indicate that one
molecule of methanol in the methanol solvate oc-
cupies approximately the same volume as the mo
water molecules in the dihydrate. During dehydraton
in the presence of methanol in the crystallization
medium. the loss of one or more water molecules
from the crystal latmice was compensated by the
gradual uptake of methanol into the crystal structure
to satisty the hydrogen bonding pauern within the
lattice with minor rearrangements. giving rise 1o
mixed solvates. The similarities of the crystal lattices
of the dihydrate and monomethanol solvate explain
the similarity of the PXRD patterns.

3.3, | Phase transformation of nvdrates and solvates

Phase changes due to hydration/dehydration and
solvation/desolvation of pharmaceutical compounds
duri:llg processing or in the final product may result
in anl unstable system that would effect the bioavail-
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 environmental conditions, such as relative humidi-
tv. temperature and pressure. For example, some
hydrItcd compounds may convert to an amorphous
phas¢ upon dehvdration and some may convert from
a lower to a higher state of hydration yielding forms
\\'I.l|1|10\.\'s.‘l' solubilitv. Alternatively. a kinetically
favorgd but thermodynamically unstable form may
be canverted during pharmaceutical processing to a
more| stable and less soluble form [8]. The phase
transitions in hydrates and solvates can occur at
various stages of dosage form development. Morris
[9] has discussed the behavior of hydrates during
pt‘ocelising. handling and storage of formulations in
detail|

The phase transformations associated with expo-
sure fo water, such as during solubility measure-
ments, wet granulation processes, dissolution studies
and accelerated stability tests are likely to occur via
solution mediation. Solution mediated phase trans-
fcnna_[ions depend upon the solution phase to 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 1o the solubility of the
spcciel‘. involved. Temperature, pressure and relative
humidity may increase the rate of phase transforma-
tion of hyvdrates by inducing mobility in the system.

Solytion-mediated  phase  transformations have
been reported for many hydrate systems. such as
theophylhine crvstals [17]. eprosartan mesylate |73
and nedocromil sodium |76]. Ghosh and Grant |77]
have addressed a common problem associated with
the characterization of solvates which centers around
the determination of solubilities of solvates and of
nonsolyates that undergo phase transformation in the
presence of an interacting solvent. such as solvation
of nondolvates in the solvent of crystallization or the
desolvation of solvates i water. A thermodynamic
cycle dnalogous to Hess's law but based on free
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ene| gies has been developed to predict the theoretical
solubilities of  1.2-dialkyl-3-hydroxy-4-pyridones,
which form I:! formic acid solvates in the presence
of formic acid. and of the 1:1 formic acid solvates
whﬁich produce the corresponding unsolvated com-
pounds in the presence of water. A good correlation
way obtained between the solubility values measured
by the standard extrapolation method and that calcu-
lated by means of the thermodynamic cycle.

Apart from identifying and characterizing the
phases during various stages of drug development. it
is very imporant to gain an understanding of the
dehydration/hvdration mechanisms and kinetics,
Many models have been developed to account for the
dehydration Kinetics of the crystalline hydrates [78].
Nucleation is the most significant phenomenon in
detlennining the transformation Kinetics. that is. the
rate of formation of a new phase [8). The dehydra-
tiorf Kinetics 1o some extent will also depend upon
thef class of the hydrate system to which the drug
belongs. particle size and morphology. The practical
applications of understanding the dehydration kinet-
ics, as indicated by Morris [9). are mainly the
determination of the conditions for allowable expo-
sul:fe 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.

34, Predictim of the formation of Idrares and
.s'u|'h‘uh°,\

Predicung the formation of solvates or hydrates of
a compound and the number of molecules of water
or solvent ivcorporated into the crystal lattice of a
compound s complex and difficult. Each solid
cimpound responds uniquely to the possible forma-
tipn of solvates or hydrates and hence generalizations
cannot be made for a series of related compounds.
'(;lenain molecular shapes and features favor the
formation of crystals without solvent: these com-
pl)_unds tend to be stabilized by efficient packing of
molecules m the crystal lattice, whereas other crystal
forms are more stable in the presence of water
and/or solvents. There may be too many possibilities
sln that no computer programs are currently available

| |
for predicting the crystal structures of hydrates and
solvates.

3.506, hm'acr}ri:au'on of hvdrates and solvates

The comm_Ln methods for the characterization of
hydrates and solvates are polarized light microscopy
and hot stage microscopy. DSC. TGA. Karl Fischer
ttrimety. single-crystal X-ray diffractometry. pow-
der N-ray diffractometry. and infrared spectroscopy.
These methods have been reviewed in detail |21] and
will also be discussed in detail in later chapters.

Pressure DSC is gaining increasing popularity in
the study of solvates and hydrates where dehydration
reactions oc'@ur above or near the boiling point of
water. Using conventional DSC. it is very difficult to
measure the heats of dehydration and heat of vapor-
ization separately. but if one conducts DSC experi-
ments at elevated pressures. the two processes may
be comp!ete{ly separated. The advantage of using
pressure DSf.‘ is that Ihf: pressure can be precisely
controlled and the solids can be subjected to a
controlled temperature program while under substan-
tially eleva_iEd temperatures. The influence of ele-
vated pressures on the solid-state behavior of car-
bamazepin'el dihydrate was studied by Han and (|
Suryanarayanan [79]. In Fig. 12 it is shown tha‘u‘
pressure DSC can separate the dehydration and r

|
!
|
E

vaporization endotherms of carbamazepine dihydrate
during its conversion to the anhydrate form. Also the
technique permitted the water liberated on dehydra-
tion 1o remain in intimate contact with the anhydrous
phase formed which could significantly influence its
solid-state ;Impcnies, ' i
The combined physical analytical techmques ot l
thennugra\'imetry and nfrared spectroscopy (TG
IR) can permit identification of the solvent incorpo-
rated 1nto the crystal lattice. This combined !et':h--|
nique has been used to study formulated products.
such as capsules and tablets [80). I

3 - j'
4. Cu’rrentl challengesi and future directions ‘ f
4.1 (_)rig.f;is of the challenges
A series of flow chans and decision trees have.[
been presented and discussed |11.22) that can be
. :‘ '|
|I |
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Fig. 12, Dafferenual scannming calorimetry (DSCH curves of car-
hamazepue dihydrate ar different pressures: (a) at atmosphenice
pressure in g conventional DSC cell. (b) at atmosphenic pressure
n a pressure DSC (PDSC) cell, (o) 100 psi. wd) 200 psi, (@)
00 psas (10 400 psa, and (2) 600 psa (1 paa =069 kPa)
t{79]. reproduced with the permission of Elsevier Science)

used by investigators to characterize the polymorphs
and solvates of compounds under development or for
registration with regulatory authorities. Due to the
complex and nonconventional behavior of various
organic drug molecules, there are many opportunities
for research and development in the area of charac-
terization of polymorphs and solvates. Some of the
problems which are commonly encountered during
characterization of crystalline solids and which need
to be addressed are: disorder in the crystal lattice due
to pharmaceutical processing leading to conversion
of a crystalline phase to an amorphous material or
phase conversion from one form to the other;
quantitating the amount of single polymorph in a
mixture of polvmorphs: identifying the solid form of
the active ingredient in the formulated product.
parmicularly when the drug is a mmor component n
the presence of numerous other materials (excipi-
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ents): and the issues of disappearing polymorphs and
the appearance of new polymorphs. In the following
sections we will address some of these issues and
some of the studies 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
| [16]). Exposure to changes in temperature. pressure.
relative humidity and comminution are encountered
| during processes such as drying. granulation. milling
and compression. The stresses applied to crystals
'during pharmaceutical processing can cause defects
|in their crystal lattices. and contribute to lattice
disorder, thus affecting the physical properties of the
resulting powder [81]. This problem has been dis-
|cussed in detail by Bym et al. [10]. Arising from
different degrees of crystalline disorder, the difficulty
in reproducing materials with the same properties is
[a major concern in the pharmaceutical industry.

| Milling. the last processing step in the production
of bulk drug substance to reduce particle size. is
often accompanied by a decrease in crvstallinity due
to the creation of lattice defects. beginning at the
surface. The defects created by mechanical actuvation
of the solid on the surface can migrate. transform.
and change their number and nature. If the defects in
the mechanically activated crystal heal to produce a
¢rystal lattice different from the initial lattice. then a
polymorphic transformation has taken place. Milling-
induced polymorphic changes have been observed
for many small drug molecules. such as fostedil.
ghloramphenicol  palmitate.  indomethacin  and
|*!|lzenylhmuzm!e [16]. Polymorphic transformation of
the dipeptide sweetener. aspartame hemihydrate. can
decur during milling [82]. Polymorph 11 of aspartame
hemihydrate was found to transform to form | during
ball-milling or on heating for 30 min at 160°C in the
presence of steam as shown in the X-ray diffraction
phnum (Fig. 13). The susceptibility of form Il of
aspartame hemihydrate to transform to form [ has
been atributed to the less svmmetric crystal structure

of form 1l compared to that of form | as studied by

spectroscopic methods.
[Some authors. such

|

as Huuenrauch [S1] have
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Fig. 13 Il’omler X-ray diffraction patierns  of  asparntame

hemihydrate: ta) theoreticul powder pattern caleulated from the
erystal siructure of aspariame hemihydrate (form 1) determined by
Hatad et bl (1985) [99]. (b) experimental powder pattem of the
ball-milled aspartame hemihydrate (form 1. (¢} experimental
powder pattem of aspartime hemihydrate that had been heated for
30 mun ar [I60°C 10 the presence of steam (form 1), (d) expertmen:

J ‘pattern of aspartame hemihydrate atter compression af
250 MPa o Tmin dloom 1 and @) aspartame hemihydrae as
received (form 1) ([82). reproduced with the permission of the
American! Pharmaceutical Assocution)

quggestfd that the rrauma to crystals during grinding
may Iez}d 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. crystalline state,
compression capacity and dissolution properties of
native and ground crystals of aspirin and lactose
monohydrate [83] No sigmificant increase in com-
pression capacity was observed when native and
ground crystals were compared. Only a shght in-
crease in the dissolution rate was  observed for
s.mundl aspirin - erystals which was aaributed 10
surface defects due to grinding resulting in improved
crvml! wetting.

Tlle|effect of roller compaction on lattice defects
and phm.e change has been examined for aspirin
[84]. The water vipor sorption isotherm obtained for
aspirin on roller compaction indicated much more
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water uptake than had been reported previously for
other crystalline xa:mp!ev- of aspirin under similar
conditions. Various pm‘ubalmes were suggested for
the unusual water uptake of aspirin on roller compac-
tion. such as tnﬂnatmn of a polvmorphm form of
aspirin with a much greater affinity for water.
formation of a erystalline hydrate in the aspirin
:.ample or significant reduction in particle size of the
aspirin particles thereby prowdmg an increased
specific surface area for water vapor adsorption. It is
also possible that l*roller compaction disrupted the
crystalline order oﬁ some part of the aspirin crystals
forming ammphods regions, which then take up
relatively large quantities of water into their bulk
structure, This example clearly indicates that pro-
cesses. such as roller compaction. can introduce
considerable disorder in the surface of crystals
leading to a nmrl\erj increase in the tendency to sorb
water vapor.

Thermal activation. like mechanical activation
during processing. also results in a high-energy state
of crystals that may reorganize into a different lattice
arrangement resulting in a phase change. The ther-
mal stability of drdg substances is important. because
formulations are often dried at elevated temperatures
after wet granulations so that the tablets may contan
small regions of high temperature (hot spots) during
COMPression. \'ariiun examples have shown that a
change or mnpcr.rtuu may influence the stability, of
drug molecules [16] The effect of low remperatures.
such as during freeze~drying. on the crystalline form
of the drug has 1!50 been studied. The formation of a
new mannitol hydrate during freeze-drying has been
reported [85], The formation of a crystalline hydrate
by an excipient| during freeze-drying may have
several practical donsequence*.]t. such that the difficul-
ty of removing bound water from the crystal lattice
can significantly limit the drving rate. while the
residual water that is not removed by freeze—drying
may be a potential threat to product stability if it is
released  during ! storage. The mannitol  hydrate
formed dunng freeze—drving survived the typical
drving cvele and convented to the anhydrous poly-
morph of mannitol upon heating.

Spray drving has also been shown to lead to loss
of crystallinity in materials, by a combination of
processes inv olvi ang rapid so,hdlﬁc'mou of dissolved
material and so’hd—uate transitions due to milling
effects 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 to 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 state of
disorder in crystalline solids caused by pharmaceu-
tical processing can have on the properties of
pharmaceutical solids. it is important to be able to
assess the extent of disorder in a solid quantitatively
down 1o very low levels. Various methods have been
used to 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 to detect disorder as low as 1% in
milled samples of sucrose [87]. A comparison of the
four methods mentioned above for esumating the
percent disorder of milled samples of sucrose gave
very consistent results, once the underlying factors
that make these techniques sensitive to the con-
centration of amorphous content were recognized
and taken into account.

4.3. Degree of crvstallinity

The previous section has emphasized that many
pharmaceutical processes lead to a decrease in
crystallinity of drug phases. Various studies have
concluded that the formaton of amorphous material
during processing 15 highly undesirable. The amor-
phous material. being in a thermodynamically meta-
stable state. Is susceptible to reconversion to the
crystalline state. affecting many physico-chemical
characteristics of the drug. A later chapter provides
detailed coverage of amorphous materials. An esti-
mation of the degree of crysuallinity of a sample
before and after processing poses one of the larger
challenges facing the pharmaceutical field. Powder
N-ray  diffractometry is stll the commonly used
method for determining the degree of crystallinity,
though this method suffers from some limitations
due o peak broadening. amorphous halo. and pre-
ferred orientation which make interpretation and
quantitation difficult. DSC may not be a sensitive
method for measuring crystallinity due to crystalliza-
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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 proposed as an accur-
ate method for analysis of percent crystallinity
[11,88,89]. A decrease in the endothermic enthalpy
of solution indicates a decrease in the crystallinity of
theisample. However, differences in surface area
produced by grinding or by other processing tech-
niques can also result in changes in the heat of
wetting of a sample. Judicious choice of solvent can
be employed to reduce such surface effects, which
themselves contribute to the observed crystallinity of
the sample.

Near infrared (NIR) spectroscopy is another tech-
nique being used to measure the degree of crys-
tallipity, and has also proved useful in studies of the
polymorphism and water content of sugars. The NIR
speqtrum of a sample contains both physical and
chernical information. Being noninvasive. nondes-
tructive and operable at room temperature. the
method is a valuable tool with which 1o assess
changes in the amorphous and crystalline state of
lactose [90). NIR has been used to follow the
changes in the amorphous state. the onset of crys-
tallization, and the changes between «- and [B-lac-
tose, which accompany the onset of crystallization.
In another study. the nucleation and crystallization
kineiics of amorphous lactose was investigated by
gravimetry in an automated vacuum moisture bal-
ance. The combination of isothermal and nonisother-
mal jactivation energies allowed the investigation of
both| crystal growth and nucleation mechanisms and
led Jto the separation of activation energies for
nucleation and growth [91].

A4 | Characterization of mixtures of palvmorphs

Another common problem encountered during
drug| development is quantitative control of the
proportion of polymorphic forms present in a mix-
ture.| According to the US FDA regulations. the
method of analysis for the proportion of forms must
be validated. and also the proportion of forms must
remdin within stated limits through the retest date of
the drug substance and potentially throughout the
shelfl life of the product. This is a verv onerous
requirement. especially if the forms have a tendency
to interconvert. Bym et al. [11] suggested that the
best way to deal with this problem is probably by
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developing methods to prepare only one crystal form
and mainining this form throughout processing.
Powder X-ray dlffractomeuy is often a useful meth-
od tda determine the percentages of polymorphs in a
mmure However. the detection limit is variable
from case to case. and is sometimes as high as 15%.
It 15 therefore important to develop sensitive ana-
Ivtical methods with a lower limit of detection.
Attenuated total reflectance (ATR) FTIR spec-
troscopy has been shown to be valuable for the
quantitative analysis of the polymorphic content of
bulk pharmaceutical materials. The feasibility of
using ATR-FTIR for the qualitative and quantitative
analysis of mixtures of pharmaceutical polymorphs
has been studied using three known polymorphs of
ganaiclovir as 1 model cmnpound [92]. Definitive
:den 1ﬁcanon and quantitation of all three poly-
umrphs could be achieved using ATR-FTIR spec-
troscopy in conjunction with partial least-squares
modeling. This technique has many advantages. such
as -:’Eed. nondestructiveness. relative ease of use.

and most important, no sample pretreatment before
measurement.

Raman spectroscopy is another technique that is
being widelv used to quantitatively estimate the
percI;maec of one polymorph in a mixture of poly-
morphs. FT-Raman spectrometry offers many advan-
tages. the most prominent being. mimmal sample
preparation, sensitivity 1o polymorphism. and nonin-
terference  from  water. Two  polymorphs  of
fluc nazole were  characterized using  FT-Raman
spe trmcupy and principal components regression
using cross validation provided quantitative analysis
of fhe percentage of one polymorphic form in the
mruure of other forms [93]. A novel sample holder
was developed whereby the sample is held in an
\il\ﬁR tbe which is rotated around its axis and at the
same time moved up and down. This method of
s.i_nqple presentition leads to a farge increase in the
volume studied and s important for inhomogencous
s:t'ni:u!cs for which sub-sampling 1s a problem. Pos-
sible degradauon of the sample through heating by
the jl.her can a'so be avoided [94).

){—Rav powder diffractometry is still the common
meﬂ'!od for the quantitative estimation of polymorphs

in a mixture of polymorphs. This method requires

thart\ar least one high-intensity peak unique to each
form is available for intensity measurements and that

the plot of the‘ peak imen_sity ratio as a function of
the weight ratio of the components should result in a
straight line. Modem computer controlled X-ray
powder diffractometers now permit quantitative anal-
ysis of multicomponent mn'uures using the complete
powder dmractwn profile rather than a limited
amount of low-angle integrated intensity data. Artifi-
cial neural networks (ANNSs) in quantitative X-ray
powder diffractometry were used successfully 1o
idenufy and quantify the two known modifications of
ranitidine hydrochloride even when the weight frac-
tion of one polymorph in the mixture was as low as
0.01 195}, A.\i!?s have been used mostly in problems
of pattern recognition and modeling. and is therefore

useful in deciphering the Hk:mem i diffraction daw

from polymorphic mixtures. The ANNs model pre-
dicted concentration precisely. accurately. and with

minimal bias through a wide range of ratios of the
two known manitidine hydrochloride polvmorphic
forms in o mmure (Fig. 14). This method minimizes
the problems ,assocwled with preferred onentation
and o\'erlapp;i\g X-ray hhes The same group of
researchers has shown the potential of ANNs in

polymorphic purity of crystalline ranitidine hydro-
chloride as a

‘combination \31:11 DRIFT apectroscopv to analyze the

Ik drug and as an active ingredient of
i
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Fig. 14, Predicted concentraions ol the two polymorphic Torms
(torm | and 2) ur raniiding hydrochloride by the response surlace
methodology {RSM) a statistical modeling method, and by the
artificial neural g,ctworks (ANNs) method. plotted against mei-
sured percentage Sof form 2 ([Mj reproduced with the permission
of Elsevier Scterm) |
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a tablet formulation. Simultaneous identification and
quantification of all the ingredients in the tablet
formulation was possible. This study has shown that
the complex problem of quantifying a drug in
mixtures containing two or more components with
overlapping spectra can be solved by the DRIFT-
ANNs technique [96].

Another technique, which is gaining popularity in
the quantitative analysis of mixtures of polymorphs.
is solid-state '*C-CP-MAS NMR spectroscopy. This
method was preferred for quantitative analysis of
polymorphic mixwures of the herbicide. pen-
dimethalin. which exists as two polymorphs with
different colors and crystal habits [27]. ""C-NMR
provided the most sensitive and definitive evidence
of the transition from the yellow to the orange form.
This method enabled as little as 2% of orange
pendimethalin to be determined in a sample consist-
ing mostly of the yellow polymorph. It is the least
invasive of the instrumental methods and can be used
to detect the ratio of the two polymorphs in solid
formulations.

A related challenge faced by the pharmaceutical
industry is the determination of' the polvmorphic
nature of the drug in the presence of excipients in a
dosage form especially when the acuve drug is
present as a low percentage of the overall formula-
tion [97]. This problem can be addressed by develop-
ing sensitive techniques with lower limits of de-
tection or by using a combination of techniques.

5. Conclusions

In order to save time and cost it is very important
to choose the most suitable form of the crystalline
drug in the initial stages of drug development. In
recent years a good deal of research has been
directed towards achieving this goal. Systematic
isolation and early characterization of the largest
number of possible forms of a drug reduces the
chances of surprises at the late production stage due
to identification of a new crvstalline form or phase
change. With the development of more sophisticated
computational tools. the main focus of many inves-
tigators is t be able to predict all the possible forms
of a drug from its molecular structure. Understanding
the origins of the multiple solid forms of a drug

|

molecule. either due to differences in packing ar-
rangement or conformation of the molecules, be-
comes the first step in prediction. Single crystal
X-ray diffractometry and solid-state NMR spectros-
copy are two techniques that are gaining increased
application in determining the various crystal struc-
tures| and the origins of polymorphism and pseudo-
polymorphism of a particular drug. When crystal
structures can be calculated with certainty. it will be
pussii’ale to predict the various polymorphs of a
compound and this information could be used to
guide| experimental studies. This goal may be dif-
ficult 'Im achieve 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
increased computational speeds, may make it achiev-
able. |

Improved experimental methods leading to more
accuraﬂ!e and detailed phase diagrams are also finding
increased use in determining the stability of various
polvmarphs. It is important to make every effort to
rnrep:u'::’I and tw identifv the most stable polymorph in
order 1q guide the selection of the optimal form for
development. The emergence of sensitive methods
and the luse of combination techniques, facilitate the
identification and the more accurate characterization
of the various polymorphs of a drug molecule. One
of the main analytical challenges faced by the
pliurln:iclbulicai analyst is the development of better
quantitative methods for identifying a single poly-
morph i a mixwre of polvimorphs and for determin-
ing the [percentages of amorphous or crystalline
content dll' the drug. More and more sensitve meth-
ods are bBemng developed to address this problem.

An increased understanding of the phenomenon of
polvmorphism should enable pharmaceutical scien-
tists to gain control over the crystallization process in
order to selectively obtain the desired polymorph or
suppress the growth of an undesired one. Phase
changes during processing and scale-up are a prob-
lem. whic']! may be avoided by carefully designed
initial small-scale studies. The availability of detailed
structural data. combined with strategic design of
substrates il:md additives. has led to significant ad-
vances in the control over the polymorphs obtained
i a  particular crvstallization [98]. With all the
mformation available from these initial studies, it

| B=--0203
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Id be possible to design and 10 select processing
£ nzmons which would give a desired polymorph
o and maintain the desired form throughom the various

r stages of drug processing and manufacture.
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Aceite de teobroma (coco)

oEniriado tentamente a 0°C
1,13 e Enfriado répidamente a 60°C,

0 10 20 30 a0
Temperatura (°C)

Fig. 83-7. Curvas dilatométricas; aceite de teobroma (coco) con en-
friamiento lento y ripido.

Una vez demostrado que un compuesto existe en
mds de una forma cristalina se dispone de numerosas

técnicas para identificar las distintas fases polimérfi-
————=as-presentes: Cadatna de estas (écnicas pueden ser

adecuadas para identificar la fase, pero existe una
combinacién de métodos que permite aislar e identi-
ficar cada modificacién cristalina. Para confirmar la
presencia de més de una forma cristalina de un com-
puesto es recomendable identificar las modificacio-
nes presentes mediante mds de un método. El uso de
un solo método para confirmar la presencia de poli-
morfos puede generar confusiones.

Microscopia. La cristalografia oplica se utiliza en la
identificacién de polimorfos. Los cristales existen en for-
mas isotropicas y anisoirépicas. Cuando se examinan los
cristales isotr6picos, la velocidad de la luz es la misma en
todas las direcciones, mientras que los cristales anisotr6pi-
cos se asocian con dos o tres velocidades luminicas o indi-
ces de refraccién diferentes. Este méiodo requiere el servi-
cio de un cristalégrafo con experiencia. Los sistemas de re-
gistro con video posibilitaron grabar los éventos visualiza-
dos durante el calentamienio y el enfriamicnto, 1o que pro-

dor i puede si existen

polimorfos: el grado de estabilidad de las formas metaesta-
bles; las temperaturas de transicién y los puntos de fusién;
los indices de transicién en diversas condiciones térmicas y
fisicas, y establecer si el polimorfismo es una via hacia una
forma de dosificacién 6ptima.

Difraccién de poivo con rayos X. Los materiales cris-
talinos en forma de polvo dan patrones de difraccién con ra-
yos X caracteristicos que consisten en picos en ciertas posi-
ciones y con intensidades variables. Cada patrén cristalino
es caracteristico para un polimorfo determinado. Este méto-
do posee Ja ventaja con respecto a otras técnicas de identi-
ficacién en que la muestra se examina en la forma en la que
es Se para reducir y
mantener el control del tamafio de las particulas. Se requie-
Te una muestra muy pequeiia y el mélodo es no destructivo.
Esie método fue utilizado por varios investigadores para
identificar en susiancias

Espectroscopia infrarroja. Este procedimicnto es it}
para la identificacion de los polimorfos. Beben utilizarse
muesteas sétidas, dado que los polimorfos de un compuesto
presentan espectros idénticos en solucion. La técnica puede
utilizarse para la identificaci6n cualitativa y cuamitativa.

Métodos térmicos. Se utitizaron las 1écnicas de calori-
metria de rastreo diferencial y el andlisis térmico diferencial
para la identificacion de polimorfos. En ambos métodos, la
perdida o la ganancia de calor resultante de transiciones fi-
sicas 0 quimicas que se producen en una misma muestra se
registran en funcién de la temperatura a medida que la sus-
1ancia es calentada con una velocidad uniforme. Las transi-

ciones de las fases producen cambios entélpicos, endotérmi-
cos y exotérmicos. Por ejemplo, la fusién, la sublimacién, la
transici6n sélido-sélido y la pérdida de agua generalmente
provocan efectos endotérmicos. mieniras que la cristaliza-
cién produce efecto: é El andlisis térmico-per-
‘mite calcular los pardmetros termodindmicos para los siste-
mas evaluados. Es posible obtener calores de fusi6n y deter-
minar el indice de conversion de Jos polimorfos.

Dilatometria. La dilatometria mide el cambio de volu-
men causado por efectos 1érmicos o quimicos. Ravin y Hi-
guchi® vtilizaron la dilatometria para seguir el comporta-
miento de fusién del accite de (cobroma {cacao) a través de
Ia delerminaci6n de su volumen especifico répidamente ca-
tentado y enfriado en funcién del aumento de la temperatu-
ra. La presencia de la forma metaestable se expresé por una
contraccioén en el rango de la temperatura de 20 a 24°C. Es-
te fenémeno se ilustra en la figura 83-7. La dilatometria es
un método sumamente IMPreciso. Muy €ngorToso € insume
mucho tiempo. La dilatomeiria no se utiliza en forma gene-
ralizada,

El polimorfismo a veces sc estudia mediante reso-
nancia magnética con protones, resonancia magnéti-
ca nuclear y microscopia clectronica

Los polimorfos pueden clasificarse en uno de dos

porciona un registro permanenie que puede ser
en forma repetida,

Métodos en platina caliente. EJ microscopio de polari
zaci6n, equipado con una platina caliente o fria, es suma-
mente il para la investigacion de polimorfos. Un observa-

tipos: 1) Spico: una forma polimérfica puc-
de convertirse reversible en otra a través de una mo-
dificacién de la temperatura o la presién, por ejem-
plo, el azufre y 2) monotrépico: una forma polimér-
fica es incstable en cualquier condicién de tempera-

Endo —— JH— Exo

470 460 450 440 430 420 410 400 390 380 370 360 350 340 3N
Grados K

Fig. 83-8. Termogramas para las Formas 1,1+ y 11 de SK&F 30097.

tra y presién, por ejemplo, estearatos de glicerilo,
En condiciones dadas de temperatura y presién sola-
mente una forma polimérfica serd termodindmica-
mente estable. Sin embargo, pueden existir otras for-
mas metaestables en las mismas condiciones. Estas

formas bles se ¢ irdn en de
cristales estables con el transcurso del tiempo. La pri-
mera indicacién de la importancia de una transforma-
cién polimérfica en un sistema farmacéutico se ob-
serv6 con la novobiocina. Se noté que la forma amor-
fa de novobiocina se absorbia bien; sin embargo.

PREFORMULACION 2229
Forma |
°
5}
2 Forma I
2
s
E
Forma 1t
—_—
5 10 15 20 25 30
2 6 Grados
Fig. $3-9. Dil de rayos X para las Formas I, [* y IT de
SK&F 30097.

un sistema de disolventes discriminativos. La ﬁgur_a
83-11 ilustra los datos de disolucién para dos poli-
morfos de un derivado indélico que demostraron una
i i6n similar en el medio utilizado; sin embar-

cuando el era preparado en susp se
observaba una reversién de la forma metaestable en
una forma cristalina mas estable que determinaba una
absorcién deficiente. . )
Una vez determinado que una droga existe en mds

condiciones en las cuales puede producirse cada una
de esas formas. De este modo serd posible mantencr

diciones de cristalizaci6 en los dife-
rentes lotes para garantizar una materia prima \fylxifor-
me y aceptable. El disolvente de recristalizacion, la
velocidad de cristalizacién y otros factores pucden
determinar que predomine una forma de cristal. Du-
rante lai igacion iminar para estas
ici ¢s necesano las formas pre-
paradas. Por cjemplo, durante los trabajos prelimina-
res con un derivado del indol se utilizaron métodos
tales como i ia con rastreo di tal, and-
lisis con rayos X y analisis infrarrojo para establecer
la presencia de polimorfos y determinar que la prepa-
racién de estos compuestos podia llevarse a cabo en
forma satisfactoria. Las figuras 83-8, 83-9 y 83-10
ilustran los datos respectivos para arribar a esta con-
clusién. Cuando se muestra la presencia de polimor-
fos deben p icarse trabajos exper les para
determinar si las propiedades difieren 0 no en magni-
tud suficiente como para alterar el componamiento
farmacéutico o biolégico.

Las pruebas de disolucién pueden utilizarse en
una fase inicial para revelar diferencias en las solubi-
lidades de equilibrio aparentes siempre que se utilice

0, cuando se utilizé un medio de d'l_soluci()n discri-
minativo se logré demostrar diferencias en sus carac-
teristicas de disoluci6n. Este fenémeno se ilustra en
\a figura 83-12. A partir de los datos presentados pa-

- L - A
dc una forma cristalina es neccsario cstablecer las™ ra € Jerivado indolico, se llegd a la conclusién d

que no existirfan diferencias apreciables en la dispo-
nibilidad de las dos formas si se administraran por

Forma |
= Forma I
S
2
2
1
@
e
e
L Forma Il
! —
3 4 5 6 7 8 9 1011 1213 14

Longitud de onda, um

Fig. 83-10. Especiros infrarmojos de las Formas 1% y 1l de SK&F
30097
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 Formal
Suspension después de las 6 horas

Fig. 83-4. Microfologratias que ilustran ol cambio de 1a

Jos cristales paea una suspension de la Forma | de una droga expe-
rimentil

de una nueva entidad quimica. Si se presume que e
PH gistrico oscila entre 1 y 3y el del intestino del-
gado entre 5 y 8, en la mayorfa de los casos las dro-
gas dcidas (pK, 3) se absorberdn con mayor rapidez
en el estémago, mientras que las drogas m4s basicas
(pK, 8) to harén en el tracto intestinal. Sin embargo,
existen ex»cepciones. Algunos compuestos poseen ba:
jos coeficientes de panticién o se encuentran altamen-
te 30mudos dentro de la totalidad de espectro de pH
fisiolégico, pero de todos modos se asocian con un
buen grado de biodisponibilidad.

Polimorfismo

Un polimorfo es una fase cristalina sélida de un
) dado de la posibili de como
minimo dos i distintos de las molé

del compuesto en el estado sélido. La molécula pro-
piamente dicha puede ser de distinta forma en ambos
polimorfos, pero esta condicién no es necesaria y, en
realidad, ciertos cambios de forma conllevan a la for-
maci6én de moléculas diferentes y por lo tanto no re-
presentan polimorfismos. Los isémeros geométricos
0 los tautdmeros, aun cuando sean interconvertibles
en forma reversible, no pucden ser considerados po-
limorfos, aunque pueden componarse en forma muy
similar y crear confusiones.

Un criterio seguro para la clasificacién de un sis-
tema como poliméifico es el siguiente: dos polimor-
fos mostrardn diferencias en la estructura de los cris-
tales pero serdn idénticos en los estados liquidos o de
evaporacién. Al iguat que los polimorfos, los iséme-
105 d cos funden a di pero
arrojan productos fundidos de distinta composicién.
Con el curso del tiempo, cada uno de estos productos
fundidos llega a una mezcla en equilibrio de los dos
isémeros con composiciones dependientes de la tem-
peratura. Algunos casos publicados de polimorfismo
indudablemenie representan isomerismo dindmico,
dado que ambos sistemas se comportan en forma
muy similar.

El polimorfismo es la capacidad de cualquier ele-
mento o compuesto para cristalizar en la forma de
mds de una especie cristalina, por ejemplo, el carbon
en la forma de diamanie cdbico o grafito hexagonal,
Los distintos polimorfismos de un compueslo‘dado
en general son diferentes en estructura y propiedades
como los cristales de dos compuestos distintos. La
solubilidad, el punto de fusién, la densidad, la dure-
2a, Ja forma de los cristales, las propiedades épticas y
eléctricas. fa presion de vapor; 1 estabijidad, etc., va~
rian segun la forma polimérfica. En general deber
ser posible obtener distintas formas cristalinas de u
droga que muestre polimorfismo y de esa manera
modificar las propiedades de ese compuesto. Para
ello se requicre un conocimicenio del comportamien-
[ dg los polimorfos. Existen numerosas revisiones
relacionadas con el polimorfismo: ademds, en la bi-
bliografia aparecen numerosas indicaciones de la im-
portancia del polimortismo en Jos productos farma-
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Fig. 83-5. Cambio en ¢l recuenio acumulativo en funcion del tiem
po para una suspensién acvosa de la Forma 1 de wna droga experi-
mental.

céuticos. Se llevaron a cabo estudios extensivos de
polimorfismo con esteroides, barbitiricos, antihista-
minicos y sulfonamidas. La preformulacién generai-
mente incluye estudios rigurosos para determinar la
presencia de polimorfos en las nuevas drogas prepa-
radas para las investigaciones preliminares en anima-
les de experimentacion. Algunos de los pardmetros
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Diametro (um)

N L P—
30 60 90 120 150 180
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Fig, 83-6, Velocidad de crecimiento de la Forma | de una droga ex-
perimental en Suspension acuosa.

una muestra pequeiia, manteniendo el fundido durante apro-
ximadamente 30 segundos a aproximadamente 10°C por
arriba del punto de fusién; separar en forma cuidadosa el
compuesto evitando el shock fisico antes de observarlo y
enfriarlo con rapidez.

2. Calentar una muestra del compuesto sobre una placa
caliente y observar si durante el calentamiento se produce
una transformacion sélido-sélido.

3. Sublimar una pequena cantidad del compuesto ¢ in-
lenar inducir la transformacién entre el sublimado y ta
muesira original mezelando ambos compuestos cn una gota
de solucién soturada de uno de ellos. Si ambos son polimor-
fos, el més estable de los dos serd insoluble y crecerd a ex-
pensas de la forma metacstable més soluble. Este proceso
continuaré hasia que la forma metaestable sea transformada
en la forma estable. Si las muestras no son

investigados en forma rutinaria en la canti-
dad de polimorfos presentes, el grado relativo de es-
tabitidad de los diversos polimorfos, la presencia de
un estado vidrioso, la estabilizacién de las formas
metaestables, los rangos de estabilidad térmica para
cada polimorfo, las solubilidades, el método de pre-
paracién de cada forma, los efectos de la microniza-
ci6én o la preparacion de tabletas y la interacci6n con
los componentes de la formulacién.

La tarea inicial del preformulador consiste en de-
terminar si la sustancia quimica evaluada existe en
més de una forma cristalina. Por lo general se utilizan
jos siguientes procedimientos para inducir Ja cristali-
zacion én-forma metaestable:?

I. Fundir completamente una pequena cantidad de!

polimorfos, una de ellas puede disolverse pero a olra no au-
mentars. Si ambas formas son idénticas no se observaré nin-
guna modificacion.

4. Mantener €l exceso de compuesto en una pequeiia
cantidad de sofvente cerca de su punto de fusion. Aislar el
s6lido suspendido. Es importante adoptar precauciones a fin
de mantener la temperawra durante este paso. Evaluar el
material gislado con una muestra original wilizando el pro-
cedimiento descrito anies en el paso 3

5. Recristalizar €l compuesto de la solucién mediante
enfiiamiento rapido y observar una fraccion del material
precipitado suspendido en una gota del licor madre. La go-
ta ulleriormente puede ses sembrada con el compuesio ori-
sinal pora evaluar Ta transformacién de fase de a solocién.
Si el precipitado es un polimorfo diferente debe observarse
de fase en la solucion.

compuesto en un y observar la
entre polares cruzados. Si después de la congelacion espon-
tinea se produce una transformacion espotdned o inducida
por la siembra o ¢l raspado, es probable que del compuesto
existan como minimo dos formas polimérficas. Es esencial
prevenir la nucleacién de 1a forma estable induciendo un su-
perenfriamicnto. Este puede inducirse mediante ¢l uso de

una i

Una vez establecida la presencia de polimorfismo
se cuenta con procedimientos que permiten al prefos-
mulador preparar las diversas formas en mayores
cantidades para una evaluacién ulterior y adaptaci6n
para la incorporacién en formas farmacéuticas
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Fig. 83-11. Comportamicnic de disotucion de las Formas 1y 11 de
SK&F 30097 en el liquido gdswico anificial

via oral en una forma farmacéutica sélida. Pruebas
ulteriores en animales de experimentacién confirma-
ron esta conclusién. La ecuacién de Nernst relaciona
el aumento de la velocidad de concentracién con la
estabilidad de un sélido en disolucién y se expresa de
Ia siguiente- manera:

de AD
= = (C,-C) 3)
di Vit

en donde A es el drea de la interfase de disolucién del
s6lido, D es ¢l cocticiente de dilucion del soluto en el
disolvente, V es el volumen del disolvente, / es el es-
pesor de ta capa de difusién y C, y C, representan la
concentracién del soluto en condiciones de satura-
cién en el tiempo 1, respectivamente. La ecuacion se
reduce a:

dc AD

—— c. “)
di Vi

para las condiciones experimentales en donde C, >

(. Dado que D es una propiedad de la molécula de
soluto y del disolvente, este pardmetro es indepen-
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Fi Comporiamiento de disolucion de 1as Formas Iy Il de

SK&F 30097 en una solucion de etanol al 50%.

velocidades de disolucion de las distintas formas po-
limérficas. Entonces. la velocidad de disolucién es
directamente proporcional a C,: la solubilidad de sa-
turacion y las diferencias en la solubilidad puede re-
lacionarse con sus energias libres.

Se determind el comportamiento de solubilidad y
disolucién de varios polimorfos del palmitato de clo-
ramfenicol. Las figuras 83-13 y 83-14 ilustran los da-
t0s obtenidos a diversas
miento de disolucién muestra que los médximos valo-
res obtenidos representaron buenas aproximaciones de
Ja solubilidad de las diversas formas. En consecuencia,
fa obtencion de datos a diversas temperaturas permiti-
ria caleular las cantidades termodindmicas implicadas
en la transicién de la forma metaestable a la forma es-
table. En la figura 83-15 se ilustra un gréfico en el que
se relacionan los datos de solubilidad en funcién de la
temperatura en un trazado tipico de van't Hoff. La re-
lacién en linea recta penmite calcular los calores de fa
solucidn para las diversas formas y ademis, por extra-
polacién, determinar un valor aproximado de la tem-
peratura de transicion para las distintas formas. Estos
valores s¢ encuentran en el cuadro 83-1.7

A temperatura y presién constantes, pueden cal
cularse las diferencias de energia libre entre los poli-
morfos mediante la siguiente férmula:

.. C,Polimorfo A
AG, = RTEn - 220 (%)
C, Palimorfo B

" = T
0 20 40 60 80 100 120 140° 1603
Tiempo, min Dias

Fig.83-13. C isoluci polimorfo C del I
ramfenicol en alcohol +-butilico al 35% y en agua a 30°C, 20°C, 15°C
y 6°C. Simbolos: 30°C, 0—0; 20°C, B——; [5°C, A-—4: 6C, #—®.

las diferencias de energia libre, AG,. El cuadro 83-1
también incluye las diferencias de energfa libre cal-
culadas para los polimorfos. Los cambics de entalpia
también pueden determinarse para las diversas tran-
siciones mediante la sustraccién del calor de solucién
derivado de la forma estable det de la forma metaes-
table. Ademds, en ia de una P dada

PREFORMULACION 2231
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Fig. 83-14. Curvas de disolucion de los polimorfos A y B del pal-
mitato de cloramfenicot en atcohol r-builico al 35% y en agua a 30°
y 38°C. Simbolos: polimorfo A, 30"C. 0~~0; polimorfo B, 30°C.
A—A; polimorfo A, 38C. e~ polimorfo B, 38°C, e—e.

asociadas con alteraciones en'la uniformidad, el as-
pecto o la biodi: ibili las i
producidas durante la motienda o la granulacién que
alteran las caracteristicas fisicas y bioldgicas; una
farmacolégica i yla ili

7, la entropia para la transicién de polimorfos puede
evaluarse mediante Ja siguiente relacion:

AH,_, - AG,
AS, = — o (6)
7

Los valores calculados para las transiciones tam-
bién se encuentran en el cuadro 83-1. En presencia de
1a tlemperatura de transicion, AG, es igual a cero y es
posible calcular la entropia ignorando el 1érmino
energia libre en la ecuacion 6.

Las relaciones termodindmicas comentadas par-
ten de la premisa de que se cumple la ley de Henry.
El 3 de estas relaci ter ind

quimica deficiente representan problemas tipicos que
pueden ponerse de manifiesto después.

Solubilidad

Cuando se manejan nuevas drogas es sumamente
importante conocer algo acerca de sus caracteristicas
de solubilidad, especialmente en sistemas acuosos,
dado que esios compuestos pueden tener alguna solu-
bilidad acuosa insuficiente para inducir una respuesta
terapéutica. Ademds, la informaci6n de la solubilidad
es esencial para el desarrollo de un método de prucba
iscriminativo para la solucién. Cuando una droga
tiene una solubilidad acuosa menor de 1 mg/mL den-

permite al preformulador seleccionar en forma mds
racional la forma polimérfica més energética de la
droga investigada para estudios farmacolégicos ulte-

tro del rango de pH fisioldgico (1 a 7) puede existir
un problema de biodisponibilidad y deben iniciarse
estudios de preformulacion para minimizar este in-

riores y ademds contar con una evaluacion
de su probable estabilidad.

Cuando un grupo de preformulacién investiga de
manera inadecuada formas polimérficas de una dro-
ga pueden surgir problemas durante la etapa de desa-
rrollo. El crecimiento de cristales en suspensiones

c La i de equilibrio de ta droga
deberfa determinarse en un disolvente o sistema de
disolvente que no ejerza ningiin efecto téxico en el
animal de experimentacién. Para ello se eoloca un
exceso de droga en un frasco junto con el solvente. E}
frasco se agita a temperatura constante y fa cantidad

Cuadro 83-1. Valores termodindmicos calculados para los polimorfos A, B y C del palmitato de cloramfe-

nicol”
Temperatura de Calor
rransicion (*Ca  de la solucion 8815 88,
Polimorfo la forma A keatimol AG, calimol esu esut
A -— 218 — — —
B 88 154 -774 -18 -17
c 50 17.2 465 -13 14

P

diente de ta forma en estado sélido. Las condiciones
experimeniales pueden ser seleccionadas de manera sta ecuacion retaciona la solubilidad, C,, de las '
que A, V'y I se manteagan constantes para medir s formas polimérficas a una temperatura dada, 7, con

* Calculado para fa conversién al polimorfo A,




