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RESUMO
A nucleacdo heterogénea induzida por polimeros {PBHuma técnica
inovadora utilizada nostreening” de polimorfos na area farmacéutica.
Consiste em cristalizar o farmaco sobre diferemagizes poliméricas e
teve sucesso na descoberta de novas formas sdkdi@gmacos como a
carbamazepina, o sulindaco e o acido tolfenamicoprégesterona é
utilizada em humanos e em animais, administradadiéenentes formas
farmacéuticas, que podem ser preparadas cristdbizafiarmaco em uma
superficie polimérica. A progesterona apresenta flranas cristalinas: a
forma 1, que é termodinamicamente mais estavel, ferrma 2, é a
metaestavel e mais solivel. Apenas a forma eséuslada atualmente.
Neste trabalho contemplou-se a aplicacdo da técRitén para a
progesterona, com 0 objetivo de estudar a crisigfia polimoérfica e
determinar condi¢Bes para estabilizar a forma 2.ufiizado o vidro,
como controle, e seis polimeros: hidroxipropilmetdlulose (HPMC),
alcool polivinilico (PVA), poliisopreno (Pl), butasho/acrilonitrila
(NBR), dextrana e gelatina; trés concentracfesadndco: 0,5; 10 e 40
mg/mL e dois solventes: cloroférmio e acetona.it#tiido cloroférmio
obteve-se a forma 2, a partir de solugbes de 0/Bimgem quase todas as
matrizes. Mistura de polimorfos foi obtida nas sets condicdes: a) das
solucdes de 40 mg/mL em cloroférmio em PVA, HPM@etatina; b) das
solucdes de 10 mg/mL em cloroférmio em PVA, e erh@sros solventes
em HPMC, dextrana e gelatina; c) das solugbes Ben®@y/mL em
cloroférmio em gelatina, e em acetona em PVA, HP&1@extrana. Na
maioria dos polimeros os polimorfos apresentardenatites morfologias.
Realizou-se estudo de estabilidade polimérfica aland 2 obtida em
PVA, HPMC e dextrana, a partir de solucbes de 0B eng/mL em
cloroformio. No HPMC a forma 2 foi estavel por 3gee sob condi¢cbes
aceleradas de estabilidade (40°C, 75% UR), e no RVAextran a
estabilidade foi dependente da concentragdo. Arobgmlimorfos foram
caracterizados e as estabilidades no estado sdlidn avaliadas, sob
condi¢bes de estresse mecanico, ambiental e térjuitamente com a
avaliacdo da velocidade de dissolucdo intrinsedal)(\dos mesmos. A
forma 2 apresentou maior VDI, similar estabilidagigmica e maior
resisténcia a degradacao térmica que a forma Joriaf 2 apresentou
significativa instabilidade polimérfica com a moegeEsses resultados
apresentam-se interessantes para futuras aplickgfescéuticas.

Palavras-chave Progesterona. Polimorfismo em farmacos. Nucleacdo
heterogénea induzida por polimeros. Estabilizacé® fdrmas
metaestaveis.






ABSTRACT

PHYSICAL AND CHEMICAL STUDY OF PROGESTERONE
POLYMORPH AND STABILIZATION OF FORM 2 ON
POLYMERIC MATRIZES

Polymer-induced heteronucleation (PIHn) is a ndgehnique used in
polymorphic screening in the pharmaceutical fidlldat consists in
crystallizes the drug on different polymeric matsc It allowed to
discover new solid forms of drugs such as carbapiazesulindac and
tolfenamic acid. Progesterone is used in humansimrahimals, it is
administered in different dosage forms usually medestallizing the
drug on the polymers. Progesterone presents tvatatfiprms: form 1 is
thermodynamically stable and form 2 is the metdstabd more soluble
form. Nowadays only the stable form is used. Plidohhique was
applied in the study of progesterone polymorphsdétermine the
conditions to stabilize the metastable form. Six lypers:
hydroxypropylmethyl cellulose (HPMC), polyvinyl alcol (PVA),
polyisoprene (Pl), butadiene/acrylonitrile (NBR}xtran, gelatin and
glass as a control; three concentrations soluti@ris:10 and 40 mg/mL
and two solvents: chloroform and acetone were uSedm 2 was
obtained from 0.5 mg/mL solutions in chloroform &most all the
polymers. A mixture of polymorphs was obtained frdme following
conditions: a) from 40 mg/mL solutions in chlorafoon PVA, HPMC
and gelatin; b) from 10 mg/mL solutions in chlonefoon PVA, and in
both solvents on HPMC, dextran and gelatin; ¢) frden0,5 mg/mL
solutions in chloroform on gelatin, and in acetamrePVA, HPMC e
dextran. Both polymorphs exhibited differences iarpiology on the
different polymers. A stability study of form 2,tained from 0.5 and 10
mg/mL solutions in chloroform on PVA, HPMC and dext was
performed. On HPMC form 2 was stable for 3 monthdeu accelerated
conditions (40 °C, 75% RH) and on PVA and dextfam dtability was
concentration dependent. Both polymorphs were cheniaed,
including intrinsic dissolution rate (IDR) tests)caits stabilities in the
solid state were evaluated under mechanical, emviemtal and thermal
stress conditions. Form 2 presented higher IDR,ila&inchemical
stability and greater resistance to thermal degi@a¢han form 1. Form
2 showed significant polymorphic instability to mgling. These results
are important for future pharmaceutical applicagion

Keywords: Progesterone. Polimorphism in pharmaceuticalid State
chemistry. Polymer-induced heteronucleation. Ssflide stress study
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INTRODUGCAO GERAL

A propriedade de uma substancia sélida de existinais de
uma forma sélida é conhecida como polimorfismo. gadimorfos
apresentam diferencas nas suas caracteristicamsfig quimicas.
Algumas dessas caracteristicas incluem: solubiidadlocidade de
dissolucao, estabilidade fisica e quimica, higrpsigade e reatividade.
As diferencas na solubilidade sao de particulaomdmcia na industria
farmacéutica, podendo afetar a eficiéncia, biodigplidade e
toxicidade do farmaco (BYRN et al., 1999; CUFFINAIITAULGA;
TOMBARI, 2009; HUANG; TONG, 2004).

A ocorréncia do polimorfismo e das transformactes
polimorficas em farmacos no processo de producdn wdo
amplamente estudada (BRITTAIN, 2012; FUJIWARA et, &005;
HUANG; TONG, 2004; LIN et al., 2006; ZHANG et aRp04). Para
evitar esses riscos a melhor pratica € realizar sameening de
polimorfos, antes de prosseguir com testes de quredlacdo e
comercializacdo do produto. O objetivo do screeringerar, isolar e
caracterizar todas as possiveis formas sélidasadonato (AULTON,
2002).

Novas metodologias de cristalizacdo tém sido dedeidas na
procura e controle do polimorfismo. Mais recentetmes técnica de
nucleacdo heterogénea induzida por polimeros (Rolmduced
heteronucleation, PIHNn) tem demostrado sucesseseoberta de novas
forma sdlidas de farmacos como a carbamazepina GAKAMPF,;
MATZGER, 2002), o sulfametoxazol (PRICE et al., 20® sulindaco,
o flurbiprofeno (GRZESIAK; MATZGER, 2007), e o aocidolfenamico
(LOPEZ-MEJIAS; KAMPF; MATZGER, 2009b). Neste métodm
farmaco é cristalizado sobre superficies polimérigélizando alguma
das técnicas tradicionais de cristalizacdo (RODREZSPONG et al.,
2004).

A progesterona apresenta dois polimorfos, a formaé 1
termodinamicamente estavel a temperatura ambientgressao
atmosférica; a forma 2 € metaestavel sob as mesioadicdes
(DEFOSSEMONT et al., 2004). Estudos recentes iz com a
progesterona demonstraram a presenca da formanti@ueaistalizada
em polidimetilsiloxano. Entretanto foi observadastmia das duas
formas polimérficas quando cristalizada em polisop (PI)
(HEREDIA et al., 2009). A progesterona apresenteeseo um farmaco
modelo interessante para a aplicacdo da técnicanudeacao
heterogénea induzida por polimeros.
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Neste trabalho, foi realizada uma caracterizacdoptzia do
estado sdlido incluindo a determinacdo da Veloaddd Dissolugéo
Intrinseca (VDI) para ambos os polimorfos da prtggesa. O trabalho
contemplou, também, o estudo de estabilidade gaindcestado sdlido
e em solucdo. Este Ultimo foi realizado com o totule otimizar e
validar o método analitico indicativo de estabilida

Realizaram-se experiéncias de cristalizagcdo coméaida
propriamente dita, em trés concentragbes do farmdé&n 10 e 40
mg/mL; em dois solventes: cloroformio e acetonal&es seis matrizes
poliméricas: hidroxipropil metil celulose (HPMC),olwinil alcool
(PVA), poliisopreno (Pl), butadieno/acrilonitriladNBR), dextrana e
gelatina. Caracterizaram-se as amostras obtidasretagdo a forma
cristalina presente nos filmes poliméricos.

Finalmente, o estudo de estabilidade fisica e piofica
contemplou a avaliacdo da transformacéo do polimosetaestavel para
0 estavel. Também se avaliou a transformacéo dete @ misturado
com a forma 1 e verificou-se a estabilidade da #o2rcristalizada nos
polimeros e na auséncia destes.

Esta dissertacdo esta apresentada em forma delegpiom a
seguinte estrutura: Capitulo 1- Revisdo biblioggfi Capitulo 2-
Caracterizacdo dos polimorfos de progesteronajt@a3- Estabilidade
fisica e quimica da progesteron&apitulo 4- Cristalizacdo da
progesterona sobre matrizes poliméricas, paranfigaie concluir o
trabalho com a discussao geral, conclusdes e sggutivas a futuro.
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OBJETIVOS

Objetivo Geral

Realizar a caraterizacdo fisico-quimica dos polioasorda

progesterona e aplicar a metodologia deréening” de polimorfos
utilizando a técnica de nucleacao heterogénea i@ymor polimeros
para determinar as condicbes de cristalizacdo apdas para
estabilizar a forma mestaestavel sobre matrizempntas.

Objetivos Especificos

Avaliar as propriedades do estado solido dos pofosoda
progesterona;

Determinar a estabilidade quimica dos polimorfos da
progesterona e a estabilidade polimérfica da foomstalina
metaestavel;

Estudar diferentes condi¢cdes de cristalizacdo dagesterona
em diferentes solventes e sobre diferentes mafpizkpéricas,
realizando um screening’; aplicando a técnica de nucleacgéo
heterogénea induzida por polimeros;

Identificar as diferentes morfologias adotadas pelalimorfos
da progesterona obtidos da cristalizacdo sobre izeatr
poliméricas de diferentes solventes.

Estabelecer solventes, concentracdes e matrizesépmas que
estabilizam a forma metaestavel ou forma 2.






CAPITULO 1: REVISAO BIBLIOGRAFICA
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Esta revisdo sera dividida em duas partes, na pame
descrevem-se as caracteristicas do estado solitionitio as técnicas
analiticas empregadas na caracterizacdo do esflido. Na segunda
parte apresenta-se a progesterona como farmacscdiha para uso da
técnica PIHnN.

1.1 O ESTADO SOLIDO E OS SOLIDOS CRISTALINOS

A matéria classifica-se convenientemente em tréades:
solido, liquido e gasoso. Estes estados apresafifarentes niveis de
mobilidade dos 4tomos ou moléculas. No estadosélda mobilidade
limita-se as oscilagdes em uma posicao fixa, idaeem uma estrutura
rigida conhecida como rede. Com base na estrutteana os soélidos
sdo classificados em soélidos amorfos e solidogatiries (MULLIN,
2001).

Os solidos cristalinos estdo formados pela repetiegular e
indefinida, nas trés dimensbes do espaco, de wsdadtruturais
idénticas chamadas de célula unitaria. A célulatatini apresenta
orientagdo, dimensdes e volume definidos, e com&ratomos ou as
moléculas necessarias para gerar o cristal (VIPPRGAJet al., 2001).

Cada cristal pode ser classificado em uma das Ssedade
células unitarias ou sistemas cristalinos (Quadi€idgura 1). Os grupos
espacias mais comumente encontrados nos farmagesmandem aos
sistemas cristalinos: triclinicos, monoclinicosr®wdmbicos (BYRN et
al.,, 1999). Esses sistemas estdo definidos pelaca®l entre as
dimensdes individuaia, b, ce entre os angulos individuais 8, y da
célula unitaria (VIPPAGUNTA et al., 2001).



36

Quadro 1 — As redes de Bravais com o respectitensss cristalino definido

pela célula unitaria.

Sistema cristalino | Tipos de Rede Dimensdes| Angulos da
da célula célula
unitaria unitaria
CUBICO Clbico primitivo P) | a=b=c a=p=y=90°
Cubico corpo centradg
0]
Cubico face centrada
(@)
TETRAGONAL Tetragonal primitivo | a=b#c¢ a=p=y=90°
(P)
Tetragonal corpo
centrado )
ORTORROMBICO| Ortorrémbico atzh#c a=p=y=90°
primitivo (P)
Ortorrdmbico corpo
centrado ()
Ortorrdmbico face
centradalf)
Ortorrdbmbico base
centrada()
ROMBOEDRICO/ | Trigonal/romboédrico| a=b=c¢ a=p=90°
TRIGONAL primitivo (P) v #90°
HEXAGONAL hexagonal primitivo | a=b#c a=p=90°
(P) y=120°
MONOCLINICO Monoclinico primitivo | aZzb#¢ a=y=90°%#p
(P)
Moniclinico base
centrada (C)
TRICLINICO Triclinico primitivo azb#c o # B#y #90°

(P)

Fonte: Adaptado de HAMMOND, 2009; MULLIN, 2001; BRTAIN, 1999.
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b [ ]
a ka7
a
]
Simple Simple Simple Simple

cubic (P) tetragonal orthorhombic monoclinic

(P) (P)

20°)

a a

—
A

Triclinic Rhombohedral Hexagonal
(P) (R)

Figura 1 — Os sete sistemas cristalinos.
Fonte: HAMMOND 2009

Na teoria da rede espacial considera-se esta comartanjo
regular de pontos nas trés dimensdes, cada popt@semta uma
unidade estrutural e deve ter um ambiente idéntimm 0s pontos
restantes. Existem 14 tipos basicos de rede qusegoam essa
homogeneidade e sdo conhecidas como redes de Br&sas redes
podem ser classificadas dentro dos 7 sistemaslorest com base na
sua simetria. Existem somente 14 redes basica® p@&iveis grupos
espacias nos quais as estruturas cristalinas pagentepresentadas
(MULLIN, 2001).

As forcas responsaveis pela formacéo do arrargjalae das
moléculas no cristal sdo, no caso das moléculadnmas, interacdes
nao-covalentes, como as eletrostéaticas, ligacoeadegénio, forcas de
van der Waals e dipolo-dipolo (BYRN et al., 1999).

1.1.1 Classificacédo dos sélidos farmacéuticos

Cuffini e colaboradores (2009) sugerem a classifioados
solidos farmacéuticos em monocomponente e multiooigpie. Como
seu nome indica, 0s monocomponentes sao aquelesomi@m um
Unico componente (o farmaco) na estrutura crigtalimcluem os solidos
anidros e, dentro desta classificacdo, os dessshsdmorficos sdo um
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caso particular de anidros. Dentro dos multicomp®@®encontram-se
0s solvatos, os sais e 0s co-cristais. Os hideftosim tipo particular de
solvatos, nos quais o solvente incorporado na tesiricristalina é a
agua. Na figura 2 observa-se esquematizada esssifickEcao.

Independentemente da classificacdo, esses sol@psanhecidos de
maneira geral na industria farmacéutica como fors@glas e todas
elas, com excec¢do dos soélidos amorfos, podem apaegmlimorfismo

(CUFFINI; PITALUGA; TOMBARI, 2009).

/N G )

I Farmaco

Cocristal Amorfo
\ (] Molécula /

de solvente

M sase
(u)d ()| A EE. _..‘.:.‘.‘
al

‘ Farmaco
protonado

mmmm Molécula

néo volatil
/ Farmaco \
- - despicionaco O mm © mm
. - OmmOumOmm

\ Desolvato Solvato /

Figura 2 — Esquema de classificacdo dos solidosafe&uticos.
Fonte: Adaptado de CUFFINI; PITAULGA; TOMBARI (208 BRAGA et
al. (2010).

1.1.1.1 Polimorfismo

Polimorfismo é a habilidade de uma substancia aquindie
cristalizar-se em mais de uma forma cristalina,dseque a
diferenca entre elas é o arranjo e/ou conformad@ocedte dos
atomos ou moléculas na rede cristalina. Essas foomstalinas
sdo chamadas de polimorfos (GEOFF et al., 2009).aida
farmacéutica essas substancias soélidas podennserfdaamacos
guanto excipientes. Apesar de ter a mesma compogigaica,
0s polimorfos apresentam diferencas na estrutui@nia do
cristal, portanto, apresentam diferencas nas poades fisico-
quimicas (VIPPAGUNTA et al, 2001). De particular
importancia na industria farmacéutica sao as dif@e de
solubilidade, as quais podem afetar a eficacia e
biodisponibilidade do farmaco (HUANG; TONG, 2004)s
efeitos nas propriedades fisico-quimicas estdo amgite
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documentados na literatura (BRITTAIN, 2012; AALTONEt
al., 2009; CUFFINI; PITALUGA; TOMBARI, 2009; BYRNte
al., 1999) e resumidas no quadro 2.

Quadro 2 - Resumo das propriedades fisico-quimiaéetadas pelo
polimorfismo.

Propriedades Diferencas

Empacotamento Volume da célula unitaria (apenasdsrcristalinas)
densidade, indice de refragao, condutividade té&rmic
e elétrica, higroscopicidade e cor.
Termodinamicas Temperaturas de fus@o e sublimag@ogia interng
e entropia, capacidade calorifica, potencial quinei¢
energia livre, atividade termodinamica, pressao| de
vapor e solubilidade.

Espectroscopicas TransicOes eletrdnicas (espedtr¥it), transicdes
vibracionais (espectros IV e Raman), transicpes
rotacionais (espectro IV-distante ou microondas),
transicespinnuclear (espectros RMN).

Cinéticas Velocidade de dissolucao, velocidade edgédo dog
estado sdlido, estabilidade.

Superficiais Energia livre de superficie, tensopterfaciais €
habito cristalino (ou morfologia).

Mecéanicas Dureza, resisténcia a tracdo, comphddte,

tableting fluidez e mistura.
Fonte: Adaptado de AALTONEN et al., 2009 e CUFFIRITALUGA;
TOMBARI, 2009.

1.1.1.2 Polimorfismo na industria farmacéutica

Segundo a FDA, para a indastria farmacéutica séeiderados
polimorfos de um insumo farmacéutico ativo (IFA) &srmas
cristalinas, as amorfas, os solvatos e os hidrd®suma mesma
substancia ou farmaco. Devido a essa diferenciagddefinicdo do
polimorfismo é utilizado o termo polimorfo verdaaepara se referir as
formas cristalinas, e pseudopolimorfos para asdsreblidas restantes
(FDA, 2007).

Para a industria farmacéutica, os polimorfos vezitad e o0s
hidratos desempenham um papel especial entre a$ve@issformas
sélidas, uma vez que estas sdo as mais comumernateas nos
produtos finais (HILFIKER et al., 2006a).

O polimorfismo na indastria farmacéutica € muitmam.
Cerca de 90% dos farmacos sdo moléculas pequeess fpolecular
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menor a 600g/mol), e 32 a 51% dessas moléculasseayiaen
polimorfismo. Considerando os solvatos, esse \@lopntra-se entre 56
e 87% (HILFIKER; BLATTER,; et al., 2006).

Alguns farmacos apresentam maior susceptibilidafflaraacao
de polimorfos. Estima-se que aproximadamente 658tsdHonamidas
comerciais e 70% dos barbitdricos exibem variam#ar polimérficas
(ATTWOOD, 2008).

As formas polimérficas podem aparecer em qualqtegsaedo
processo de producdo de farmacos, tais como: lzdgao, moagem,
liofilizagdo, “spray drying”, dispersdo sélida, gtdacdo via Umida e
armazenamento acelerado (YU, 1998). O estressaa@ gubmetida a
rede cristalina do soélido pode causar aumento sardem dessa rede
cristalina, ocorrendo transformacdo de fases (XEBNTA et al.,
2001).

Devido a possibilidade de identificacdo dessa toamacdo em
etapas posteriores ao desenvolvimento do produtitaléo “screening”
do estado sélido e o controle de qualidade duremias as etapas de
producao das formas farmacéuticas.

1.1.2 O “screening” de polimorfos

Segundo Aaltonen e colaboradores (2009), a atieidgdgerar,
isolar e analisar diferentes formas sélidas de fe#nd conhecido como
“screening” de polimorfos. O processo tem como tolgeobter a forma
sélida mais adequada de um IFA que possua as reslbaracteristicas
para o desenvolvimento de formas farmacéuticaduilos diferentes
processos de preparacdo de formas solidas, comaapasterior
caracterizacao do estado solido (AALTONEN et #09.

Atualmente diversas pesquisas tém utilizado progsapara
predicdo de polimorfos de um IFA, assim como teto siesenvolvidos
e aperfeicoados novos programas. A técnica comiputdcainda nao
atende as necessidades da industria farmacéutas,pode fornecer
informacdes interessantes para orientar o “scrgénégxperimental
(LANCASTER et al., 2006; PRICE, 2004; RODRIGUEZ-S#®et al.,
2004).

O “screening” de polimorfos de forma experimentalirda
exigéncia do ICH para o desenvolvimento de novoadéos, conforme
descrito no guia Q6A (ICH, 2000).
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1.1.2.1 Preparacéo de formas sélidas

Os métodos classicos de obtencdo de formas sdilasa
cristalizacdo, a sublimacao, a precipitagdo, astoamacoes induzidas
pelo calor e os tratamentos mecéanicos, como a modde procura de
novas formas solidas de um IFA tém sido desenvadvitEcnicas
inovadoras baseadas naquelas anteriormente citadaspmbinacdes
delas. Dentre os métodos de obtencdo dos sdlidosnteznente
utilizados na industria farmacéutica encontrameasalessolvatacéo, a
liofilicdo e a nebulizacdo, que séo variacOes eatmistalizacdo e as
transformacdes induzidas pelo calor (AALTONEN et2009).

Historicamente na industria farmacéutica, a diistedo tem
sido a operacdo de separacao e purificacdo martiampe (PAUL et
al., 2005). As condigbes em que ocorre este procdsterminam as
propriedades do cristal. Dentre elas destacampsgeza do produto, o
tamanho e distribuicdo do habito cristalino e anfmpolimorfica (Y Uet
al., 2007). A cristalizac&o pode ocorrer a partisdbstancia fundida ou
a partir do solvente. Considerando o tema de isderalo presente
trabalho, sera abordada, a seguir, apenas a icagstb a partir do
solvente.

1.1.2.1.1 Cristalizacéo a partir do solvente

A cristalizacdo a partir do solvente consiste essalver a
substancia de interesse em um solvente e redezig)glima forma, a
solubilidade da substancia no solvente, até obtedg&dlido desejado
(BYRN et al., 1999). Os métodos mais comumenteizatibs na
industria farmacéutica para atingir essa reducacsalabilidade s&o
apresentados no quadro 3. Embora algumas dasaé@peesentadas no
guadro 3 sejam estritamente processos de preéipitap contexto da
indUstria farmacéutica e desta dissertacdo em cphkatj serdo
consideradas técnicas de cristalizacéo a parsobente.
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Quadro 3 — Técnicas de cristalizacdo comumentézadis na inddstria
farmacéutica

Técnica de cristalizacdo
Evaporacdo do solvente
Resfriamento da solucao
Semear uma solugdo supersaturada com cristaisrda &dlida
desejada
Frezee drying (incluindo mistura de solventes)
Adicdo de antisolventes
Eliminagéo de sal
Mudancas de pH
Adicdo de um reagente para obtencéo de um sal@cwwuposto
TransicOes de fase deliberadas nos processosrde Euado ou
secado
Adicdo simultdnea de duas solu¢des
Fonte: adaptado de AALTONEN et al., 2009 e BYRMNIgt1999

Independentemente da técnica de cristalizacdo gauseo processo
consiste de trés passos basicos: supersaturagd@agao e crescimento
(MULLIN, 2001).

Supersaturacao

O estado de um sistema onde a fase soélida estqeiitbeo

com a fase em solucdo é conhecido como saturagsaie Nstado a
solucdo nado solubiliza mais o sélido, nem permiterascimento dos
cristais. A concentracdo da solucdo saturada repieso valor da
solubilidade da fase cristalina. SolugBes diluidasn concentracdes
abaixo do valor de saturacdo, sdo chamadas daiiadat e nelas é
possivel a solubilizagdo do sélido. Entretantocascentracdes com
valores acima da saturagdo s&o solugbes supetsmureEsta
concentracéo é indispensavel para promover o anestd dos cristais.
No entanto, solu¢des supersaturadas podem permaressa condi¢ao
sem formar cristais. Somente quando existe uma fowgiriz que faz o
sistema se afastar do equilibrio é que se formaniiteo, e comeca o
crescimento do cristal (ICHIRO, 2004).
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Nucleagéo

O primeiro passo para a formacao de cristais & pl@ruma solucao
supersaturada é a formagdo de um nucleo viavel. dasr dizer um
numero critico de moléculas ordenadas, do tamarihonm da célula
unitaria, que atuam como centros de cristalizaddoucleacdo pode
ocorrer espontaneamente ou pode ser induzidacitftifiente (BYRNet
al., 1999).

* Nucleacéo primariapode ser homogénea ou heterogénea. Quando

a formacao do nucleo viavel na solucdo se da umictera partir do
sélido dissolvido, ou seja, de maneira espontaaeaicleacdo é
homogénea. Se, ao contrario, a nucleagdo é indppidparticulas
externas a solucdo, que atua como nucleo, ela érobgénhea
(MULLIN, 2001).

« Nucleacdo secundariaocorre quando ja existe na solucdo cristais
do sdlido ou eles séo adicionados deliberadameatssotucao.
Inclui cristalizacdes sucessivas ap6s o cristahéalo e adicdo de
ndcleos ou sementes da forma cristalina desejadtugdo (BYRN
et al, 1999).

Crescimento

O crescimento do cristal é o nascimento e deseimvehto de
uma fase sélida ordenada a partir de uma fase dissada e irregular
que pode ser considerada uma transicdo de fasendeirp ordem. O
crescimento comeca uma vez formado o nulcleo viaeelsolucao
supersaturada até obtencé@o dos cristais de tamasivel (ICHIRO,
2004).

1.1.2.1.2 Técnicas de cristalizacdo inovadoras no “screeniag’
polimorfos
Serdo descritas cinco técnicas mais recentes deetsng” de
polimorfos voltadas para a industria farmacéutisaduas primeiras sao
modificagcbes da cristalizacdo classica e as outiiimam a cristalizacéo
convencional, porém atuam no processo de nuclga@gioTONEN et
al., 2009; RODRIGUEZ-SPONG et al., 2004).

Cristalizacdo de alto desempenho (High throughpuotstallization
method): Esta técnica consiste em utilizar todas as possivei
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combinacdes de temperatura, concentracdo e mistieasolventes
produzindo, assim, milhares de condi¢es. E umadg&automatizada
que geralmente requer hardware e software para, garaazenar e
analisar os dados obtidos. Normalmente utiliza lacognto de técnicas
Opticas e de espectroscopia Raman para caractwizdgs cristais
obtidos (MORISSETTE et al., 2004).

Cristalizacdo em capilares (Capillary growth method cristalizacdo é
realizada dentro de um tubo capilar de 1.0 mm d@eneliro, requer
volumes muito pequenos e pouca quantidade de rdasszbstancia em
estudo para atingir a supersaturacdo. Outra vantdgssa técnica é que
utiliza difracdo de raios-X de pé ou difracdo desaX de monocristal
para a caracterizacdo dos cristais, sem remocaacrtais do capilar
(RODRIGUEZ-SPONG et al., 2004).

Nucleag&o induzida por laser (Laser-induced nudtegt A solucéo
supersaturada é irradiada com um laser com o ptopdes diminuir a
barreira energética necesséaria para a formacdo Udteon viavel,
afetando, desta forma, a velocidade de nucleaE&dJdl et al., 2011).

Nucleagdo heterogénea  sobre superficie de  monakrist
(Heteronucleation on single crystal substrate$)esta técnica sdo

utilizados monocristais de outras substéncias arg&rou inorganicas

como substratos para a cristalizacdo da subst@eidnteresse. A

superficie orienta o crescimento do cristal uma gyee alinha os

parametros de rede da substancia (MITCHELL e2a0}).

Nucleacdo heterogénea induzida por polimeros (Pehimduced
heteronucleation PIHn):Neste método se utiliza uma biblioteca de
polimeros, ou seja, uma selecdo de diferentes ealdrguimicamente
diversos, nos quais sdo realizadas as cristalizagdesubstancia de
interesse se cristaliza por qualquer técnica casieeal de cristalizagao,
na presenca dos polimeros que funcionam como rsickeanudado
unicamente o substrato sobre o qual é cristalipai@mmaco. (PRICE et
al., 2005; RODRIGUEZ-SPONG et al., 2004).

1.1.2.1.3 Atécnica PIHn na area farmacéutica
A técnica foiintroduzida como um método eficiente para a
producéo seletiva de polimorfos, ja que tem coni@iggia influenciar
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no processo de nucleacao utilizando o polimero aofeteo. O método
também demonstrou ser adequado para a obtenca@rmtEnistais, o
que facilita a posterior determinagédo da estrutuistalina. A técnica
pode ser utilizada em uma ampla variedade de sistenpermite fazer
variacdes tanto do polimero (que atua como nugjeahto do solvente,
da temperatura, da concentracdo e qualquer outrwligdm da
cristalizacdo (LANG; GRZESIAK; MATZGER, 2002a).

Foi primeiramente aplicado a carbamazepina e ao
acetaminofeno utilizando uma biblioteca de 84 peltra diferentes. No
caso da carbamazepina foi descoberto o IV polimaftavel a
temperatura ambiente (LANG; KAMPF; MATZGER, 2002)para o
acetaminofeno foi possivel obter o polimorfo Il artp de solucdes
aquosas (LANG; GRZESIAK; MATZGER, 2002b).

Posteriormente, essa técnica teve sucesso na abtels; 6
polimorfos do  5-metil-2-[(2-nitrofenil)amino]-3-tfenecarbonitrila
(ROY). Esta substancia é um intermediario na sntizs olanzapina e
representa um desafio quando testadas novas negatol de
“screening” de polimorfos, pois seus 6 polimorfgsegentam cores e
hébito cristalino bem diferenciados, o que facifitadentificacdo por
espectroscopia Optica (PRICE et aD05).

Outros farmacos foram utilizados para testar ai¢acRIHnN,
dentre eles cita-se o sulfametoxazol, o flurbipnofeo sulindaco e o
acido tolfendmico. Para o sulfametoxazol foram olesdos 2
polimorfos (PRICE et al., 2005). No caso do flurbfpno, o polimorfo
[l foi produzido em grandes quantidades, foi pasistleterminar sua
estrutura cristalina e um novo hidrato desse faomembém foi
descoberto. J4 para o sulindaco foi obtido o mastatido polimorfo |,
que teve sua estrutura cristalina determinada edéscoberto o
polimorfo IV (GRZESIAK; MATZGER, 2007). Trés nova®rmas
sélidas do &cido tolfenAmico foram descobertasizatiio esta
metodologia (LOPEZ-MEJIAS et al., 2009).

Mais recentemente a PIHn vem sendo utilizada caresso na
elucidacdo estrutural de proteinas, o que repr@semia ferramenta
importante no design de farmacos que possam secialiados aos
sitios especificos dentro da proteina (FOROUGHI akt 2011;
GRZESIAK; MATZGER, 2008).

1.1.3 Técnicas de caracteriza¢do do estado sélido

Nesta secdo sdo apresentadas as principais técdieas
caracterizacdo do estado sélido empregadas nooestodracterizacéo
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de polimorfos. A FDA, no seu guia para a indust@nsidera a difracédo
de raios-X de p6 como prova inequivoca da existédeipolimorfismo.
Contudo, menciona outras técnicas que podem farnefemacao
adicional Gtil para uma caracterizacao completamssnorfos (FDA,
2007).

1.1.3.1 Difracao de raios-X de p6 (DRXP)

Esta técnica fornece informacg6es da rede cristakmao entdo
a técnica primaria na determinacao de formas bratade um IFA
(BUGAY, 2001). O método requer pequena quantidadsutbstancia e
pode ser aplicado a qualquer amostra em p6 (BYRIN,€t999).

Os materiais cristalinos possuem seus atomos aidenam
uma rede tridimensional que se repete periodicar@nte é conhecida
como estrutura cristalina (VIPPAGUNTA et al., 200Messe arranjo
periédico dos atomos é possivel construir conjudglanos paralelos
entre si, com distancias interplanares (d) da mesuolem de grandeza
que o comprimento de onda dos raios®. (A difracdo de raios-X
ocorre apenas quando o angulo entre o raio e aonge planos no
cristal satisfazem a lei de Bragg (Equagédo 1):

2d,,,send =n/ Equacéo 1

onded é o angulo entre o raio e o plano (Angulo de ¢lifsg en é um
numero inteiro (figura 3) (CULLITY; STOCK, 2001).

Os conjuntos de planos no espaco se definem medisdg
numeros inteiros chamados de indices de Millgdl) (e o espaco
interplanar especifico para cada conjunto de plaaoalelos se indica
como dy. Para cada conjunto de planos no cristal existénguolo de
difracdo de Bragg associado para cadespecificado (DINNEBIER;
BILLINGE, 2008).
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Figura 3. Feixe de raios-X formando um andutmm o conjunto de planos.

Fisicamente o processo consiste na dispersdo masXgelas
nuvens eletrénicas que rodeiam os atomos de cada plo cristal. A
intensidade da radiacdo difratada depende da delesieletronica dos
atomos nos planos que produzem a difracdo. O patkradifracdo é
obtido como resultado das interferéncias constati® destrutivas da
radiacdo dispersada pelos atomos. Consiste em én®& de picos
detectados a vérios angulos de difracdo que s&rndatdos pela
rotacdo da amostra (PECHARSKY; ZAVALIJ, 2009). EBsgécos ou
reflexdes identificam-se pela sua posicdo em valdeedngulo @ ou

de distancia interplanar {g e pela sua intensidade. Sendo que cada

substancia pura ou composto cristalino apresenta determinada

distribuicdo periodica em sua estrutura cristabnpadréo de difracéo
gera um unico conjunto de reflexdes associadas @nioo padrdo de

difracdo caracteristico que € considerado uma ssare digital do

sélido cristalino (FAUDONE, 2009). Esse padrao eciristico tanto

nas posicdes das reflexdes quanto na intensiddds. dentretanto, as
intensidades podem variar entre amostras, depeodngdreparacdo da
amostra e condi¢des instrumentais. Segundo a Fapdiacamericana a
identificacdo de formas cristalinas pode ser f@tda posicdo das
reflexdes comparadas com as de um padréo de diftg@eferéncia e
para que duas formas cristalinas sejam consideradasesma, as
posicdes ndo devem variar mais de +0,2° (USP, 3012a

1.1.3.1.1 Orientacao preferencial

A condicdo ideal para a difracdo de raios-X deoglrre
guando a amostra apresenta uma distribuicdo akeatis planos
cristalograficos em posicdo de difragdo. As vezda situagdo nao é
atingida devido as morfologias das particulas quslggiam alguns
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planos cristalograficos em preferéncia a outromac@or exemplo no
caso de plaquetas, agulhas e crescimentos epmtaflANNEBIER;
BILLINGE, 2008).

Um caso extremo de distribuicdo ndo aleatéria digtgatitos é
conhecido como orientagdo preferencial. A compardgd intensidades
de um padrao de difragdo com distribuicdo aleatérimutro que
apresenta orientacdo preferencial podem-se mostrampletamente
diferentes (SCINTAG INC, 2012) em relacéo as intades relativas
das reflexdes, entretanto a posicdo das mesmasa@demte. A figura
4A apresenta diferentes graus de orientacdo prefatede zeolitas
preparadas por crescimento secundario e a figuraméBtra uma
microfotografia delas com o diagrama proposto bhaefiobtido.

(101} [002]

(101)

Intensity

A

Figura 4. Zeolitas preparadas por crescimento skcim (A) Difratogramas
com diferentes graus de orientacdo preferenciaB)e Microfotografia e
esquema do filme obtido.
Fonte: GOUZINIS, 1998.

A orientacdo preferencial pode ser determinada
experimentalmente usando um goniémetro de difralfigaios-X de
textura (X-ray diffraction texture goniometer). Ni@gura 5 sé&o
apresentados os difratogramas @loc manitol em comprimido e da
matéria prima em poé utilizados por Koivisto et &004) para
caracterizar a orientacdo preferencial dos crisglloo - manitol em
comprimidos.
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Figura 5. Difractogramas do. - manitol comprido e pd, utlizados para
determinar a orientacao preferencial.
Fonte: KOIVISTO et al., 2004.

As andlises quantitativas que sédo dependenteslalzioede
intensidades sdo grandemente distorcidas por estankeno. Existem
varios métodos para evitar a orientacdo prefergnoim deles € a
preparacéo correta das amostras que inclui a moatgem obtencéo de
um po6 fino e posterior peneirado. Porém, esta modigh é
desaconselhada para farmacos devido as caractsistisicas da
amostra, podendo inclusive provocar transformacpemorficas
(BRITTAIN, 2012; LIN et al., 2006).

Entre tanto, a orientacdo preferencial é procueadaalgumas
areas como na engenharia de materiais, para d@saspecificas. Por
exemplo, a orientacao preferencial do grafite éaith com o intuito de
aumentar a sua condutividade térmica para uso eposgitivos
eletrénicos de menor tamanho (YUAN et al., 2012).

1.1.3.2 Métodos térmicos

Dentre os métodos térmicos mais utilizados na smatie
sélidos e, em particular na indastria farmacéutieacontram-se a
Termogravimetria (TGA) e a Calorimetria ExploragdrDiferencial
(DSC). A Termogravimetria determina mudancas nasenade uma
amostra quando submetida a variacdes de temperati€alorimetria
Exploratéria Diferencial mede as diferencas de twatpra entre a
amostra e uma substéncia de referéncia quandonécfdo calor no
sistema, fornecendo assim, informacfes de difeserd@ entalpia
(BYRN et al., 1999).

Os métodos térmicos podem ser utilizados para epZadi da
pureza, porcentagem de cristalinidade, polimorfismgrau de
solvatagdo, degradagdo de um IFA assim como pamedoesde
compatibilidade (GIRON, 2004).
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1.1.3.2.1 Calorimetria exploratoria diferencial (DSC)

Esta técnica permite medir a diferenca de fluxaaler entre a
amostra e um material de referéncia inerte, eméuip tempo ou da
temperatura, que corresponde a uma medida de naidangntalpia ou
na capacidade calorica da amostra. Como resultattidd um gréafico
ou curva DSC (BROWN, 2004).

Dependo da mudanca fisica ou quimica experimenpedia
amostra durante o processo de aquecimento ouaresfnio controlado,
serdao refletidos na linha de base como eventos té&maoos,
exotérmicos ou desvios. Os eventos endotérmicoeesgmndem a
fenbmenos de absorcdo de energia como, por exefoplm, ebulicdo,
sublimacéo, transicdes de fase, dessolvatacamadbegfio quimica entre
outros. J& os eventos exotérmicos correspondeineeadido de calor
como a cristalizacdo e a decomposicdo oxidativarea embaixo da
curva dos picos é diretamente proporcional a mulale entalpia
envolvida no processo, portanto se podem deternsisagntalpias de
transicdoAH e as capacidades cal6ricas (Cp) (READING; CRAIG,
2007).

Nos sistemas polimérficos a resposta mais imptatan a
referente a fusdo sendo que diferentes formasasdiid um IFA podem
apresentar diferentes pontos e entalpias de fu€Adro evento
importante em sistemas polimérficos e em particuar sistemas
enantiotropicos sao 0s pequenos eventos endo oremMcos que
refletem as transformacdes da forma metaestaval pdorma estavel
(DETOISIEN et al., 2011).

Os solidos amorfos apresentam desvios na linhabake
correspondente a temperatura de transicdo vitrgh (levido a sua
transformacéo para liquido superresfriado, ou versa. Este processo
depende da mobilidade molecular e nao tem tramsfieréde calor
associada, portanto ndo produz mudanca de entdlfgit= 0)
(FAUDONE, 2009).

1.1.3.2.2 Analise termogravimétrica (TGA)

Esta técnica permite determinar a variagdo de mdssama
substancia em funcdo da temperatura ou do tempanesnatmosfera
controlada. E utilizada amplamente na area farnmeépara estudar
processos de dessolvatacdo e decomposicao de d&rmagxcipientes
(GALWEY; CRAIG, 2007). Junto com o DSC apresentassmo uma
ferramenta Gtil na atribuicdo de eventos térmi@osSIGA € utilizada
para a andlise quantitativa de contetido de 4galvense nos farmacos.
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Geralmente é obtida a derivada da curva TGA codbhecomo DTG
para o esclarecimento dos eventos de perda de ngassgpodem
aparecer muito préximos e que sédo dificeis de lisua(DETOISIEN
et al., 2011; BROWN, 2004).

1.1.3.3 Espectroscopias no estado sdlido

Devido a sua capacidade para a elucidacdo esirgupara
determinar interacdes inter e intra molecularesesgectroscopias: no
infravermelho com transformada de Fourier (FT-IR),Raman e a
Ressonéncia Magnética Nuclear no estado sélidoMB§Rséo de
grande utilidade na area farmacéutica (FAUDONE9200

Diferencas na estrutura cristalina podem ser adad pelas
espectroscopias vibracionais (absorcdo no infragione o Raman
dispersivo) se estas afetarem as vibragées motesuldo caso que as
diferengas sejam produto de perturbacdes do arsbignimico do
ndcleo a técnica apropriada serda a RessonanciaétlegrNuclear no
estado solido (ssRMN) (MORCOMBE; ZILM, 2003).

1.1.3.3.1 Infravermelho com transformada de Fourier (FT-IR)

Esta técnica consiste em expor a amostra a radiacdo
eletromagnética de nimero de onda na regido davirimelho e medir
a radiacdo absorvida pela amostra. Para que urmrag&ip seja ativa no
infravermelho deve existir uma mudanca no momenflar. O
nimero de onda na faixa de 400-4000“coue corresponde ao
infravermelho médio é muito utilizado para estud® cbmpostos
organicos, sendo que nesse intervalo ocorrem q@éneias de vibracao
naturais dos atomos nas moléculas (BUGAY, 2001).

Uma vez que as mudancas vibracionais indicam aigbes
moleculares no estado sélido, esta técnica é eatmemte sensivel a
estrutura, conformagéo e ambiente quimico dos cstoparganicos.
Portanto, ela é comumente utilizada para estudogstado sdlido,
porgue adicionalmente apresenta-se como uma técpida, barata e
gque nao requer de tratamento prévio da amostra [(FANE, 2009).

Dentre as técnicas de infravermelho a refletaddizsa com
transformada de Fourier (DRIFT) é considerada & rpropriada para
0 estudo do polimorfismo pois ndo é necessario stéama estrutura
cristalina a um estresse mecénico que possa prowaresformacao
polimoérfica. Nesta técnica, um feixe de radiac&oairermelha incide
sobre a amostra em po e é absorvida, refletidafratatia pelas
particulas da amostra. Apenas a radiacéo incidpraesofre refletancia
contém informacdo da absortividade da amostra mifgeranalisar o
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espectro infravermelho que produz a amostra (HOLLZA®4). Uma

desvantagem desta técnica é a dependéncia com anhandas

particulas, que pode interferir em analises quativiits. A refletncia

total atenuada (ATR-IR) é outra das técnicas afadas para estudos
no estado solido. Consiste na obtencdo de informnagpectral da
superficie do cristal. A radiacdo penetra 0 mdteq@nas uns poucos
microns (BUGAY, 2001).

1.1.3.3.2 Espectroscopia Raman

O nome da técnica deriva do pesquisador indiano que
demonstrou experimentalmente o efeito Raman: Chaalara Venkata
Raman. O efeito Raman consiste no espalhamentistival de radiacédo
eletromagnética e monocromatica que interage commakculas
(LOPES, 2008). Nesta técnica a amostra é irradiadauma fonte laser
potente, monocromatica na regiao do visivel owirdrmelho préximo,
a radiacéo espalhada é medida erit em um determinado angulo com
um espectrbmetro apropriado. As frequéncias vibreis s&o
determinadas pela diferenca entre frequéncias dlacéo espalhada e
incidente (SKOOG; HOLLER, 2000).

Os espectros Raman de uma molécula consistem ensénea
de picos ou faixas cada um fornecido por frequévibiacional inerente
a cada molécula (LORINCZ et al.,, 2004). Esta ténfornece
informacgdes do movimento de translacdo e rotatdeiaima molécula
inteira na rede cristalina. Essas vibragbes ocomanfaixa de 400-
10cm® e sdo também ativas no infravermelho; porém o niteselo
espectrofotdbmetro Raman permite melhor seu estiBUdGAY, 2001),
fazendo com que esta técnica seja apropriado wdos no estado
sélido.

1.1.3.3.3 'C Ressonancia Magnética Nuclear no estado sélido

Esta técnica é baseada na absorcdo da energiadi® r
frequéncia (RF) do espetro eletromagnético. A amadstcolocada em
um campo magnético forte e a absorcéo ocorre quasgin do nicleo
muda a orientacdo. Para que isso ocorra é neaessarnuicleo com
spin diferente de zero. Os ncleos mais utilizadmd’C, 3P, N, ®Mg
e ®Na. Os deslocamentos quimicos detectados s&o exdsticos do
entorno local e quimico da molécula (MORCOMBE; ZILR003).

O espectro RMN no estado solido é medido em cosadic¢d
diferentes das utilizadas para as medidas em soliNg@ estado sélido
existem interacdes internas e externas, bipolaredesdocamentos
guimicos anisotropicos que devem ser minimizados phter sinais de
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ressonancia estreitos. A RMN no estado sélidozatit espectrd®C-
RMN desacoplando os protons dos nucleos de carlsonoyotacdo do
angulo magico (MAS) e polarizagdo cruzada (CP) geemite a
obtencdo de espectros de alta resolucdo mais féleeimterpretar
(DYBOWSKI; BAI, 2008).

1.1.3.4 Microscopias

1.1.3.4.1 Microscopia Eletrénica de Varredura (MEV)

Nesta técnica a amostra € coberta com ouro outegi@dra
torna-la condutora e evitar que se carregue efatitsmente. A
amostra € irradiada com um feixe fino de elétreninteracdo deste
feixe de elétrons com a superficie da amostra e emissdo de
varios tipos de radiacbes, e, dentre elas, a daiede elétrons
secundarios é responsavel pela formacao da imagetadresolucdo da
topografia da superficie das amostras do MEV (FANIEQ2009).

A microscopia eletrénica de varredura apresentzeg® uma
técnica muito Util para na caracterizacao de pofiosoque apresentam
diferentes habitos cristalinos e/ou efeitos supi@if (BYRN et al.,
1999).

1.1.3.4.2 Hot stage (MHS)

Também conhecida como microscopia térmica ou
termomicroscopia, a microscopia de Hot-stage é téuomica analitica
gue combina as propriedades da microscopia e dhisartérmica
permitindo a caracterizacdo dos materiais em fudgatemperatura. A
adaptacdo a microscopia de Hot-stage de novas logi® como
cameras de alta resolugéo e software para manfmutiags imagens tem
melhorado a utilizacdo desta técnica (VITEZ etl&98).

As principais aplicagdes desta técnica na areaae@utica para
0 estudo de IFAs, excipientes, polimeros de inserdarmacéutico e
lipidios incluem: estudos da morfologia, birrefiémgia, dessolvatacgéo,
transformacdes solido-sdlido, sélido-liquido e laptsdlido e taxa
crescimento cristalino entre outras (STIEGER e28l12).

1.1.3.5 Velocidade de dissoluc¢édo intrinseca (VDI)

A dissolucéo é influenciada por fatores extrinsedus solidos
como area superficial (A), hidrodinamica, proprigela do meio de
dissolucdo, incluindo: solvente, pH, presenca defasiantes,
temperatura, tipo e concentragcédo da solucdo tamgicionalmente, a
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velocidade de dissolucdo (VD) é influenciada petaspriedades
intrinsecas dos solidos como o estado cristalin@ dnclui os
polimorfos, solvatos assim como o grau de nadoatmstiade (YU,
2004). Para farmacos puros é utilizado o métodpd@elisperso para
estudar o efeito da A da distribuicdo de tamanho de particula na VD,
por sua vez, a velocidade de dissolucao intrin@éd) é utilizada para
avaliar a propriedade intrinseca do sélido de ssotlier na auséncia de
excipientes. A VDI refere-se a VD de um IFA sob digies de A,
temperatura, velocidade de rotacdo, pH e forcacamio meio de
dissolucao constantes (USP, 2012b).

1.1.3.5.1 Aspectos tedricos da VDI

Segundo Fauno (2009) a VD de um farmaco estaidafpela
equacdo de Noyes-Whitney (Equacdo 2) como a qualdtide massa
(m) ou concentracad’ do farmaco dissolvido no meio por unidade de
tempo ) em condi¢cdes preestabelecidas da interfase dddjdiolo,
temperatura e composicédo do meio de dissolucao.

VD = %’? = KA(S,, - Ct) Equagdo 2

ondeA € a area superficial de dissoluc&g,é a solubilidade aparente,
Cta concentracdo do soluto no meio de dissolugdempot e éK uma
constante relacionada a hidrodinamica (Equagéo 3).

K=—— Equacéo 3

ondeD é o coeficiente de difusdo do solub@® é a largura da capa de
difusdo eV o volume do meio de dissolucao.

Condicao sink:considera-se que o0 sistema estad em condicdo
sink quando a concentracdo em um determinado téGtpalcanca um
valor entre de 5-10 % d&,, fazendo valido 0 supost@t << S,
podendo-se deduzir assim a expresséo correspondant® inicial
(VD)) (Equacéo 4):

VD :dim = KASEP Equacéo 4
dti.o
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A VD de um sélido geralmente é proporcional a arearficipé
umidecida A), mesmo que va diminuindo conforme o sdlido vai se
dissolvendo. S&\ permanece constante e/B é divida pela area, em
condi¢dessink obtém-se a velocidade de dissolugédo intrins®€)(
como mostrado na equacéo 5.

:dm 1

VDl =— =
dti.o A

K :VAsap = KSap Equacéo 5

Preferentemente os testes de VDI devem ser rdalzaob
condi¢gBesink para evitar que se retarde artificialmente a VI2s8olha
do meio de dissolucéo é importante e recomendaws® ale solucdes
aguosas com pH na faixa fisioldgica e temperater@¢fC, para obter
resultados comparaveis aos resultadogivo (EMAMI, 2006). A VDI
pode ser avaliada pelos métodos de disco rotatodisco estacionario
(USP, 2012b).

1.1.3.5.2 Método de disco rotatorio

Neste método utiliza-se um sistema que constardpunc¢éo e
uma matriz, fabricadas em aco resiste. O farmaco gucomprimido
com ajuda de uma prensa hidraulica, diretamenteatéz que possui
uma cavidade de didmetro conhecido. A presséo aaplicdleve ser
minima para formar um disco (pastilha) ndo desiatgg. Com isto
logra-se uma area superficial conhecida (geralm@leni) que deve
ser mantida constante. A haste que fixa a matrizeonlo a pastilha é
fixada ao dissolutor (Figura 6). O disco ou paatighrotacionado a uma
velocidade constante e a VD é medida (YU, 2004).

pungéo

Pastilha ou disco

meio de dissolugao

disco rotatério

matriz vista inferior da matriz

Figura 6. Esquema de sistema utilizado nos test&d
Fonte: Adaptado de JIANZHUO; FLANAGAN, 2009; USP12
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A hidrodinamica para o método de disco rotatoniorécaso de
aplicacdo do modelo de difusdo convectiva. Nesteletooo fluxo
padrao do solvente pode ser descrito como mostradigura 7. Longe
do disco, o fluido move-se de forma axial na dicegé disco. Em uma
camada fina perto da superficie do disco, o liquadiguire um
movimento de rotacdo, e move-se radialmente pageldo centro do
disco (JIANZHUO; FLANAGAN, 2009).

0 X-axis

Suﬂace‘j

of disk

y-axis

Figura 7. Esquema de fluxo padréo do solvente @ar o sistema de disco
rotatorio.
Fonte: JIANZHUO; FLANAGAN, 2009

Para evitar alteracdes no fluxo do meio de digsmludeve-se
ter cuidado com o alinhamento da haste, com a fgaméde bolhas de ar
na superficie da pastilha e com o ajuste da distdr® menor a 1,0 cm
entre o fundo da cuba e a area de exposi¢cédo déhpasb meio de
dissolucéo (USP, 2012b)

1.1.3.5.3 Célculo da VDI e interpretagcéo dos resultados

Aliquotas do meio devem ser retiradas em interdaldempo
pré-estabelecidos, com a respectiva reposi¢do @m Meoncentracao
do farmaco é determinada usando método quantitatvoanalises
devidamente validado ou preconizado nos compémdicigis. A VD é
determinada graficando o aumento da concentracdofadmaco
dissolvido em funcéo do tempo. Por meio de anatise®gressao linear
é determinada a inclinagcdo da curva que correspaiia (mg/min). A
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VDI se obtém normalizando a VD pela &rea da superéi se expressa
em unidades de mg/min/ériyU, 2004)

Quando a relacao entre a quantidade de farmaco\dds e o
tempo ndo se comporta linear, apenas a parte léneditizada para a
determinacdo da VDI. O comportamento ndo lineandicativo de
problemas experimentais sistematicos devidos aadag#o fisica do
disco por rachaduras, delaminacdo ou desintegraCiovaturas
negativas sdo devidas principalmente a transforonde&forma solida
na superficie. Isso geralmente ocorre quando ummaafonenos estavel
converte-se para uma forma mais estavel. Exemphafuem a
conversdo de uma forma amorfa para uma forma lonstau pela
formacdo de um hidrato a partir de uma forma aniNesses casos a
forma cristalina deve ser posteriormente avaliatisR, 2012b).
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1.2 PROGESTERONA

O hormdnio esterdide progesterona (Pregn-4-ené-dlicha,
numero CAS 57-83-0, estrutura mostrada na figures& envolvido no
ciclo menstrual feminino, na gravidez e embriogéne®s seres
humanos e de outras espécies. Pertence a uma dessermonios
chamados progestagenos e é o Unico naturalmensenpeeno ser
humano (HIRVONEN, 1996). A progesterona é sinteléza partir de
um produto natural (LEDNICER; MISTCHER, 1977), passeis
centros quirais e esta disponivel comercialmentéorma opticamente
pura natprogesterona (LANCASTER et al., 2007). Em humagos
utilizada na menopausa, como terapia de substituigdrmonal,
(CAMPAGNOLI et al., 2005) e como constituinte em itosl
contraceptivos orais (HIRVONEN, 1996). Nos animaite hormonio é
utilizado para o controle na reproducdo, sincrardpao ciclo de
estrégeno e contribuindo com o planejamento darimegdo artificial e
fertilizac@oin vitro. Para esse propdsito a progesterona é administrada
em dispositivos intravaginais de liberacdo conttalaAtualmente eles
sdo feitos de polidimetilsiioxano (PDMS), com umsspdrsdo da
progesterona micronizada (RHATHBONE et al.,1997¢céhtemente
foi avaliada a capacidade de outro polimero coraosportador de
esterdides e desenvolvida uma nova versdo maisreBHEREDIA et
al., 2008).

O

Figura 8 — Estrutura quimica da Pregn-4-ene-3,i@fad
Fonte: USP, 2007
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1.2.1 O polimorfismo da progesterona e a sua escolha como
farmaco modelo no uso da técnica PIHn

Duas formas cristalinas da progesterona sao catdedesde os
anos 70 e segundo Lancaster e colaboradores (2007)ediésy
condi¢cdes de cristalizacdo para produzir estespmisiorfos tém sido
amplamente reportadas na literatura. Entretantisfeeambiguidade e
confusdo em relacdo a quantidade e nomenclaturgpasorfos da
progesterona. A literatura reporta 5 polimorfos érram identificados
por microscopia de Hot Stage no ano 1969 (LANCASEERI., 2011).
Atualmente, na base de compostos organicos degositea CCDC (do
inglés Cambridge Crystallographic Data Center), oatram-se 10
cédigos relacionados com a progesterona ou comnauféd G;Hzq0,,
dos quais 7 iniciam com o mesmo cédigo de letr&O@ST), o que
corresponderia a polimorfos da progesterona. Nanémt essas 10
entradas se referem a dados antigos, junto comsdestentes de
estruturas depositadas com melhoras na coleta dies.ddlo quadro 4
sdo apresentados os cédigos relacionados a pnagest® nome do
composto indicando a que polimorfo corresponde eespectiva
referéncia. No caso da nomenclatura para um dimqdbs sdo usadas
as seguintes notacdes: forma 1, forma | e foum@d para o outro séo
usadas: forma 2, forma Il e fornia Nesta dissertacdo, sera utilizada a
nomenclatura de nimeros ardbicos, em concordanci@naencao
moderna: forma 1 e forma 2.
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Quadro 4 — Cédigos CCD relacionados aos polimatéoprogesterona.

Cédigo CCD Nome do Polimorfo Referéncia
composto

PROGSTO1 Progesterona Forma 2 (CAMERONI et al., 1973)

PROGSTO02 Progesterona Forma 1 (1\@?) DEN  BOSSCHE,

PROGSTO03 Progesterona Forma 1 (HANER; NORTON, 1964)

PROGST10 Progesterona Forma 1 (CAMPSTEYN et al., 1972)

PROGST11 Progesterona Forma 1 (KUHNERT-BRANDSTTER,;

KOFLER, 1959)

PROGST12 Progesterona Forma 1 (LANCASTER et al., 2007)

PROGST13 Progesterona Forma 2 (LANCASTERet al, 2007)

PRETPG rac-pseudoretro- N/A (WEBER; GALANTAY,
Progesterone 1974)

EWACUO1 entprogesterona | Forma 2 | (AUCHUS et al., 2003)
(enantibmero)

KESBEQ rac-progesterona | N/A (LANCASTER et al, 2006)
(mistura racémica)

N/A: ndo aplica
Fonte: LANCASTER et al.(2007) e CSD.

A forma 1 da progesterona (Figura 9A) é termodicamiente
estavel a temperatura ambiente e pressdo atmasféfipresenta
temperatura de fuséo de 402,4 K (129,25°C) e @atdipfusédo de 83,2
J/g. A forma 2 (Figura 9B) é metaestavel sob asmas<ondicdes, com
temperatura de fusédo de 395,4 K (122,15°) e eatalpifusao de 68.1
J/g. Em concordancia com a regra do calor de fas&ois polimorfos
estdo relacionados monotropicamente (DEFOSSEMONMI,2004).

! Referencia reportada na base de dados da Cambndygeada codigo
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Figura 9 — Empacotamento cristalino da progesterntorma 1 e B) forma 2
Fonte: Programa computacional Mercury versdo 2.PROGST12 e
PROGST13).

Recentemente, HEREDIA  (2009) e  colaboradores
demonstraram que quando cristalizada em polidisiettano a
progesterona cristaliza como polimorfo 1 puro, iaando cristalizada
sobre poliisopreno (PI) cristaliza como mistura diasas formas
polimorficas. Os autores relatam que esse fendnestéd fortemente
ligado ao polimero, no qual a matriz e ou aditipessuem um papel
importante na obtencdo dos polimorfos, mesmo sqmlionero estar
incorporado na rede cristalina (HEREDIA et al., 20&sses resultados
indicam que a progesterona pode ser um farmacoigsonpara o uso
da cristalizacdo heteronuclear induzida por polisier






CAPITULO 2: CARACTERIZACAO FiSICO-QUIMICA DOS
POLIMORFOS DA PROGESTERONA
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2.1 ARTIGO 1 - Caracterizagdo no estado sélidopdtisnorfos da
progesterona

Propdsito. Realizar uma caracterizagdo completa no estaddosdk
ambas as formas polimorficas da progesterona, imdu a
determinacao da Velocidade de Dissolugéo Intrin§€Ed) para cada
polimorfo, bem como realizar experiéncias de dit@do visando a
obtencdo da forma metaestavel sem interferir nogzso de nucleacao
(em auséncia de polimeros). Estudos recentes nevetsultados
interessantes em relagéo as propriedades de sdigleilde progesterona
quando ha presenca da forma 2. Contudo, ndo exisa@res de VDI
reportados na literatura para nenhum dos dois pdios.

Métodos Foram utilizadas amostras de progesterona miadaj
disponivel comercialmente como a forma 1, e a foEnfai obtida da
recristalizacdo por resfriamento lento a partifuedido da forma 1. A
progesterona foi cristalizada sobre vidro a pdeisolucdes do farmaco
com concentragbes de 0,5; 10 e 40 mg/mL, em acetaharoférmio.
Para a caracterizagdo de ambos os polimorfos putilcaram-se as
seguintes técnicas de caracterizacdo do estaddos@®@RXP, DSC-
TGA, FT-IR, Raman, RMN no estado sélido, Microseopitica e
eletrénica e VDI. UV-Vis foi utilizado na determig&o quantitativa da
VDI. A determinacdo do polimorfo obtido das crigat6es a partir de
solvente foi realizada usando DRXP e DSC.

Resultados. A forma 1 foi obtida de cristalizagbes de solucéem
concentracdo de 40 mg/mL; mistura dos dois poliasofbi cristalizada
das solugbes com concentracdo de 10 mg/mL e a f2rimaobtida de
solugdes de 0,5 mg/mL. Os cristais obtidos de aeetpresentam
tamanho maior do que aqueles obtidos de clorofériAimbos os
polimorfos apresentaram diferentes habitos cnsiali porém nas
amostras que possuiam mistura de polimorfos né@tservou as duas
morfologias. Como esperado, a forma 2 apresentdor ®| por ser a
forma mestastavel e mais solavel.

Conclusdes.Demonstrou-se que a forma metaestavel é a maigetol
A cristalizacdo da forma 2 apresentou-se dependinisoncentracao.
Nao foi possivel diferenciar os polimorfos pela su@fologia.
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Abstract

Crystallizations of progesterone from melt and freatutions at room
temperature were performed. From solutions weretedesthree
concentrations and two solvents. Form 2 was oldainem diluted
solutions and from melt at slow cooling rate. Fdriwas obtained from
concentrated solutions and, a mixture of both polphs was
crystallized from intermediate solutions. A solidte characterization of
both progesterone polymorphs was conducted. X-ragwdpr
diffraction, hot stage microscopy, Fourier transfdnfrared, dispersive
Raman, °C solid-state nuclear magnetic resonance Specpgsco
thermal analyses and scanning electron microscepkiniques were
applied to investigate physical-chemical properties these two
polymorphs.The intrinsic dissolution rates (IDR) of two polyrpbs
were determined. Form 2 presented higher IDR thaimf1 in
hydroalcoholic solution. The crystals grown frometame presented
greater size than those grown from chloroform dredcrystal habit was
not a distinctive characteristic of the each polypho The effect of
grinding form 2 was evaluated. The grinding of fa2Znproduced seeds
of form 1 that induced the transformation of fornmg form 1 at high
temperature.
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Key words: Progesterone, Polymorphism, Solid state charaetén,
Intrinsic dissolution rate, Phase transformation.

1. Introduction

Polymorphism is a characteristic of molecules thainfers
differences in their solubility, dissolution ratestability and
bioavailability (Huang and Tong, 2004). Althoughlymorphism is
responsible for the sudden appearance of a lesbls@nd bioavailable
form of Ritonavir with an appropriate control, &rcbe advantageous for
a specific pharmaceutical application (Aaltonealgt2009). Hence, the
selection of a suitable polymorph, is an effectiagy to improven vivo
performance of drugs with poor oral bioavailabil{gyrn, Pfeiffer and
Stowell, 1999).

Progesterone (pregn-4-ene-3, 20-dione) (Figurs &gcreted by the
ovary as part of the menstrual cycle; it is a redtateroid hormone that
has six chiral centers (Lancaster et al., 2007 casater et al., 2006). It is
used in birth control pills and in menopausal hanmaeplacement
therapies (Hirvonen 1996). It is known to existtimo polymorphic
forms: form 1 ¢-form) and form 2 §-form) (Payne et al., 1999). Form 1
presents the highest melting point, it is the mbsrmodynamically
stable and the least soluble of the two polymoratheormal pressure
and room temperature (Defossemont et al., 2004r8kattempts have
been made to enhance the progesterone (form 1BikylfVaugelade
et al., 2001; Memgbglu et al., 2003; Zoppetti et al., 2007) not taking
into consideration that an improvement in solupilitay be related to
the presence of the metastable form 2.

Figure 1 — Chemical structure of Pregn-4-ene-3didda (progesterona)

Although progesterone form 2 is considered a ‘disaping’ polymorph
(Lancaster et al., 2007); Heredia et al. (2009) anplathi et al. (2010)
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have established that both polymorphs presentddreiifices in their
dissolution characteristics. These studies verifiragrovements in the
dissolution characteristics with the presence oimf@ in the samples.
However, to date, the IDR of progesterone polymsrpave not been
determined.

The aim of this work was to study the crystalliaaticonditions to
obtain both progesterone polymorphs through differmethods, to
perform a complete characterization of both cryfetahs including IDR
test. Finally, the evaluation of polymorphic stapibf form 2, since it is
the metastable and the most soluble polymorph.

2. Materials and method

2.1 Samples preparation and crystallization experita

Form 1 micronized progesterone (purity>99%) wasclpased from
Pharmanostra (Rio do Janeiro, Brazil) imported f@nna. Form 2 was
obtained after melting form 1 at 140°C and coolhgoom temperature.
Recrystallizations were conducted in chloroform andacetone by
solvent evaporation at room temperature. Progestesolutions of 0.5,
10 and 40 mg/mL in both solvents were prepared 2amdL each of
these solutions were added glass substrates. Forptymorphic
stability of form 2 an appropriate quantity of sdengvas placed in a
porcelain mortar and ground for different time ramgrom 5 to 25
minutes.

2.2 Analytical methodology

2.2.1 X-ray powder diffraction (XRPD)

X-ray diffraction patterns were collected from a Neaytical
X'PERT Multipurpose diffractometer equipped withCai Ko source
(A=1.5418°A) operated at 45 kV and 40 mA, step sipa®, step time
20 s, angular scanning speed 2°/fmamd 20 angular range between 5°
and 50°.

2.2.2 Fourier transform infrared spectroscopy (FR)I
Spectra from 1% solid dispersions in KBr were rdedrin a FT-IR
Shimadzu IR Prestige-21 in the range of 4000 —a66&

2.2.3 Dispersive Raman spectroscopy (Raman)
Raman spectra were collected in backscattering gggnusing a
PeakSeeker 785 (RAM — PRO — 785) Raman system topesaith a
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diode laser of 785 nm and 300 mW at the source.cbliected Raman
radiation was dispersed with a grating and focusee Peltier-cooled
charge-coupled device CCD detector obtaining atsgdeesolution of 6
cm'. The laser was focused on the sample by 20x djetens of a
microscope given spot of approximately 2 um in digan All spectra
were recorded in the spectral window 200 — 1800 with the same
acquisition time (10 seconds). The sample powdense vanalyzed in
glass blades at room temperature.

2.2.4 Solid state nuclear magnetic resonance (SSNMR

High-resolution solid-state’®C cross polarization/magic angle
spinning (CP/MAS) spectra for progesterone 1 ande2e recorded
using a Bruker Avance 11-300 spectrometer (300.18zMor 'H and
75.46 MHz for'3C). The samples were packed into a 4 mm rotor and
spun with a rate of 10 kHz. The CP/MAS spectra wereorded
employing a variable amplitude CP (2 ms contactjifiHarris, 1994).
The SPINAL64 sequence was used for heteronucleznugéng during
acquisition with a proton field #d satisfyingwn/2n = oyHiy = 62.5
kHz (Brauniger et al., 2002). The recycling timesvas and 4096 scans
were recorded for each compound in order to ol#aimdequate signal
to noise ratio. The quaternary carbon edition spestre recorded for
all the samples. These spectra were acquired Wweéhnbn quaternary
suppression (NQS) sequence, in which tHeand *°C r. f. fields are
removed during 4Qis after CP and before acquisition (Harris, 1994).
This experiment allowed us to identify quaternaaybon signals and
methyl groups, and to perform the assignmentsearstiid-state. All the
solid-state NMR experiments were performed at réamperature.

2.2.5 Thermal analysis (TA)

Differential scanning calorimetry (DSC) curves weilgained on a
Shimadzu DSC-60 cell using aluminum pans, undgmamic nitrogen
atmosphere (50 mL/min) and a heating rate of 5 fi€ima temperature
range from 40 to 150 °C. In order to prevent aroairolled variation in
pressure, the samples were placed on pans sedlethalés (Legendre
et al., 2003). The thermogravimetric (TG) measurgmeere obtained
with a thermobalance model TGA-50 (Shimadzu) iaragerature range
from 20 to 400 °C, using platinum crucibles, undetynamic nitrogen
atmosphere (50 mL/min) and a heating rate of 5 i€/m
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2.2.6 Hot-stage microscopy (HSM)

Thermal events were observed on Olympus BX50 nmicnos
equipped with a Mettler Toledo FP-82 hot stage. Jdmaple was placed
ona milcroscope slide, covered with a cover sligh lsgated at a rate of 5
°C min-~.

2.2.7 Scanning electron microscopy (SEM)

Microphotographs were obtained from a JEOL JSM-&3%90
scanning electron microscope operated at 15kV. Jdmmples were
mounted on a metal stub with double-sided adhesipe and coated
under vacuum with gold in an argon atmosphere.

2.2.8 Intrinsic Dissolution Rate test (IDR)

Intrinsic dissolution essays were conducted in aiaviaVK 7000
dissolution testing station, a rotating disk syst&#.8 mm in diameter
(surface area 0.5 @naccording to USP 31 (2007). Then, 100 mg of
pure progesterone forms 1 and 2, were compress&dQdt psi in a
Shimadzu hydraulic press.

Given that progesterone is practically insoluble imater,
hydroalcoholic solutions were reported by Taghireeteal (2004) fomn
vitro controlled released experiments. In order to etealuthe
dissolution performance of both polymorph, the é¢towls of IDR test
were 200.0 ml of ethanol/water (50/50, v/v) as aligson medium at
25+1 °C for 20 min at 100 rpm. Aliquots of 5.0 mkere withdrawn
every two minutes. The dissolution medium was megdaafter every
sampling. The concentration of progesterone in $odution was
measured by UV spectrophotometer Varian Cary 50aBewavelength
of 240 nm (Farmacopéia Brasileira, 2010). The siokditions were
maintained during the entire dissolution experiment

3. Results and Discussion
3.1 Solid state characterization of progesteronkymporphs

3.1.1 X-ray powder diffraction

Form 1 and form 2 are pure enantiomers and itdargructure has
been re-determined recently by Lancaster et al{R@@h considerable
improvements of previous crystal structure deteatibims. Both
polymorphs are orthorhombic; form 1 (R2;; a=10.2496(7) A’
b=12.4830(9) A°, c=13.6406(9) A’; Z'=1; 150 K; R=3.p#nd form 2
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(P2:2,2;; a=6.2089(6) A°,b=12.5804(12) A °c=22.188(2) A’; Z'=1;
150 K; R=4.5%).

The crystal structures of these two polymorphs \aegy similar,
nevertheless, the intermolecular carbonyl-carbomgkractions are
highly distorted in form 1 and absent in form 2 rftaster et al., 2007).
They also presented conformational differenceshi@ acetyl group
(Figure 2). The acetyl rotation varies betweenrtisecules: -65.2(2)
in forml and -77.9(3) in form 2. This methyl vyields close
intermolecular contact with the 3-keto group (C213.2497 A °) in
form 1 and with the keto-methyl group (C21...020 2.88°) in form 2
(Lancaster et al., 2007).

Figure 2 — Molecules overlaid of progesterone farfpink) and form 2 (blue)

The XRPD patterns of pure samples of progesteromasf 1 and 2
were analyzed and compared with Cambridge StructDetabase
(CSD) crystallographic data (PROGST12: form 1 aROBST13: form
2) (Lancaster et al., 2007). Subsequently, thesierpa were used as
references to analyze the samples obtained in tystatlization
screening study, presented in the following sesdtigure 3 shows the
calculated and experimental patterns of both prtegase polymorphs.
Taking into account that the XRPD patterns of bgthlymorphs
presented several superimposed reflections, wectsdlel12.95° to
identify form 1 and 13.94° and 16.42° to distingui®rm 2. These
reflections are intense and they are not overlapped
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Figure 3- Experimental and calculated XRPD pattenfs progesterone
polymorphs. (Calculated XRPD patterns using PROG@STbrm 1 and
PROGST13: form 2 as references (Lancaster etGi7)2

3.1.2 Fourier transform infrared spectroscopy

FT-IR spectroscopy is a valuable method in theystifgpolymorphs.
It is widely used to differentiate between polynmtwVan Eerdenbrugh
and Taylor, 2010). The FT-IR spectra of progesterforms 1 and 2
show a distinctive band due to the out-of-planedieqn of hydrogen
bonded to asif carbon at 870.56 cril in form 1 that it is shifted to
863.18 cmi* in form 2 (Figure 4A).
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Figure 4- (A) FT-IR Spectra and (B) of Raman speofrsolid-state
progesterone polymorphs

3.1.3 Raman spectroscopy

Figure 4B shows the Raman spectra of both progester
polymorphs. The selected region has been previalesgribed in the
literature (Wang et al., 2000) and a peak shiftnfrb660 to 1665 crh
corresponds from form 1 to form 2 is observed.

3.1.4 Solid state nuclear magnetic resonance

The *C ssNMR spectra for both progesterone forms arevisho
Figure 5. The assignments for tH€ spectra (see carbon numbering in
Figure 1) were carried out taking into account thmternary carbon
spectra and by comparing with the simulations dutgm spectra
resulting from commercial software. THE ssNMR chemical shifts for
both form 1 and form 2 are displayed in Table le Gheatest chemical
shift was observed in C6 and C16. The other caripoesented similar
chemical shifts. Chemical shift of C3, C5, C7, C®l £9 between 31.9
and 37.0 can not be assigned to a specific carblois. suggests small
differences between structures of forms 1 and @sed by the limited
flexibility of the progesterone molecule. Additidiya progesterone has
no conventional hydrogen bond donors (Payne €1 299).
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Figure 5-**C CP/MAS ssNMR spectra of progesterone forms 12and
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Table 1- Solid Stat® C CP/MAS NMR peaks of progesterone forms 1 and 2

Carbon °C-chemical shift (ppm)

number Form 1 Form 2

18, 19 13.3,18.1 14.0, 17.7

14, 16, 17 22.9,23.2,24.6 22.2,20.8, 25.9

21 30.6 30.1

3,517,8,9 31.9, 32.7,33.3,35.7,37.0 31.97,323.8, 35.2,
37.3

13 39.0 39.5

1 39.2 42.0

11 44.3 43.6

10 55.5 55.9

12 58.0 58.3

15 65.9 64.9

4 125.3 125.3

2 171.4 170.8

6 198.4 196.9

20 206.7 206.7

The spectrum of form 1 showed a set of narrow rasoces,
approximately 30 Hz FWHM, indicating a high cryste polymorph.
Almost each carbon atom in the molecule was redplggcept for two
broader peaks at 23 ppm and 39 ppm, correspondtigte a couple of
resonances not completely resolved. We can conthatethere is only
one molecule in the asymmetric unit of form 1. Tf@ spectrum of
form 2 clearly showed the presence of resonanaesspmnding to form
1. In order to obtain a fine powder for the CP/MASIR experiment
sample was ground, it probably transforms parthef form 2 sample
into form 1. In this case the resonances were lgroidén in form 1, due
to crystal stress produced during the cooling dinam the melt of form
1. Resonances of form 2 are indicated by arrows Wbmber of
resonances indicated that there is also only onéeaule in the
asymmetric unit of form 2. These results were imeagient with
crystallographic data of progesterone forms 1 and 2

3.1.5 Thermal Analysis

DSC curves show an endothermic event at 128.2 f@fm 1 and
at 121.8 °C for form 2, both in agreement with jwesly reported
values (Legendre et al., 2003). The system wasuated in four
different heating rates: 1, 2, 5 and 10 °C/min withsignificant changes
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in the peak shape and melting point temperaturenTC/min was
selected as the appropriate heating rate with adeqesolution of the
endothermic events. When form 2 was scraped frenstifbstrate and a
DSC analysis was immediately conducted, an endoibeevent,
corresponding to form 1 was observed. In order étemhine the
stability of progesterone form 2, experiments inuay the
transformation of form 2 into form 1 by grinding reeperformed and
are discussed below. The TGA of both polymorphsavgitbno weight
loss before the melting temperature, and a sligtiffgerence in thermal
decomposition behavior was observed.

3.2 Effect of seeding induced by grinding processhie stability of
progesterone form 2

The transformation of progesterone form 2 into fdrrby grinding
process was earlier observed by tH€ ssNMR measurements,
previously mentioned. Grinding and compacting argine parts of the
drug processing, therefore, it is important to gtute effect on
polymorphic transitions. In addition to that, whammetastable form is
being used an investigation of effects induced lechmanical stress is
essential (Narang, Rao and Raghavan, 2009).

In sample preparation for the IDR determination #wid form
undergoes mechanical stress (Yu 2004). Hence, thiigmprphic
stability of progesterone form 2 was previouslyleated.

During the grinding process of the sample, DSC eyRigure 6 B)
showed two events, an endothermic in approximatdly °C and an
exothermic around 123°C, corresponding to the ngelpioint of form 2
and form 1, respectively. Since the two polymorphes monotropically
related (Defossemont et al. 2004) and the solig-dtansformation of
form 2 into form 1 induced by heating was not expecwe deduced
that a mixture of form 1 and 2 was present in tre@e. However, this
assumption was not confirmed by XRPD analyzeseérstimples ground
for 5 and 10 minutes. Only when the sample wasrgidar 15 minutes
it showed a very low reflection of the highest eeflon of form 1
(12.95°). Figure 6 A shows the arising of thiseeflon of form 1 from
0 to 80 hours in the sample which was ground fomira This is further
evidence that the grinding process caused the tmmaf seeds of form
1 which would explain the DSC results. The effeétnailling on
samples generated crystal nuclei and the subsdytieetmally induced
a crystallization event which was also observedamorphous and
crystalline griseofulvin samples (Brittain 2012).
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The presence of seeds of form 1 and the crystadizaof form 1
from molten sample of form2 was clearly observed Hgt stage
microscopy (see Video 1). Initially, the crystalisample with polarizes
light was identified as a wide gray area. At 122d@rk sections started
to arise corresponding to fusion of form 2 and #iameously the seeds
of form 1 were distinguished. The crystals of fotmwere very well
detectable using polarizing light. Afterward, a idagrystallization
around 123 °C occurred. Finally, the fusion of folmwas detected
when the crystallized area was transformed conipletark at 130°C.
This result confirmed that seeds of form 1 wereleiun molten form 2
that induced the crystallization of form 1.

After one week, the sample, which was ground fomiButes, was
analyzed and it was completely converted into farm
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Figure 6- Progesterone form 2 after 15 minutes ofiding (A) XRPD
measured every 10 hours by 80 hours (B) DSC curve
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3.3 Intrinsic Dissolution Rate

The IDR value could be considered more useful thalnbility to
correlate then vivo drug dissolution dynamics (Yu, 2004). According to
Sehi et al. (2010) values lower than 0.0Qh/min/cnf indicate
dissolution rate-limiting absorption. Under sinknddions the IDR for
two polymorphs of a drug must be proportional t@ tlespective
solubilities (Byrn, Pfeiffer and Stowell, 1999). the previous section,
the polymorphic instability of form 2 was evaluateghinst mechanical
stress. The polycrystalline powder of form 2 had¢oground and part
of it transformed into form 1, and then compactedgiepare the IDR
sample. Hence, the IDR test, determined to formwas actually
conducted to a mixture of polymorphs, being forth@ larger quantity
in the sample. However, the polycrystalline powdieform 2 had to be
ground and then compacted to prepare the VDI sarRglymorphs did



79

not change at the pressure used in this test bymnpoph 2 transformed
to form 1 with grinding.

Figure 7 shows a linear behavior in the intringgsdlution profile of
both progesterone polymorphs. The IDR of the samwplieh presented
the highest content of form 2 had a higher valmntform 1. Thus
indicating that form 2 is more soluble than form 1.
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Figure 7- Intrinsic dissolution profile of progesiae polymorphs

3.4 Conditions to obtain pure progesterone form 2
The study of progesterone crystallization using t@ee and

chloroform solvents and at three different con@ittins was analyzed.
Table 2 shows that form 1 was crystallized fromasorirated solutions
whereas form 2 was obtained from diluted solut@md a mixture of the
two polymorphs from intermediate concentrations.

Table 2- Progesterone crystal form obtained froet@te and chloroform at the
three concentrations

Polymorph
Solvent _
Progesterone concentration (mg/mL)
40 10 0.5
Acetone Form 1 Mixture Form 2
Chloroform Form 1 Mixture Form 2

In order to identify the polymorphism in the diéet preparations,
XRPD patterns of the sample and the calculated povpdttern of
single crystal data were compared. The XRPD patferncrystals
obtained from 40 mg/mL solutions in chloroform awtone confirmed
the presence of progesterone form 1 (Figure 8B). alidition,
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crystallization from acetone presented foumtense reflections,
indicating high preferred orientation (Figure 8&he XRPD pattern for
crystals obtained from intermediate solutions, lMomform, matched
with form 1 and presented a reflection of form 2138t94° (Figure 9),
thus confirming the presence of a mixture of prégyeme polymorphs.
In the case of crystals obtained from acetone, eptery preferred
orientation again, the reflections observed, wesehaident in both
polymorphs. For samples obtained from diluted sohstt a few
reflections corresponding to form 2 were obsenyedrder to confirm
the presence of form 2, DSC analyzes were dondhendrystallization
of form 2 was confirmed.

Intensity [arb. units]

d Form 1

) ﬁ U_ A
i M
5 10 15 20 25 30 35
2 Theta [degrees]

Figure 8- Experimental XRPD of progesterone formcrystallized from
40mg/mL solutions in: (A) acetone and (B) chlorofior
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Figure 9 — Experimental XRPD of progesterone forrfolm 2 and a mixture of
polymorphs crystallized from 10 mg/mL solutions i) acetone and (B)
chloroform

Lancaster et al (2007) reported progesterone formas2 a
‘disappearing polymorph’ since the metastable fovas exceptionally
difficult to obtain. They argued that when form asainitially reported,
it was stabilized by impurities of synthesis in tb@mple used. In a
recent work, the same author analyzed a fifty-yelst sample of
progesterone, showing the role of impurities in fibwen 2 stabilization
(Lancaster et al. 2011). However, we obtained tletastable form
(form 2) using a highly pure raw material, from twaoethods:
crystallization from solvents and melting. Finalg it was concluded in
a preceding review by Dunitz & Bernstein (1995)¢ tlcase of
disappearing polymorphs of progesterone may be résalt of an
inability to reproduce the correct experimentalditons.

3.5. Crystals morphology

The crystal sizes obtained from 40mg/mL and 10 rgéwmlutions
prepared in acetone, were greater than those ebitéiom chloroform
solutions at the same concentration (Figure 101dn¢A-B)). However,
the crystal habit presented by form 1 crystalliZezin both solvents
were similar (Figure 10 and 11 (B). On the otherdhdorm 2 presented
a different crystal habit than form 1. However twdifferent
morphologies were not observed when progesteroystatlizes as a
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mixture of polymorphs; disabling a differentiatibetween polymorphs
by their morphology.

Fure 10- Microptgphs of progestrone crijge from chloroform: (A)
40 mg/mL (form 1), (B) 10 mg/mL (mixture of polynmrs) and (C) 0.5 mg/mL
(form 2)

Figure 11- Photographs of progesterone crystalliredh acetone: (A) 40
mg/mL (forml1 ), (B) 10 mg/mL (mixture of polymorphand (C) 0.5 mg/mL
(form 2)

4. Conclusions

Progesterone forms 1 and 2 were obtained as pmelesiand, also,
a mixture of forms depending on the preparatiordd@mns. Form 2 was
crystallized from molten sample and in acetone @ndroform solvents
using diluted solutions. Form 1 was crystallizednir concentrated
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solutions, whereas a mixture of the two polymorplas obtained from
intermediate solutions. The IDR experiments demated that form 2
is more soluble than form 1 and DSC, XRPD, ssNMRI &5M
measurements permitted preliminary studies of tiese transformation
of progesterone from form 2 into form 1 by grindi@ther studies have
to be done in order to understand the grinding gss@nd its impact in
the chemical and polymorphic stability of progesier. Finally, the
morphology was not a distinctive characteristieach polymorph.
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CAPITULO 3: ESTABILIDADE QUIMICA E POLIMORFICA
DA PROGESTERONA
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3.1 SOB CONDICOES DE ESTRESSE MECANICO, TERMICO
E AMBIENTAL

Propdsito. Avaliar a estabilidade polimérfica da forma metéaest da
progesterona sob condi¢cdes de estresse mecaniticulpamente da
moagem, e sob condicdes aceleradas de estabiidate e 75% UR e
luz UV). Avaliar a estabilidade quimica de ambogokmorfos através
de estudos acelerados no estado soélido a 40°C eUR%gerando ou
ndo microambientes de diferentes pHs, e exposicAz.aEstudar a
degradacao térmica de ambos os polimorfos atravéscdica TGA.
Métodos A forma 1 foi progesterona micronizada, dispohive
comercialmente; a forma 2 foi obtida de recristaj@o por resfriamento
lento a partir do fundido da forma 1. Para avatiagé estado sélido
foram utilizadas as seguintes técnicas: DRXP, IMES, TGA. CLAE
foi utilizada na determinacao da estabilidade gtami

Resultados.A forma 2 apresentou-se estavel por 3 meses subigées
aceleradas de temperatura e umidade, e durantes Sabéexposicao a
luz UV. Entretanto, quando moida por 15 minutosiMedransformacao
para a forma estavel ap6s uma semana. Um métodeatind de
estabilidade foi otimizado e validado pela técnitta CLAE usando
coluna C8, fase mdvel composta de acetonitrila/§§0&10, v/v), fluxo
de 1,5 mL/min e deteccdo em 254 nm. Ambos os pdidadforam
estaveis durante o periodo de 6 meses de armarerade°C /75%UR
em ambientes neutros, acidos e basicos, e duranés He exposicdo na
luz UV. A degradacao térmica de ambos os polimddbestudada pela
técnica TGA, através do célculo da energia de glivaga). O
polimorfo 2 apresentou maiores valores #m, indicando que
estabilidade térmica desta forma € maior do que otimorfo 1.
Conclusdes.Os dois polimorfos apresentaram estabilidade qaimic
semelhante, e o polimorfo 2 mostrou-se mais regista degradagéo
térmica que a forma 1. Ndo se recomenda utilifarraa 2 na producéo
de formas sélidas que requeiram operag¢des de modyeentanto, esta
forma metaestavel poderia ser utilizada na produdéo formas
farmacéuticas que nao envolvam o processo de moagem
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3.1.1 ARTIGO 2 — Efeitos do semeado induzido por moagam n
estabilidade polimorfica da forma 2 da progesterona

Effects of seeding induced by grinding in the polymrphic stability

of progesterone form 2
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Abstract

Studies of polymorphic transformation are importantlesign processes
and optimize solid dosage forms. The effect of gnmding on the
polymorphic transformation of progesterone was stigated.
Progesterone form 2 was ground for different grigditimes in a
porcelain mortar. X-ray powder diffraction (XRPD)nch Fourier
transform infrared (FT-IR) spectroscopy monitordr tpolymorphic
stability, whereas ultraviolet spectroscopy (UV)algsis detected
chemical degradation. Differential scanning caletiym (DSC) detected
the formation of seeds of form 1 during the grimgdiof form 2. The
solid state transformation, form 2 to form 1 indidid®y seeds, followed
first-order kinetic model until 15 minutes, oveistitime progesterone
degraded.

Keywords: Progesterone; Polymorphic transformation; DSC; @nig.

Introduction

Pharmaceutical polymorphism is defined as the ptpmd an active
pharmaceutical ingredient (API) to crystallize imtmre than one solid
form. These solid forms exhibit different physiceaofical properties
that can influence the stability and performanca dbsage form [1] and
can be produced by standard pharmaceutical pracg@sesrinding is
one of the most common processes used for reductiparticle size;
the stress experienced by the solid when mechaeieaigy is applied
can result in phase transformation. The effect roiding on physical
forms and the behavior of the phase transformatam be understood
only by monitoring the phases during processings Triformation can
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be useful to design processes and to optimize fiatron controlling the
solid form both during manufacture and shelf-lifterage of dosage
forms [3].

In the identification of polymorphs the most appiated technique
is X-ray diffraction with subsequent analysis bgrial analysis such as
DSC-TG as well as other complementary techniquiesrral methods,
particularly DSC, are the most commonly used mefioogholymorphic
screening [4] because they allow the productiofoohs which are not
obtained from solvents only by heating/cooling @snon DSC or by
combinatorial techniques. In addition, DSC preseatslow limit
detection of solid forms.

Progesterone is used in menopausal hormone repatdimerapy
[5] and in oral contraception pills [6]. In veteany is used to control the
estrous cycle in livestock for artificial insemimat in planned
conception [8]. It exists in two polymorphic fornferm 1 and form 2
(Cambridge Structural Database reference PROGSHAPROGST13
respectively) [8]. The more stable polymorph, fatmpresents melting
point in the range of 128 to 130°C, whereas theastable polymorphs,
form 2, exhibits melting point between 120-122°Chey are
monotropically related [9], therefore, is not exjgec a solid state
transformation of the metastable form into the Istdbrm promoted by
increasing temperature. Although the characteréstit crystal structure
of both progesterone polymorphs have been condityestudied [9, 11,
12], the influence of grinding on the polymorphrartsformation of
progesterone has not been reported.

The objective of this study was to monitor the effef the grinding
process in the polymorphic stability of progesteroform 2 and
calculate the kinetic order of the solid state ¢ion of form 2 to form
1, at high temperature.

Experimental

Materials

Micronized progesterone (purity >99%) was obtainé@dm
Pharmanostra (Rio do Janeiro, Brazil). Organic exstiwas HPLC/UV
grade obtained from Vetec® (Rio do Janeiro, Brazil)

Preparation of progesterone polymorphs

Form 1 was micronized raw material of progesterdigm 2 was
obtained with a slow cooling rate after melting tinacronized
progesterone.
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Preparation of ground samples
An appropriate quantity of progesterone form 2 vweéaced in a
porcelain mortar and ground for different timesgiag 5 to 25 minutes.

Ultraviolet spectroscopy (UV) analysis

Chemical degradation of progesterone form 2 wasitm@u using a
Cary 50 Varian® spectrophotometer. After 25 minuégrinding the
sample, it was quantified using the official methofl Brazilian
Pharmacopeia [12].

Differential Scanning Calorimetry (DSC)

DSC curves were obtained on a Shimadzu DSC-60 ushg
aluminum pans, under a dynamic nitrogen atmospa€enL/min) and
a heating rate of 5 °C mifrin a temperature range from 40 to 150 °C. In
order to prevent an uncontrolled variation of puessthe samples were
placed on pans sealed with holes [13].

Hot-stage microscopy (HSM)

Thermal events were observed on Olympus BX50 mioos
equipped with a Mettler Toledo FP-82 hot stage. Jdmaple was placed
ona milcroscope slide, covered with a cover slip lseated at a rate of 5
°C min-~.

X-ray powder diffraction (XRPD)

X-ray diffraction patterns were collected from a Neaaytical
X'PERT Multipropose diffractometer equipped withCai Ko source
(A=1.5418°A) operated at 45 kV and 40 mA, step sigd @, 20 s per
step, angular scanning speed 2°/miand 2 /mift angular range
between 5° and 50°.

Fourier Transform Infrared spectroscopy (FT-IR)
Spectra from 1% solid dispersions in KBr were rdedrin a FT-IR
Shimadzu IR Prestige-21 in the range of 4000 —®6A

Results and discussion

It has been reportethat the progesterone polymorphs exhibit a
monotropic behavior in which the form 1 is the &adnd form 2 is the
metastable form [9]. Both polymorphs present sépaaad well defined
endothermic events. DSC curves in Figure 1A shdwes arising of
progesterone form 1 at different times of grindidpparently, the
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grinding process produced the direct transformadioform 2 into form

1. After grinding form 2 for 15 minutes, the DSCneai presented a
subtle exothermic event around 123°C, suggestiagdtcrystallization
process occurred.
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Figure 1-(A) DSC curves of progesterone form 2myigrinding time: (a) 0, (b)
5, (c) 10 (d) 15, (e) 20 and (f) 25 minutes. (B)aiical curve of progesterone
form 1 and (C) Kinetic analysis

However XRPD (Figure 2A) measurements demonstrated
appearance of form 1 with grinding times of up ®rinutes. At this
time, the XRPD pattern presented only one reflectd form 1 with
very low intensity. Apparently, it might be a cadiction since the
enthalpy of form 1 evidenced the presence of higfuantity of form 1
in the sample than it was detected by XRPD. Thesetcould be other
plausible explanation; the grinding process cauted formation of
seeds of form 1 that induced the crystallizatiofioom 1 from the melts
of form 2 during the heating process. In orderdnfitm this hypothesis
we analyzed the samples with another techniquesidfedent thermal
analytical measurements.

Progesterone presents a characteristic band bet@@®@®850 crit
correspondent to the hydrogen bonded to C=C. Im farthis band
appears in 870 chand it is shifted to 863 chin form 2 [8]. Hence,
FT-IR analyses were performed and are given in rEigRA. After
different times of grinding the distinctive band &rm 2 was
unchanged, confirming the results obtained by XRBR&asurements.
Finally, UV analysis was conducted to evaluatecthemical stability of
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progesterone. Chemical degradation was detected 2% minutes of
grinding.
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Figure 2- (A) XRPD patterns of progesterone formw2ing grinding time: (a)
0, (b) 5 and (c) 15 minutes. (B) FT-IR spectra afgesterone form 2 during
grinding time: (a) 0, (b) 5, (c) 10, (d) 15 minutesd (e) progesterone form 1.

Effect of progesterone form1 nuclei in thermal babtwof form 2

Tripathi et al. [10] reported a quantitative anaysf progesterone
polymorphs in a mixture, using enthalpies of fusamna parameter for
the quantification. However, if there is a crystaition followed by a
fusion process, the values of heat of fusion are rebable for a
guantitative analysis. In order to determine whethe nuclei of form 1
influence in the thermal behavior of form 2, diffat quantities of form
1 were added to form 2 and submitted to thermalyaisa Results are
given in Figure 3 where an exothermic event is nlesk in the DSC
curves of samples containing 30, 50 and 70% of fdtmThe
crystallization process was more evident in DSGsesirof form 2 and
form 1 50/50 (%om/m) mixture (Figure 3c). Afterwardeeat of fusion
versus mass of each polymorph was plotted, thesepvameters of
form 1 did not present a linear relationship, beeathe heat of fusion
involved in the process corresponds to the inftiaks of the form 1 and
the mass that has crystallized from the form 2yfgtA). On the other
hand, form 2 presented a linear relationship batwaass and heat of
fusion, as was expected (Figure 4B).
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Figure 4- Relationship between heat of fusion aadsrof progesterone: (A)
form 1 and (B) form 2

Figure 5 shows the thermal event occurred to forgna2ind sample.

It is possible to observe the fusion of form 2 wpikesence of seeds of
form 1 on the melt (Figure 5b). The recrystalliaatprocess (Figure 5c)

and then the complete fusion of the sample werergbd. This result
confirmed that seeds of form 1 were nucleus in emoltorm 2 that
induced the crystallization of form 1.
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a b c

Figure 5- Hot stage microscopy of progesterone fmgnound for 15 minutes:
(a) 40°C, (b) 122 °C and (c) 123 °C (seeds of far(b) and form 1 crystallized
from the melt of form 2 (c) are indicated by aroary

Solid state kinetic analysis

Progesterone pure form 1 exhibits a linear relatigm between heat
of fusion and mass as is observed in Figure 1®ak used to quantify
the appearance of form 1 induced by grinding fornTt2e relationship
between the logarithm of form 1 concentration amichding time is
shown in Figure 1C. It was linear (correlation do&nt, r = 0.9973)
until 15 minutes, as determined by using the lsgstires method. The
crystallization of form 1 from the melt of form 2iel to the presence of
nuclei of form 1 caused by grinding, seems to esa order kinetic
model, being possible the increasing of seedsrai th

Conclusions

Grinding process affects the chemical and polymierghability of
progesterone form 2. This process induced theftremation of form 2
into form 1 at high temperature. In the initial paf the grinding
process, the low quantity of seeds was undetectab¥RPD or FT-IR.
However, the appearance of nuclei of form 1 coddlbtected by DSC,
due to crystallization event of form 1 after theltmg process of form2.
Above 15 minutes of grinding chemical degradatiédnpmgesterone
was detected. The solid state transformation afjgsterone form 2 into
form 1 induced by nucleation of seeds of form 1seauby the grinding
process follows first order kinetic model. Finallge enthalpy of form 2
may be used as a reliable parameter for quanttatieasurements.
However, in the case of polymorphic mixture, théenot a linear
relationship between the mass content of form 1thaenthalpy.
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Abstract

Physical and chemical stability of progesteroneeursilid state stress
conditions were studied. Physical stability of foPnwas evaluated in
dark storage condition at 40°C/75% relative humgidiRH) for 3
months and it was also exposed to UV light for InthoFor chemical
stability, both progesterone polymorphs were stavéd and without
create pH microenvironments at 40°C/75% RH for 6nths.
Chemical degradation was evaluated by high perfocaaliquid
chromatography (HPLC) and progesterone forms 1 anavere
chemically stable in the period studied. The atitivaenergy values
were calculated through thermogravimetry (TGA) ahe values
obtained suggested that form 2 require more entb@y form 1 to be
thermally degraded. Form 2, the metastable polymorpas
chemically stable for six months and it was nomsgfarmed into form
1 under temperature and humidity stress conditiamd with light
exposition either.

Keywords: Progesterone polymorphs, Solid-state stress study,
Polymorphic stability, Thermal decomposition.

1. Introduction

In the solid state, drug substances may exhibiyrpotphism, it
occurs when two crystals of the same chemical comgpdave different
crystal structure [1], including crystal packingraargement and/or
molecular conformation [2, 3]. These differencestedaine its
pharmaceutical properties including solubility andtability.
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Additionally, the therapeutic efficacy of a drugbstance or drug
product can be altered by its physical or chemiedradation [4].
Physical or polymorphic instability occurs when atastable solid state
form transforms into the most thermodynamicallybkaorm and, this
change depends on kinetic and thermodynamic fadi®fs Then,
stability studies are conducted in order to evaluahemical and
physical changes of the drug, under the influeri@ngironment factors
like temperature, humidity and light [6]. It is wd&hown that chemical
and physical factors cause solid state reactianseber, there are a few
reports showing the importance of stability tesiim¢he solid state [7].
Natural progesterone is an essential hormonegulating the
female reproductive system. It is used in gynecglooncluding
contraception, medical abortion, and treatmentarfddtions related to
endometrial and myometrial growth [8]. This drudpisits two different
crystal structures: forms 1 and 2, both with egphirmacological
effects. Form 2 is the metastable form and it iskcal/mol less stable
than form 1 [9]. This metastable form is more st@utiherefore, it
presents a good advantage for the formulation lad fmrms. In order to
evaluate its application in solid dosage forms, fgodéymorphic and
chemical stability under solid state stress coodgibecome essential.

[7]-

Although, crystallographic and calorimetric datar fboth
progesterone polymorphs are already reported acdntly compiled by
Barrio et al [10]; solid state stress studies hatsbeen reported. Hence
the objective of this study was to investigate cicainstability of the
two progesterone forms and the physical or polymorstability of
form 2 under several ambient stress conditions.

2. Experimental
2.1 Materials

Commercially available micronized progesterone wssd as pure
form 1. Form 2 was prepared in-house from the rhéron 1 at 140°C
by slow cooling form 1. HPLC/UV grade acetonitrias purchased
from J.T. Baker; salts and all other chemicals vwdranalytical reagent
grade and obtained from Vetec. Ultrapure water padfied using a
Millipore system (18.2 M/cm, resistivity, MilliQ®).

2.2 Instrumentation

Stress stability system consisted of a Biopar oweith relative
humidity obtained by sodium chloride saturated tohs; temperature
and humidity were monitored with a calibrated thelnygrometer
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throughout all storage time. Photostability chamives equipped with
an illumination bank on inside top consisting oJ¥C lamp-254 nm
(30 W), the samples were placed at a distance ani@rom the light
bank. The light system complied with option 2 oé tfCH guideline
Q1B. At any given time, UV energy and visible illumation were tested
using a calibrated lux meter Mimipo MLM-1011.

HPLC analyses were performed on a Shimadzu LC-1¢giem
equipped with a model LC-10AT pump, an SPD-10AV ialsle
wavelength detector, an SCL-10Avp system contratedt a Jasco AS-
2055 Plus auto-sampler with an effective volumeofuL. Peak areas
were integrated automatically by Shimadzu ClasRW? 6.14 software
program. The system utilizes a reversed-phase BewRAnalytical C8
column (150 mm x 4,6 mm i.d., 5um pore size 110fil@m Perkin
Elmer, maintained at 25 °C using a mobile phase 6640
acetonitrile:water (%ov:v).

Thermal stability studies were performed on a tluratance model
TGA-50 (Shimadzu), using platinum crucibles, under dynamic
nitrogen atmosphere (50 mL/min). Because the ldragialysis required
at least 3 dynamic curves with different heatinggsawas used: 5, 10
and 20 °C/min from room temperature to 400°C. Sampbf
approximate 2 mg were weighed in the platinum d&lesi

Polymorphic stability was monitored by X-ray powddiffraction
(XRPD) and differential scanning calorimetry tecjues. XRPD
patterns were recorded on a PANanytical X'PERT ididpose
diffractometer equipped with a Cuxksource X=1.5418°A) operated at
45 kV and 40 mA, step size 0.01&tep time 20 s, angular scanning
speed 2°/miit and 20 angular range between 5° and 50°. Differential
Scanning Calorimetry (DSC) analyses were carried osing a
Shimadzu DSC-60 cell using aluminum pans, undgmamic nitrogen
atmosphere (50 mL/min) and a heating rate of 5 fi€ima temperature
range from 40 to 150°C. In order to prevent an atrodied variation of
pressure, the samples were placed on pans sedletiodés [11].

2.3 Chemical stability

2.3.1Preparation of solid-state stress samples

For pH stress studies 10 mg of each polymorph vee@urately
weighed into vials and 20 mg each of oxalic acid sodium carbonate
were added to create acidic and alkaline pH microenment,
respectively. The contents were mixed using a giapdllary. Separate
sets were prepared without any additive to allowskudy at inherent
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pH of the drug. Sufficient number of samples wasppred to allow for
withdrawal of replicates after 3 and 6 months fd&tU& analysis. The
samples in open vials were placed to stabilitysststudies system at 40
°C/75% relative humidity (RH).

For photolytic solid stress study both polymorpherevplaced on a
photostability chamber for 1 month.

2.3.20ptimization and revalidation of a stability-indiirag HPLC
method

The analytical method used was previously repdotedintner and
Kruep [12]. This uses C8 column at a flow rate & taL/min using a
mobile phase of 60:40 acetonitrile:water (%ov:v)r fHoe optimization
and revalidation of the method to our system, fordegradation of
progesterone in neutral, acid, oxidative and plytitolconditions were
performed. The following validation characteristiogere evaluated:
linearity, accuracy and precision.

2.3.3HPLC analysis of solid stressed samples

The samples collected after 3 and 6 months werduatea for
physical and chemical changes. For chemical arglyenlL of mobile
phase was added to each glass vial, followed bication for 5 min in
an ultrasonic bath. The contents were transfemedd30 mL volumetric
flask and the volume was made up with mobile phasally, 1 mL of
this solution was transferred to a 10 mL volumeftdsk and the volume
was completely with mobile phase, the resultantittmt was injected
into an HPLC system (n = 3). In each conditioncpat drug remaining
was calculated.

2.4 Thermal stability

Both progesterone polymorphs were submitted tontbkextreme
conditions using TGA analysis. The thermal decortjprs data
generated from this techniqgue can be analyzed t@irokkinetic
parameters.

2.4.1Kinetic procedure
Most of the kinetic methods used in thermal analysinsider that
the isothermal rate of conversiodg /dt, is function of two variables:
temperature(T) and extent of conversion [13] as showed in equation
1.
da/dt=k(T)f(a) 1)
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where k(T) is the rate constant that is temperature deperafaht
f(a) is the function of conversion, which is temperatindependent.
The kinetic methods assume tte / dt is a linear function ok(T)

and f(a) [14]. Under non-isothermal conditions, equatiotuths into
equation 2.

da/ fa = (ar8)e B/RTqr @)

where S =dT/dt is the heating rate A is the pre-exponential
factor, E is the activation energy arid is the gas constant.

Accordingly Muraleedharan et al. [14], the methawposed by
Ozawa—-Flynn—Wall is an isoconversional method thaes linear
regression to calculat& . This method postulates theit(a) does not

change with heating rate for all values @f Hence, measurement of
temperature corresponding to fixed valuesroht different heating rate
is necessary. Under these conditions equation @eg into equation 3

InB=In[Af(a)]/[da/dt]-E/RT  (3)

For practical calculations a plot can be constdictgingIn S versus

1/T to obtain a straight line with a slope £/ R.

If the calculated values d& show almost constant for several values
of a, the reaction involves a single step. Differenae40 kJ mol* are
usually considered as a constant behavior [15, Q&jerwise, changes
higher than these values i with increases otr , is an evidence that a
complex reaction mechanism occurs. This conditgonat in agreement
with the separation of variables related to the v@ez&lynn-Wall
analysis [14]. The relevance of solid state themeglomposition studies
is because the multi-step nature of reaction tisailly occurs in the
solid state [17].

2.5 Polymorphic stability

Progesterone form 2 in cover slips were placedhénstress stability
studies system at 40 °C/75% relative humidity (R} described
above) for 3 months and other set of samples wéaeeg in the
photostability chamber for 1 month. SubsequentiRPX and DSC
analysis were conducted.
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3. Results and Discussion

3.1 Method optimization and validation

The method was evaluated in the parameters: liygaaccuracy,
precision and specificity, accordingly USP acceptarmriteria [18].
Table 1 shows the results obtained in the linealitwas confirmed by
preparing progesterone standard curves for the/@ceirange of 1.00—
20.00pg/mL. A correlation between peak area and concéorraf the
drug was observed with?r>0.99 for all standard curves. The
percentages of R.S.D. for intra- and inter-day igien studies at 100%
of work concentration are given in Table 2 and ¢healues were less
than 5%. Also, good recoveries were obtained whemidure of
stressed samples was added to the drug at the ajoere three
concentrations (Table 3). As shown in Figure 1,nfethod showed to
be specific, for the properly quantification of pestgrone in presence
of its major degradation products.

Table 1- Linearity data from progesterone analjiicaves

Standard curve Calibrators Slope y-intercept vilue

Validationdayl 5 33728 47187 0.9905
Validationday2 5 32889 53184 0.9931
Validationday3 5 33282 57590 0.9928

Table 2- Accuracy: drug substance added into aumef stressed samples

Target concentration Experimental concentrationRecovery
(ng/mL) (ng/mL) (%)

8 8.55+0.10 106.88
10 10.33+0.12 103.30
12 11.91 +0.33 99.25

Table 3- Precision; drug substance (%RSD)

Precision 10.0Qg/mL
Intra-day 3.80
n=6
Inter-day 1.17

n=3
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Figure 1- Chromatogram of a mixture of progestersinessed samples solution

3.2 Progesterone polymorphs stability

3.2.1 Chemical degradation

The salts oxalic acid and sodium carbonate withggsterone
produced microenvironments with pH of 1.42 + 0.02 40.86 + 0.02
respectively. These pH values were calculated byntlethod reported
by Serajuddin et al. [19].

Chemical degradation in progesterone forms 1 andia® not
observed after 6 months of storage at 40°C/75% iRbBoth acid and
alkaline conditions. Figure 2 shows the chromatograf progesterone
polymorphs under acid conditions. They were alsablst to
photodegradation.
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Figure 2- Chromatograms of progesterone: (A) steadation, (B) form 2 and
(C) form 1 under acid storage conditions for 3 rhent
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3.2.2 Thermal decomposition

Although, the thermoanalytical technique can noplaee the
classical stability studies that usually requireeltse or months, it can
provide an early alert to redirect the process tdvitae most successful
formulation [17]. TGA curves for the two progesteegoolymorphs and
the o-T plot for the non-isothermal decomposition of geeterone
polymorphs are presented in Figures 3A and 3B wntispdy. The
estimated values ofE related to thermal decomposition of both
progesterone polymorphs are shown in Table 4. Thedgees was
calculated using the Ozawa-Flynn-Wall method [1yfitiing the plots
of In g versusl/T (Figure 4). Linear Regression was used to obtain th

slope and the coefficient of correlatiom) (the r values are also
presented in Table 4. The activation energy vablgsined for both
progesterone polymorphs at different extent of eosion can be
considered similar (R.S.D. was 2% and 6% for forinsand 2
respectively). Hence, thermal degradation of priegese polymorphs
might be considered as a single reaction step.
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Table 4- Activation energies for the 0.05 to 0.9fhwersions for the both
progesterone polymorphs obtained by the Ozawa-Fiyal method

Form 1 Form 2
Extent of E(kJmol™) -r E(kJmol™) -r
conversioru
0.05 80.29 -0.9762 84.09 -0.9990
0.10 82.78 -0.9912 84.09 -0.9990
0.20 82.78 -0.9912 91.28 -1.0000
0.30 77.71 -0.9966 99.30 -0.9986
0.40 76.16 -0.9867 91.28 -1.0000
0.50 77.71 -0.9966 99.30 -0.9986
0.60 77.71 -0.9966 99.30 -0.9986
0.70 77.71 -0.9966 99.30 -0.9986
0.80 77.71 -0.9966 99.30 -0.9986
0.90 77.71 -0.9966 91.28 -1.0000

3.2.3 Polymorphic stability of form 2

Progesterone form 2 retained it crystal structditer @ months to be
submitted to 40°C/75% RH conditions. Figure 5 showw
diffractograms of this sample before and afterager compared with
the calculated XRPD pattern. These results werdiromed by DSC
analysis and are shown in Figure 6.
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Figure 5- XRPD patterns of progesterone form 2:rédgrence, (b) after 3
months storage at 40°C/75% RH and (c) after 1 maxposed to light.
Intensity modifications of the reflections in thatierns correspond to preferred
orientation effect.
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Figure 6- DSC cuves of progesterone form 2: (a@regfce, (b) after 3 months
storage at 40°C/75% RH and (c) after 1 month exghesdight

4. Conclusions

The two progesterone polymorphs were stables in different
microenvironments conditions. The thermal degradatiof both
progesterone polymorphs can be described propsrla lsingle-step
model. The metastable form 2 presented higheradiiv energy values
than form 1; hence form 2 required more energyealégraded under
thermal conditions. The metastable form 2 was cbaltyistable for the
period evaluated (6 months) and it was not transéor into form 1
under temperature and humidity stress conditiorts etier with light
exposition. These results are useful to desingl stdsage formulations
using form 2, since at present they are only bémgulated with the
form 1.
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4.1 CRISTALIZACAO DA PROGESTERONA SOBRE MATRIZES
POLIMERICAS

Propdsito. Determinar as condigBes para obtencao e estalditizeda
forma metaestavel da progesterona, atravésdeéning’; aplicando a
técnica de nucleagéo heterogénea induzida por @afn

Métodos Foram realizadas experiéncias de cristalizagfipamdo dois
solventes: acetona e cloroférmio; seis matrizesngoicas: PVA,
HPMC, PI, NBR, dextrana e gelatina, assim comoddégentracdes de
farmaco: 0,5; 10 e 40 mg/mL. Os filmes polimériémsam preparados
entre 2 e 3% (%, m/v) em agua através do métodevdporacdo de
solvente e no caso do Pl e NBR foram obtidos jd@ma de filmes.
Posteriormente, os filmes foram cortados em ciscude didametro
constante e transferidos para béqueres, aos quagiconou 2,00 mL
das solucdes de diferentes concentracbes. As amodtram
caracterizadas pelas técnicas de estado sélido:FDRSC, ATR-IR e
MEV.

Resultados.A forma 2 foi obtida a partir de cristalizag6es fdomaco
na concentragdo de 0,5 mg/mL, em cloroférmio, erasqutodas as
matrizes, exceto na gelatina, na qual obteve-séuraigle ambos os
polimorfos. Mistura de polimorfos foi também obtidem PVA e
HPMC, a partir de solu¢cdes com concentracdes dend®nL e 40
mg/mL, e em NBR, a partir de solu¢cbes com conceétrade 10
mg/mL A forma 1 foi obtida de solugbes com concentracéo4d
mg/mL cristalizadas em Pl e NBR, e em PI, a paeirsolucbes com
concentracdo de 10 mg/mL. Nas cristalizacbes emtor@e 0
comportamento foi similar, exceto nas solu¢des contentracdo de 40
mg/mL, em que apenas a forma 1 foi obtida em t@dosolimeros. Os
cristais obtidos em acetona apresentaram maiomtaongue 0s obtidos
em cloroférmio. Na maioria dos polimeros os polifosrapresentaram
diferentes habitos cristalinos, tendo sido observa@smo polimorfo
com morfologias diferentes e diferentes polimorfmem a mesma
morfologia.

ConclusdesA técnica de nucleacédo heterogénea induzida pimpms
permitiu obter a forma 2 pura e em mistura com améo 1
principalmente em cristalizagées de solu¢cdes camasudracdes de 0,5
e 10 mg/mL, na maioria dos polimeros. A concentragé solventes e
os polimeros influenciaram a cristalizacdo seletlea polimorfos. A
forma 2 foi estavel sob condi¢des de estabilidaddeeada (40°C/75%
UR), por 3 meses, dependendo do polimero e da swacéo utilizada.
A morfologia n&o é caracteristica de cada polimgdando preparados
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por este técnica. Considerando que a forma 2 apeeseelhor
solubilidade que a forma 1, os resultados obtid@spomissores para
sugerir a utilizagdo da forma 2 em dispositivodiloeracdo modificada.
Este fato representa uma grande vantagem para agjis
farmacéuticas, pois permitiria diminuir a dose 8eaea para atingir a
mesma biodisponibilidade alcancada com a forma 1.
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Abstract

The crystals of progesterone polymorphs were pegpbdny polymer
templating (polymer-induced heteronucleation) ardracterized by
solid-state techniques. Polyvinyl alcohol (PVA), dhyxypropyl
methylcellulose (HPMC), dextran, gelatin, polyisepe (PI), and
acrylonitrile-butadiene (NBR) copolymer were used polymeric
surfaces. Crystals were prepared from 0.5, 10 &nchg/mL solutions
in acetone and in chloroform at room temperature dmjvent
evaporation. Form 1 was nucleated from 40 mg/mutgmis in acetone
on the six polymers and in chloroform on dextranamd NBR. Form 1
was also obtained from 10 mg/mL solutions in aceton PVA, Pl and
NBR and in chloroform on Pl. Form 2 was obtainemhfrcrystallization
at 0.5 mg/mL in chloroform, in almost all the polgra except on gelatin
in which was obtained mixture of both polymorphs. mixture of
polymorphs was also obtained from 10 mg/mL and 4@hmh solutions
on PVA and HPMC, and from 10 mg / mL solutions oBRN Form 1
was obtained from 40 mg/mL on Pl and NBR, and frddnmg/mL on
Pl. In crystallizations from acetone the behaviasvsimilar with the
following exceptions: form 1 was crystallized fra@ mg/mL solutions
in all polymers and from 10 mg/mL solutions on PVA, and NBR.
Finally, a mixture of polymorphs was obtained fré% mg/mL. The
crystals obtained in acetone of larger size thasehobtained with
chloroform. In the most of the polymers studiedfedént crystal habits
for the same polymorph were observed and evenaime snorphology
for both progesterone polymorphs.
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Keywords: Progesterone, polymorphism, crystal growth, polyme
induced heteronucleation, preferred orientation.

1. Introduction

Progesterone is a natural hormone steroid usediimahs for the
treatment of premenstrual and polycystic ovary syms', in hormone
replacement therapyand as a component in oral contraception fills
Recently its potential use as a neuroprotectorrayelin repairer have
been studied’. This drug is also used in livestock for artificia
insemination ®>, administered by intravaginal polymeric devicks
Structurally, progesterone exhibits two polymorpfoems at ambient
conditions: form 1 and form 2 (Cambridge Structibdatabase reference
PROGST12 and PROGST13 respectively) Form 1 is
thermodynamically stable and less soluble than f@mForm 2 is
metastable and it is more soluble than form 1.rrearlier study, we
reported the effects of grinding in the solid-stagssformation of form
2 into form 1. These results suggest that formribisa suitable to use as
powder raw material for processing of solid formghwmechanical
stress. Additionally, its efficacy is limited foremral administration,
because its intensive hepatic metabolfsifihe transdermal and vaginal
routes have more advantages including reductioposkible hepatic
side-effects.

In other hand, in the polymorphic screening arelyrRer-induced
heteroncleation (PIHn) is a new approach for targetleation in the
polymorphic crystallization process. PIHn is a ®ssful method that
made it possible to isolate new solid forms of eamhzepine®
sulindac, flurbiprofen'* and sulfamethoxazol& from solution, using
the surfaces of dispersed polymers as template.

There are already polymeric parches for transdeatdalinistration
of progesterone. Hence, polymeric films are adeqjuat study the
polymorphic crystallization of progesterone in th@t of systems. The
knowledge about crystallization process of proges&e using
polymeric matrices might make possible to design delivery systems
for this drug. Therefore, the aim of the presentkwis to study the
polymorph crystal growth of progesterone through lieteronucleation
process in polymeric matrices using polymeric filraed solvent
evaporation as crystallization method.
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2. Experimental section
2.1. Materials.

Micronized progesterone (>99% pure) was obtaine@mfr
Pharmanostra imported from China. PVA was obtaiinech Vetec ®;
HPMC, dextran T-500 and gelatin G-9382 were puretidsom Sigma-
Aldrich. Pl and NBR sheets with 0.1mm thicknessenvebtained from
Embrac ® and Danny ®, respectively.

2.2. Polymeric films preparation.

PVA, HPMC, dextran and gelatin films were prepasetveen 2-3%
in water by solvent evaporation. Pl and NBR sheetse used as
purchased. All polymeric films were cut into apgroately 1 cm
diameter circles.

2.3. Progesterone crystals growth.

Three solutions of different concentrations of @sigrone were
prepared in acetone and chloroform: 0.5 mg/mL, Xfnmh and 40
mg/mL. From each concentration crystallizationgpotymeric matrices
were performed. Substrates were placed in beakersvare added 2.00
mL of progesterone solution. Solvent evaporatiomoam temperature
(approx. 25 °C) was used as the crystallizatiorhoat

The polymorphic stability essays of form 2 obtaired polymeric
matrices was evaluatachder stress conditions (40°C and 75% relative
humidity (RH)) for 3 months.

2.4 X-ray diffraction study

X-ray diffraction patterns were collected from a NPaytical
X'PERT Multipropose diffractometer equipped withCai Ko source
(A=1.5418°A) operated at 45 kV and 40 mA, step siga@, step time
20 s, angular scanning speed 2°/fmamd 20 angular range between 5°
and 50° using a linear solid-state detector (Xeate). Substrates with
progesterone crystallized were placed between taptdh® films in a
transmission sample-holder. In order to reduce hibge crystalline
preferred orientation induced by crystal grown ps¥x on substrates,
progesterone crystals were scraped out from theigest grounded,
forming a fine powder sample, and placed on a bawkground sample
holder. The polymorphic forms were identified byngmaring the
experimental X-ray powder diffraction patterns withlculated patterns
obtained from crystallographic data of Form 1 andor@gesterone
polymorphs. (PROGST12: Form 1 and PROGST13: Foffira@caster
et al., 2007).
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2.5. Attenuated Total Reflectance Infrared Spectipg (ATR-IR)
technique.

Infrared spectra were obtained using a ShimadzuPiBstige-21
infrared spectrometer fitted with a diamond ATR asoey, collecting
32 scans at 4 cm resolution. Samples were dried and placed directly
without other manipulation.

2.6. Thermal analysis (DSC) analysis.

DSC curves were obtained on a Shimadzu DSC-60 ushg
aluminum pans, under dynamic nitrogen atmospheden{b/min) and
heating rate of 5 °C/min in temperature range fednto 150 °C. The
samples were cut and placed on the pans, sealedrder to avoid
uncontrolled variation of pressure the pans wertopsted.

2.7. Scanning Electron Microscopy (SEM).

Microphotographs were obtained from a JEOL JSM-&3%90
scanning electron microscope operated at 10kV &k¥.1The samples
were seated on a metal stub with double-sided aghtgpe and coated
under vacuum with gold in an argon atmosphere.

3. Results and discussion

PVA, HPMC, dextran and gelatin were selected taking account
its pharmaceuticals use in drug delivel{*> coating ***" and as
excipients'®. In addition, these polymers have ability to fditms and
are water soluble; therefore it is expected to lightyy solubility in
organic solvents. Pl systems have already been insddug delivery
devices for veterinarian applicatiohsFinally, NBR was selected by its
similar texture with Pl and in order to increase thariety of the
polymeric surfaces. The monomers of these six petgnare given in
Figure 1. The polymorphic forms were identifiecsfiy by comparison
of experimental XRPD data with calculated patteofigprogesterone
forms 1 and 2 (PROGST12: form 1 and PROGST13: @ym XRPD
patterns of both polymorphs have several superipgposflections, thus
we select those intense without superposition &5FZor form 1 and at
13.95 and 16.42° for form 2. These positions adécated in the figures
with the symbols (+) and (*) to forms 1 and 2, esdjvely. Afterward,
the samples were subjected to DSC analyses andnpgifnis were
identified by comparing the melting range repoitethe literature with
the range obtained experimentally. Forms 1 and 2 imehe range of
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128-131 °C, and20-122°C, respectively™®. Additionally, in the cases
that the polymer did not interfere in the identifion, ATR-IR spectra
were used to confirm the results. Form 1 presemistanctive band in

870 cm' and this is shifted to 863 ¢hin form 2”. The polymers used
neither have crystalline structure nor melting pmifrigure 2 shows the
ATR-IR spectra of the pure polymers (a-f) and psigene polymorphs

(g and h).
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Figure 1- Chemical structure of progesterone anghpers used: (1) dextran,
(2) HPMC, (3) PVA, (4) PI, (5) NBR and (6) gelatin
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Figure 2- ATR-IR spectra of : (a) dextran, (b) HPME) PVA, (d) gelatin, (e)
Pl, (f) NBR, (g) progesterone form 2 and (h) pragesne form 1

3.1. Progesterone crystals growth from acetonetsmig

The crystallizations from 40 mg/mL solutions, prsigeone form 1
was obtained on the six polymeric matrices. In XPD patterns for
these samples high preferred orientation was obddvigures 3 and 4).
On Pl and on dextran the preferred orientation wwasarkable. Figure 3
shows XRPD patterns and the microphotographs ofygsterone
crystals grew on these two polymers. It is obsethatlithe large size of
the crystals was caused the preferred orientafitve. diffractograms
obtained for crystals grown on Pl presented anngdereflection at
10.82°. It is apparent, therefore, that at slowwghooccurred in the
crystallographic direction [1 0 1]. For crystalstaibed on dextran, the
major growth was observed in the [1 0 1] and [] diéctions. In order
to reduce preferred orientation, crystals were redofrom the
polymeric surfaces and softly ground, forming fipewder samples.
After that, XRPD measurements of the powder samptre performed
using a zero-background sample holder and the peesaf form 1 was
confirmed for all samples prepared using 40 mg/molut®ons. In this
case, the soft grinding process did not cause apsgtatline phase
transition, because the form 1 is the stable potpim@nd the grinding
conditions used were as soft as possible.
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128

DSC curves for all samples presented a unique baduic event
corresponding to progesterone form 1 confirmingréwilts obtained by
XRPD.

ATR-IR measurements were useful to confirm the palsphic
crystallization on PVA, HPMC, dextran and gelatimao compare the
vibrational spectra of these polymers with progeste. In Figure 5 the
distinctive band in 870 cthcorresponding to form 1 was observed.
Nevertheless, Pl, NBR and progesterone (Figure &hak f) showed
similar vibrational modes due to the out-of-plarending of hydrogen
bonded to asp’ carbon? presented in these three molecules. Hence,
ATR technique was not useful for the identificatiohpolymorphs in
these two polymers since the superposition of samaracteristics
bands.

Transmittance [arb. units]
L 1 L | L
(o]

T T T T T T T T T 1
1000 950 900 850 800 750
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Figure 5- ATR-IR spectra of progesterone form laoted from 40mg/mL
solutions on: (a) dextran, (b) HPMC, (c) PVA anjiiddlatin

In Figures 3 and 6 are observed the morphologyysitals presented
by progesterone form 1. Three different polyhedrgbktal habits and a
dendritic  morphology were observed with sizes \vagyifrom
millimeters to micrometers.
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Figure 6 Microphotographs of progesterone crystallizednfrél0 mg/mL
solutions in acetone on: (a) HPMC, (b) PVA, (c) NBR (d) gelatin

Progesterone form Was obtained from crystallizations at 10 mg/mL
solutions on PVA, Pl and NBR. Ftinesesampleghe XRPD data also
presented preferred orientation (Figure 7A). ForARke diffractogram
on Figure 7A (a) was coincident with form 1, howetlee more intense
reflection at 17.14 ° and 17.28 ° is observed wiéhy low intensity. The
crystals grown on PVA presented a slow growth ef[thO 1] and [0 2
2] directions. After prepared properly the progesie crystal, the
XRPD data showed two more intense reflections ofypsterone form
1. Progesterone crystallized on Pl was presentedtanse reflection at
2 theta 29.59 ° evidencing a major growth of thel[0] direction. The
XRPD data also showed reflections higher than 30fickv were
presented in the pattern of form 1 of low intensiyhen progesterone
crystals were ground, those reflections were disapga in the XRPD
data, confirming preferred orientation. On NBR, g@sterone crystals
presented a slow growth in two crystallographi@edions mainly: [1 0
1] and [0 4 1]. After measurements of progesteronstals ground
properly, all the reflections were coincident withm 1. Finally, DSC
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experiments confirmed the presence of form 1 osdhhbree polymers
(Figure 7B (a-c)).
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Figure 7- (A) XRPD patterns (+ form 1: 12.95 ° ahdorm 2: 13.95° and
16.42°). The inset shows the respective microphrafuts of each sample. (B)
DSC curves of progesterone form 1 obtained from dlérh solutions in
acetone on: (a) PVA, (b) Pl and (c) NBR

On HPMC, dextran and gelatin, progesterone wadalliged as a
mixture of the two polymorphs. The XRPD patterngefatin presented
none of the selected reflections to form 2 (FiggxeOn the other hand,
on dextran, the most intense reflection of form21ith{eta 17.14° and
17.28°) attributed also to preferred orientatiorswat observed. After
removing the crystals from the polymer and grinditigem, all
reflections appeared were coincident with form bwever, form 2 is
the metastable polymorph, hence it transforms fotm 1 through the
grinding process as we investigated previo@5ldn the DSC curves in
figure 8B it was possible to confirm the resultsanmbed by XRPD
analysis, which presented high preferred orientatio
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Figure 8- (A) XRPD patterns (+ form 1: 12.95 ° ahdorm 2: 13.95° and
16.42°). The inset shows the respective microphrafuts of each sample. (B)
DSC curves of progesterone form 1 obtained from dlévh solutions in
acetone on: (a) dextran, (b) HPMC and (c) gelatin

In the experimentdrom the concentration of 0.5mg/mL, crystallized
progesterone was predominantly as a mixture oftilge polymorphs.
For PVA, HPMC gelatin the XRPD data presented ifigent
reflections, therefore, coincident with form 1 f®&VA and HPMC
(Figure 9a-b). In the case of gelatin the uniqucdon observed is
present in both polymorphs (Figure 8c). XRPD foxtden in Figure 9d
presented no reflections and only the characterfstio of amorphous
polymers was observed. The use of further analysisidentify
polymorphs in these samples was critical. DSC @uwere useful to
confirm the presence of the mixture of progesterpolmorphs on
these four polymers (Figure 10). The elastomersaitl NBR also
presented few reflections which are present in Ipothvder patterns of
the two polymorphs. On both polymers an intenskectgbn at 2 Theta
29.59 ° was observed. Additionally, other reflegticat 2 Theta higher
than 30° were observed; which must have very lotenisity in the
calculated pattern of form 1 of. It was similarttee one observed on
crystals obtained on PI from intermediate solutiamgstallizations.
However, for these two polymers DSC curves didallow to confirm
the presence of progesterone form 2.
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Similar crystal habits were observed on PVA, HPMElatin and
dextran (Figure 11). Therefore, on the both elastsrmone specific
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morphology was observed. Hence, in this case thmotogy was not
able to be used as a distinctive characteristeach polymorph.

15KV d 1 Sam e W b Gm £
Figure 11- Microphotographs of progesterone crigeal from 0.5mg/mL
solutions in acetone on: (a) PVA, (b) HPMC, (c)agiel, (d) dextran, (e) Pl and
(f) NBR

3.2 Progesterone crystals growth from chloroforftusons

On HPMC, PVA and gelatin, even from 40 mg/mL saof the
metastable form 2 mixed with the form 1 were ol#dindetected by
XRPD and DSC analyses (see Figures 12, 13 andzBatin presented
a unique behavior since it induced the two polyrhargorms from all
studied concentrations. Therefore, polymeric matrand the
concentration used have influenced in the selecifaime progesterone
crystal forms. Figure 13A shows the diffractograofs crystallized
progesterone on gelatin from the three concentrstiovhere the
preferred orientation is observed. However, thiadtion was expected
in concentrated solutions since the crystals cpuddent large sizes. In
gelatin the preferred orientation was also dete@edliluted solutions
(Figure 13A (c)).
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Figure 12A presents XRPD data for the crystallmadi performed
from the three concentrations solutions on PVA. Thalo,
corresponding to the pure polymer, was observedguisitermediated
and diluted concentrations. A similar situation wted on dextran
(Figures 14A). However, on the latter polymer fraiifuted solutions
the mass of progesterone was not sufficiently afiise to show
reflections. Figures 11A (c) and 15A (c) illustréte HPMC and NBR
the presence of halo and absence of reflectionscoMi identify the
polymorph 2 using DSC in the case of dextran antM8POn the case
of Pl from diluted solution, some particular refiens in the range of
35°- 50° and an intense reflection in ~30° werbseoved.

Unfortunately, these reflections are coincident bioth polymorphs
(Figure 16A).
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DSC analyses were used to resolve the cases wingeepssition of
reflections occurred, being difficult to identifynly by XRPD. For
instance, the samples obtained by crystallizatitnesn 40 mg/mL
solution on HPMC and PVA were identified with forimfrom XRPD.
However, in Figures 11B and 12B show in DSC cuthespresence of
form 2, confirming a mixture of polymorphs on thesamples. The
samples obtained on NBR by crystallization from gl solutions,
the XRPD pattern of progesterone crystals direottythe polymeric
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films; could be identified with form 2. In order toonfirm the

identification, the crystals were scrapped fromfee¢ and ground
before they were measured again using XRPD, evidgrihe presence
of form 2. However, in Figure 15B an endothermiervin the melting
temperature of form 1 is observed. Due to the XRiPD DSC data not
being in agreement, further studies would be reguir
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40 mg/mL, (b) 10 mg/mL, and (c) 0.5 mg/mL solutiogmghloroform

3 15000 4

12006

Intensity [counts]
g 8 g
g 3 8
i ;
i)

Heat Flow [mW]

L h

O

8000 N

£ » Soz+

H 6000 5 0o ] b
> 4000 H

% o2

§ 2000 | N b E

2 204

= 128566

— 2000 04+

1000 o

02
T T & T T T T T 1
5 10 15 20 25 30 35 40 45 50 110 115 120 125 130 135 140

Intensity [counts]
8 8
I !
o
Heat Flow [mW]
o
~— endothermic

2 Theta [degrees] Temperature [*C]

A B
Figure 16- (A) XRPD patterns (+ form 1: 12.95 ° anhform 2: 13.95° and
16.42°). (B) DSC curves of progesterone crystallizen NBR from: (a)
40 mg/mL, (b) 10 mg/mL, and (c) 0.5 mg/mL solutiomshloroform




137

15000 — E 00+
E
Es]
10000 | a
H
i« 304
5000 e
. 3
3
o a 245 ]
o]
5200 . 00

£
3900 o =
3 15

¥ b Bt ..

2000 =

1500 4 ¥

1000 o 2 c
500 4 c H h

T T T T T T T T 1 08

T T T T T 1
5 10 15 20 25 30 35 40 45 50 110 115 120 125 130 135 140

s
J

5
L

Heat Flow [mW]
5
2
/

Intensity [counts] Intensity [counts] Intensity [counts]
~——endothermic

2 Theta [degrees] B Temperature [°C]

A
Figure 17- (A) XRPD patterns (+ form 1: 12.95 ° anform 2: 13.95° and
16.42°). (B) DSC curves of progesterone crystalliaa PI from: (a) 40 mg/mL,
(b) 10 mg/mL, and (c) 0.5 mg/mL solutions in chlomn

ATR-IR progesterone crystallized on dextran and PAfA given in
Figure 18. In the sample obtained from 40 mg/mL dextran a
characteristic band of progesterone form 1 wasrebdeFrom the other
two concentrations, the band was shifted to 8631,cimdicating the
presence of progesterone form 2 on the polymdrit fOn PVA form
40mg/mL the band was observed in 860"cand from 10 mg/mL
appears in 870 ch These results indicate the presence of form 2, or
however, they are inconclusive in cases where tlsesepresence of a
mixture. Nevertheless, for progesterone nucleatedPloand NBR the
band was misleading, owing its presence to thempety(Figure 2).
Hence, for Pl and NBR, it was not useful to idgntie polymorph and
neither provided information of polymer modificatiowith the
crystallized phase.
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Figure 18- ATR-IR spectra of progesterone crystatlion: (A) dextran, and (B)
PVA from: (a) 0.5, (b) 10 and (c) 40 mg/mL solusan chloroform

Table 1 summarizes the results of this polymorghieening. These
results suggested that the polymer and the solirgetfere in the
selection of progesterone polymorphs.



Table 1- Polymorph found on the matrices at thm&entration levels and two solvents

Solvent | Concentratio Progesterone polymorph/matrices
n (mg/mL) PVA HPMC dextran gelatin Pl NBR
Acetone 40 Forma ¢ | Form 1*®*° | Form 1**® Form 1** | Form £ *¢| Form 1*°°°
10 Forma F*¢ | Mixture 12 | Mixture **¢ | Mixture®*® | Form 1**® | Form 1**°
0.5 Mixture®*® Mixture 12 | Mixture © Mixture & | -¢ -
Chloroform | 40 Mixture” Mixture™® Form 1" | Mixture®® | Form 1*° | Form 1*°°
10 Mixture®® Mixture®*® Mixture 2*°*¢ | Mixture ®® | Form 1**¢ | Mixture?
0.5 Form 2°° Form 2 Form 2°*¢ Mixture &*¢ | -¢ -
aXRPD
® AT-IR
°DSC

4 The polymorphs could not been determined sinceetselts were inconclusive
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In a previous study we demonstrated that formriage soluble that
form 1 ?°. Additionally, it is reported in literature thabr 2 is a
“disappearing polymorpK®. Hence our interests to study the conditions
that produce this crystal form. Crystallizations rfpemed from
intermediate and diluted solutions were the cooditthat produced
form 2 or mixture of polymorphs in its majority.

The solvent-mediated polymorphic transformationpodgesterone
form 2 into form 1 was previously reported by Waetgal. (2000). In
this study they demonstrated that the metastablm @ is firstly
crysggllized and transforms into a stable éheaccording to Ostwald's
rule >,

3.3 Morphology of progesterone polymorphs

In general, the morphology of a crystal specimedetermined by
structure and by factors involved in crystal growtlence the same
crystal form may appear in several morphologie&igure 19 shows the
SEM micrographs of progesterone crystallized omatgefrom the three
concentrations in chloroform. Under these cond#joprogesterone
crystallized as a mixture of polymorphs. Howeveno t different
morphologies were not visualized. On the other hamel morphology
observed on gelatin crystallized from 10mg/mL dohsg (Figure 19A
(b) was quite similar with the exhibited on HPMOrfr 40mg/mL
(Figure 19B (a); both presented a mixture of the polymorphs and
exhibited a fractal polycrystalline texture. Cryitation was non
uniform, leaving some parts of the polymer cryétaé, as observed for
gelatin and HPMC (Figures 19 A and B). In contrash PVA
progesterone also nucleated as a mixture of polyhsland crystals
completely covered the film surface (Figure 19Q).t0is last polymer,
progesterone crystallized from 10mg/mL solutionspréed a spiral
texture, this polycrystalline behavior is charaster of solvent
evaporation and it is graphically represented guFé 19 C (b).
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Figure 19- Photomlcroaphs of rogeterone ciistdl on: (A) gelatin, (B)
HPMC, and (C) PVA from: a) 40 mg/mL, b) 10 mg/mlndac) 0.5 mg/mL
solutions in chloroform

The morphology of progesterone form 1 obtained fraocetone
solution at diluted concentration was differentciomparison with at
concentrated solutions in the same solvent. In $henples that
progesterone crystallized as a mixture of polymsyhwas not clearly
observed two different crystal habits.

Similar crystal habits were observed on PVA, HPMElatin and
dextran (Figure 19). Therefore, on the both elastsrmone specific
morphology was observed. Hence, in this case thrpméogy was not
able to be used as a distinctive characteristeach polymorph.

3.4 Stability studies

For these studies the polymer and the concentmattbat better
induced the crystallization of pure form 2 or asiature of polymorphs
were selected. Thus PVA, HPMC and dextran fromrinéeliate and
diluted solutions in chloroform were selected. Hismappearance of the
endothermic event and the reflections correspontinfprm 2, along
with the occurrence of the endothermic event aed¢flection selected
to form 1 were used as evidence of the solid $tatesformation of form
2, into form 1. These criteria were used, in otdesinalyze the samples,
after three months of storage in 40°C and 75% RMmR2 was stable
depending on the polymer and the concentration frelrich it
crystallized. Form 2 on PVA obtained as a pure forpartially
transforms into form 1. XRPD patterns and DSC csiraee given in
Figure 20. Diffractograms show the disappearancengf of the two
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selected reflections for form 2 and the appearasfcéhe reflection
selected to identify form 1. The arising of the ethérmic event
correspondent with form 1 was also observed. Forpresented on
HPMC crystallized from intermediate solutions coogd as a mixture
after storage time. Whereas, on dextran from ingeiiate solution, form
2 crystallized as a mixture of polymorphs, it coately transforms into
form 1 (Figure 21).
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Figure 20- XRPD patterns (+ form 1: 12.95 ° anadrni 2: 13.95° and 16.42°)(+
form 1: 12.95 ° and * form 2: 13.95° and 16.42°)daBSC curves of
progesterone crystallized on PVA from 0.5 mg/mLusioh in chloroform: (a),

(c) initial time of stability study and (b), (d)taf three month storage
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Figure 21- XRPD patterns (+ form 1: 12.95 ° andtnfi 2: 13.95° and 16.42°)
and DSC curves of progesterone crystallized onrdexXtom 10mg/mL solution
in chloroform: (a), (c) initial time of stabilitytgdy and (b), (d) after three month
storage
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3.5 Interaction drug-polymer.

ATR-IR technique was initially used to explore gbksinteractions
between drug and polymers that may be contribuitnghe selective
crystallization of progesterone polymorphs. Howewdepending on
which part of the sample the laser was placedsgieetrum was more
similar to drug or to polymers. Replicates werefqgrened on different
parts of the sample suggesting that progesteroneamopletely covers
the polymer surface. On the other hand, progestesd polymers
presented similar vibrational modes, hence is dliffi to identify any
difference in the spectra.

Since with ATR-IR was possible to obtain local imf@tion on the
surface of films, these results evidenced thateddimg on the polymer
and the concentration, the crystallization was nmmpletely
homogenous. In order to determine the drug-polynmeraction,
experiments with PVA and progesterone are in pssren our
laboratory using sum frequency generation vibratiospectroscopy
(SFG-VS). It is a selective to interfaces technithe has been applied
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|2r71 the study of two crystal forms of acetaminoplo@npolymer surfaces

Conclusions

The PIHn methodology made it possible to obtainieure of two
solid forms of progesterone from intermediate aidted solutions in
acetone on the majority of the polymers and evemfconcentrated
solutions in chloroform. Form 2 as pure form wagoted from diluted
solutions in chloroform on PVA, HPMC and dextramelIconcentration
of the solutions and the solvent influence in thelection of
progesterone polymorphs highlight that polymerso alffect the
crystallization process and determine the size haf trystals. The
crystals obtained from acetone solutions presentedyerage, higher
size than those obtained from chloroform. The molqyy of
progesterone polymorphs could not be directly eelatwith the
crystalline forms identified. It was remarkablettti&e polymorph 2 was
stable under ambient stress conditions for threatinsoon HPMC.
Therefore, being form 2 more soluble than formhk, pharmaceutical
devices loaded by this polymorph might need lowased with the same
bioavailability. This is a great advantage for gpautic applications and
these results are good evidence that the tailasingew formulations
and devices using progesterone form 2 is possible.
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polimeros
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Abstract

Morphology of progesterone polymorphs prepared dlyrRer-Induced
Heteronucleation (PIHn) technique was studied. HRAZA, gelatin,

dextran, Pl and NBR were used as substrates. ¥stablizations were
performed by solvent evaporation at room tempeeaitom 0.5 mg/mL,
10 mg/mL and 40 mg/mL solutions in chloroform. Restgrone
polymorphs were identified by X-ray diffraction. pending on the
polymeric matrix and the concentration used fornfioim 2 or mixture
of both polymorphs were obtained. SEM pictures enigtd difference
in morphology and in homogeneity of the two progeste polymorphs.
These polymorphs, prepared by PIHn, did not presemlistinctive
morphology that allows identifying polymorph by itsystal habit.
Hence, polymeric matrix induced the crystallizatiomffecting

polymorphism and morphology.

Introduction

Crystalline polymorphs presents the same chemioaiposition;
however, different internal structure that causesfferént
physicochemical properties (Vippagunta et al. 20Q%) the other hand,
differences in particle morphology are closely agsed with
mechanical properties as filterability, flowabilitgdacompaction (Yu et
al. 2007). In order to improved processability afigk, efforts are made
to modified the crystal habit; some examples atecogib (Banga et al.
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2007) and mebendazole (Kumar et al. 2008). Botlyrpoiphism and
morphology are intimately related with dissoluti@te, which is one of
the main concerns on solid pharmaceutical forms.

Progesterone presents two polymorphic forms: forand form 2
(Lancaster et al. 2007). It is used to controldbtous cycle in livestock
by intravaginal drug delivery systems (Rhathbone aét 1997).
Commercially devices are usually made of polydimisitoxane
(PDMS) containing 10 % (w/w) of micronized progestee (Heredia et
al. 2008). In a recently study Heredia et al. (30@9aluated the
potential use of polyisoprene (Pl) as a new matffikRey observed
crystallization of progesterone form 1 on PDMS, was on Pl a
mixture of polymorphs was crystallized. Indeedsithe principle of the
method introduced by Lang et al. (2002) that iagxful technique for
controlling crystal polymorphism. This techniquensmed as Polymer-
Induced Heteronucleation (PIHnN), it was succesgfalbplied in the
selective production of polymorphs of acetaminopherihe discovery
of two new polymorphs of sulfamethoxazole and oew polymorph of
carbamazepine (Price et al. 2005).

Therefore, the objective of this study was to itigade the different
morphologies that the progesterone polymorphs ptesnd its
crystallization homogeneous, depending on the polpis and
polymeric matrix.

Material and methods

Solvents used were analytical grade. Micronizedygsterone was
purchased from Pharmanostra (Sao Paulo, Brazilyvingl alcohol
(PVA) was obtained from Vetec® (Sédo Paulo, Braziydroxypropyl
methylcellulose (HPMC), dextran T-500 and gelatin9&82 were
purchased from Sigma-Aldrich® (S&o Paulo, Bra&plyisoprene (PI)
and acrylonitrile/butadiene copolymer (NBR) weretamed from
Embrac® and Danny® respectively (Sdo Paulo, Brazil)

Sample preparation

Progesterone solutions in chloroform and in acetea® prepared at
three concentrations: 0.5, 10 and 40 mg/mL. A fixetlme of the
solutions were added to beakers containing thenperdie films. The
crystallizations were conducted at room temperat(ire5 °C) by
solvent evaporation method.
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Instrumentation

The analysis was carried out by scanning electricnoscope (SEM)
JEOL JSM-6390LV (JEOL Corp., Peabody, Mass., UB&fore being
exposed to the electron beam, the samples weretatban a metal stub
with double sided adhesive tape and coated undermuwa with gold in
with 30 mA current for 180 s, at working distand@ ram (Leica EM
SCD 500) (Leica Microsystems, Wetzlar, Germany), @ngon
atmosphere. In order to avoid damage on polymini; &n accelerating
voltage of 10 kV and 15 kV were used the workingtatice of 10 mm
proved to be satisfactory. Spot sizes varied froim 500 nm depending
on the applied magnification and the scan ratee@3¢ was used.

The identification of progesterone polymorphs ia #amples, were
performed by X-ray diffractometer Panalytical X Pero Multipurpose
(Panalytical, Almelo, The Netherlands) equippechvétCu K. source
(A=1.5418°A) operated at 45 kV and 40 mA, step sipa®, step time
20 from 5° to 50° @. Diffractograms obtained were compared with
Cambridge Structural Database (CSD) crystallog@phdata
(PROGST12: form 1 and PROGST13: form 2) (Lancasttet. 2007).

Homogeneity in polymorphs distribution on the sasplwas
observed by Differential Scanning Calorimetry tdghe on a Shimadzu
DSC-60 (Shimadzu Scientific Instruments, ColumbidSA) using
aluminum pans, under a dynamic nitrogen atmospa€enL/min) and
a heating rate of 5 °C/min in a temperature range #40 to 150 °C and
by Attenuated Total Reflectance infrared spectrpgcaising a
Shimadzu IR Prestige-21 infrared spectrometer fittith a diamond
ATR accessory, collecting 32 scans at 4 tresolution.

Results and Discussion

Electron beam probed to be the most informativériggie when
further investigation in the surface characterssti€the solid is required
(Byrn et al. 1999). The characterization of six yoaéric matrices,
loaded with progesterone from three concentratiand using two
different solvents, were analyzed focusing in tleephology of the both
previously identified polymorphs: form 1 and 2 (kaster et al. 2007).

Differences in morphology, homogeneity of progester crystal
forms and its surface distributions on the polywere observed. The
results of the most representative SEM picturesis@issed

Progesterone polymorphs morphology
Progesterone polymorphs were identified by XRPDhviliSC and
ATR-IR as complementary techniques. It was idesdifpure form 1,
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pure form 2 and mixture of the two crystal forms,dependence on
matrix and solvent used. We previously reported twmplete

polymorphism characterization for each polymer ¢&raet al., 2012;

Araya et al. 2012a). Literature described that pstgrone forms 1 and 2
present a prismatic and needle-like morphologypeesvely (Payne et
al., 1999); however in this study the two progester polymorphs

crystallized in several morphologies, including tbgiolymorphs with

the same morphology.

On PVA from 10 mg/mL solution in chloroform progesine
crystallized as a mixture of polymorphs and onlg enorphology was
observed (Figure 1B). However, on this polymer asthg the same
concentration in acetone, progesterone crystallaegure form 1 and
different crystal habits were observed (Figure 2).

15KV X100 100

Figure 1- SEM image of progesterone crystals obthion PVA from: (A)
40 mg/mL, (B) 10 mg/mL and (C) 0.5 mg/mL solutionghloroform

A/A‘ 500 < M \T‘\ &8

g - 10kV X250 100pm o =
Figure 2- SEM image of progesterone crystals obthinom 10 mg/mL
solutions in acetone on PVA
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Form 1 was obtained from concentrated solutionacetone on all
polymers with several crystal habits, some exampleggiven in Figure
3. This polymorph was also obtained on NBR from @0mi. in acetone
and also presented more than one crystal habiti@igA). However,
form 1 obtained on PI from chloroform solutions #mxis similar
morphology from the three concentrations studie@yuieé 5). This
crystal habit was similar to exhibited on Pl frondg/mL solution in
acetone (Figure 6C), in which the polymorphic idéstion was not
possible by XRPD.

5
/
/\,

KV X27  500pm 10KV X27  500pm

Figure 3- SEM image of progesterone crystals obthinom 40mg/mL
solutions in acetone on: (A) HPMC, (B) Pl and (BRI
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10KV X100 100pm

Figure 4- SEM image of progesterone crystals obthifirom 10mg/mL
solutions in acetone on: (A) NBR, (B) HPMC and (@)atin

Figure 5- SEM image of progesterone crystals obthidl from: (A) 40 mg/mL,
(B) 10 mg/mL and (C) 0.5 mg/mL solutions in chlaroh

Form 2 was obtained on HPMC, PVA for progesteranystallized
from 0.5 mg/mL solution in chloroform as a pure nfiorand one
morphology was observed in these samples (Figi€esntl 7C). On the
same polymers and concentration but using acetsrslaent form 2
concomitantly with form 1 were identified and it ld not be
distinguished two different morphologies (Figure)6Bn contrary, a
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heterogeneous behavior was observed on dextranO atg/nL in
chloroform (Figure 8A). It presented one polymomgid one defined
crystal habit was not observed.

Figure 6- SEM image of progesterone crystals obthifrom 0.5 mg/mL
solutions in acetone on: (A) gelatin, (B) HPMC 44 PI

1oV x2 ogm A

15K X100 Zopm i o 7 Tomm B

150V X800 Sopm c

Figure 7- SEM image of progesterone crystal obthion HPMC from: (A) 40
mg/mL, (B) 10 mg/mL and (C) 0.5 mg/mL solutionscimoroform
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Finally, in the matrices that were obtained mixtofepolymorphs,
were observed two morphologies as well. Some exasrgule at diluted
solution in both solvents on gelatin (Figure 6A &); at intermediated
solution in acetone and chloroform on gelatin (FigdC and 9B) on
HPMC (Figure 4B and 7B) and from concentrated smhgt in
chloroform on HPMC (Figure 7A). Progesterone ciijiged on gelatin
at 10 mg/mL in chloroform (Figure 9B) presented iEimmorphology
than presented at 40 mg/mL on HPMC (Figure 7A}hia last polymer
at 10 mg/mL (Figure 7B) the morphology was simitean presented on
PVA at 0.5 mg/mL (Figure 1C).

Figure 8- SEM image of progesterone crystals obthion dextran from: (A) 40
mg/mL, (B) 10 mg/mL and (C) 0.5 mg/mL solutionscimoroform
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Figure 9- SEM image of progesterone crystals obthion gelatin from: (A) 40
mg/mL, (B) 10 mg/mL and (C) 0.5 mg/mL solutionscimoroform

The sizes of the crystals obtained from chlorof@otution were
smaller than the obtained from acetone solutiam$:igures 5A and 3B
are presented SEM pictures for crystals obtainesn frd0mg/mL
solutions in chloroform and in acetone respectiasiyPI.

Progesterone polymorphs distribution by the polymim

Homogeneity of the polymorphs distribution on polmmatrices
was observed by differential scanning calorimefigogesterone form 1
presents melting endotherm at 128 °C and form 2gmts melting point
at 122 °C (Tripathi et al., 2010). Figure 10 ilhages the heterogeneous
distribution of progesterone polymorphs on the pwmly surface.
Replicates of DSC experiments with the same sample conducted
and were observed different relation between fofmand 2. It was
observed on dextran, PVA, gelatin and HPMC frormi@mL solution
of progesterone. In some DSC analysis conductedHBMC was
observed only form 1, thus the importance to do $ioid state
characterization using several and complementahnigques.
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Figure 10- DSC curves of progesterone crystallifzech 10mg/mL solution in
chloroform on: (A) gelatin, (B) dextran, (C) PVA&(D) HPMC

Progesterone distribution by the polymeric surface

The homogeneity of progesterone crystallization polymers
showed to be independent on concentration. Figugleobvs that on P,
the progesterone crystals completely covered thgrso at 0.5, 10 and
40 mg/mL solutions in chloroform. It was also obser on PVA (Figure
1A-B) and NBR surfaces crystallized from 10 and @@/mL in
chloroform; in crystallizations from the three centrations in acetone
solutions on PVA and HPMC and on dextran and gel&om 10
mg/mL solutions in chloroform. The same behaviosvaiso observed
on NBR using the three concentrations, on HPMC fidhmg/mL and
on PI from 0,5mg/mL solutions in acetone (Figure).6Gn contrary,
progesterone crystals did not completely coverdindaces of HPMC
and gelatin from crystallizations at the three @mrations in
chloroform (Figures 7 and 9); on PVA from diluteadigion (Figure 1C)
and on dextran from intermediated solution (Fig@w®). Finally,
crystals localized and distributed in some isolatezhs on the polymer
surface were observed, particularly on dextran flbBhmg/mL and 40
mg/mL solution (Figure 6A-C).
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Conclusions

SEM pictures evidenced differences in morphologyd am
homogeneity of different progesterone polymorphsppred by PIHnN.
Progesterone crystals completely covered the palgmeurfaces
independently on concentrations Depending on thé&npr, the
concentration and the solvent used, were obtainedwo progesterone
polymorphs, as pure forms and a mixture of bothe @istribution of
polymorphs was inhomogeneous on dextran, PVA, igetatd HPMC
from 10 mg/mL solution. The morphology was partoiy
heterogeneous in NBR from 0.5 mg/mL, in dextran &\dA from
40 mg/mL solutions. Although, it was expected thdifferent
polymorphs presented a characteristic and dist@atorphology, in
this study was not possible identified polymorpiaion by morphology.
Finally, polymeric matrix did induce the crystafition of different
polymorphic forms and also modify their morphology.
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DISCUSSAO GERAL

A caracterizagdo fisico-quimica dos dois polimsrfaa
progesterona permitiu identificar diferencas naasspropriedades do
estado sélido, sendo de grande interesse na &neackutica estabilizar
a forma 2, devido a maior velocidade de dissoluwggia em relacdo a
forma 1. Adicionalmente, é reportado na literatgue o polimorfo 2 é
um polimorfo que desaparece (LANCASTER et al., 200Hsse
fenbmeno ocorre quando aparece a forma estavelpeaticamente
impossivel obter o polimorfo metaestavel novame(BHJNITZ;
BERNSTEIN, 1995). Um caso representativo de desapaento de
polimorfo é o do ritonavir (CHEMBURKAR et al., 200Cem que o
polimorfo | do farmaco, metaestavel, foi inicialenusado nas
formulagbes. No entanto, em 1998, durante a praguici obtido o
polimorfo Il, que era estavel e 6 vezes menos sbljwe o metaestavel.
Em decorréncia disto a producédo foi suspensa eraduips foram
reformulados com o polimorfo I, uma vez que nagfissivel produzir
novamente o polimorfo | (FAUDONE, 2009).

O caso da progesterona ndo parece ser um caso de
desaparecimento de polimorfo, pois é possivel lobtéa cristalizagéo
do fundido e do solvente. Lancaster et al. (2008tutem que a
obtencéo inicial da forma 2 nos anos 70 foi, prel@ente, devido a
presenca de impurezas decorrentes da sintese. Erastwmo mais
recente 0 mesmo autor apresenta resultados daseamfdi pureza de
amostra do polimorfo 2, com cinquenta anos de é&nih
(LANCASTER et al., 2011). Apenas a existéncia deaamostra da
forma 2, apds 50 anos, sem ter se transformadmmaafestavel 1,
evidencia a estabilidade desse polimorfo. Ja didtde da forma 2
sob condi¢des de estresse mecénico demonstrada tépnsformacao
(uma semana) para a forma 1 quando aplicada mopgedb minutos
devido, principalmente ,a formagéo de nucleos owes¢ées da forma 1,
gue induzem a cristalizagédo da forma 1 a partifuddido da forma 2.
Por sua vez, sem moagem, a forma 2 permaneceleleptivd meses
sob condicdes de estresse ambiental e por 1 mésxpobicédo a luz. J&
a estabilidade térmica, avaliada pela determinagdoenergia de
ativacao, através de analises por TGA, demonstieleqecessario uma
maior energia para degradar termicamente a forma 2.

A transformacdo da forma 2 para a forma 1, medisoia
solvente, foi previamente reportada na literatlWAKG et al., 2000).
Os autores demonstram através de espectroscopianRansitu a
cristalizacao inicial da forma 2 e a posterior $farmacédo para a forma
1. Em uma dada concentracdo, acima da curva deilstdde de ambos
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os polimorfos, qualquer um deles pode cristalif&gundo a lei de
Ostwald, o mais favorecido cineticamente cristalizgimeiro
(THRELFALL, 2003), de maneira que a solucéo ficpesgaturada em
relacéo a forma menos sollvel (estavel). Assimieo8adeste polimorfo
vao se formando até deixar a solucéo insaturadaetagdo a forma
metaestavel (menos sollvel), fazendo com que dsarimicialmente
formados se dissolvam, tornando a solucdo supeasgatem relacdo a
forma estavel; todavia, os cristais da forma es$tas@ntinuam
crescendo. O processo continua até o desapareoinentpleto da
forma metaestavel (CARDEW,; DAVEY, 1985).

Os resultados obtidos em auséncia dos polimerosejay sem
influenciar o processo de nucleacdo, demonstraratepandéncia da
concentracéo e independéncia do solvente na @éstab seletiva dos
polimorfos de progesterona. A forma 1 foi obtida partir de
cristalizagbes na concentracdo de 40 mg/mL; mistierapolimorfos
foram obtidas na concentracdo de 10 mg/mL e a f&rf@ obtida a
partir de solugdes na concentracdo de 0,5 mg/marehos os solventes
utilizados o que pode ser explicado pela lei de ddwNo caso da
progesterona a forma 2 é cineticamente mais faid@epor tanto é a
primeira em cristalizar. Em concentracdes maisidilsi € favorecida a
forma 2, pois ndo ha supersaturacdo de nenhum aosopfos ou
massa suficiente para o processo ocorrer. Enteetarats solucdes
intermediarias, 0 processo ndo se completa atésapdescimento da
forma metaestavel, mas sim nas solu¢cdes concestrada quais a
forma 1 prevalece.

J& nas cristalizacdes sobre o0s polimeros o conmpenta foi
diferente, observando-se dependéncia dos solvertes polimeros. Em
acetona o comportamento foi similar ao obtido segtimgros, com
algumas diferencas interessantes. Por exemplopmeestracdo de 40
mg/mL houve apenas cristalizacdo da forma 1, comareu sem
polimero. J& na concentracdo de 10 mg/mL, em P\R, ebteve-se
somente a forma 1, diferente da mistura de poliosoidbtida sem
polimeros, nas mesmas condi¢cdes. Na concentraca® 5deng/mL
obteve-se mistura de polimorfos em todos os potimaro entanto, sem
polimeros cristalizou apenas a forma 2. Das custghes em
cloroférmio, e usando como referéncia as cristafiza sem polimeros,
houve também algumas diferencas. A forma 2, eminéisurada com a
forma 1, foi obtida de solu¢cdes com concentracaci@eng/mL em
PVA, HPMC e gelatina. Em PI, na concentragdo de migmL,
cristalizou apenas a forma 1. Finalmente, nas caragbes de 0,5
mg/mL obteve-se mistura de polimorfos apenas cohatiga. Estes
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resultados evidenciam a influéncia do polimero créstalizacdes. A
diferenca apresentada entre os mesmos polimerososodiferentes
solventes pode ser explicado pelas diferencas decidade de
evaporacgdo entre os solventes. No caso do mai@ntzondos cristais
obtidos de acetona € devido a menor velocidadevdpoeacdo deste
solvente. Entretanto uma velocidade de evaporagise rapida leva a
formacdo de muitos cristais pequenos, da forma miasticamente
favorecida como foi observado das cristalizag8eslermférmio.

Os resultados obtidos ndo estariam em completeoodéincia
com a lei de Ostwald, que indica que o primeirampaifo a se formar é
0 metaestavel, com a subsequente transformacacap@arana estavel
(THRELFALL, 2003). Em geral, neste trabalho, nasstalizactes
realizadas a baixa concentracao (0,5 mg/mL) pageeese alcanca a
supersaturacéo lenta, favorecendo a forma metabséamdo ha massa
suficiente de progesterona para se cumprir a |€@ste/ald. No entanto,
nas cristalizagbes realizadas em cloroférmio, contentracao alta (40
mg/mL), em PVA, HPMC e gelatina a lei de Ostwal@ & cumpriu
devido a presenca do polimero. Além disso, a titesareporta que a
forma 1 apresenta habito cristalino prismatico ®rana 2 de agulha
(PAYNE et al.,, 1999). No entanto, essas morfologres foram
claramente identificadas nas amostras obtidas. ©8mgrfos
cristalizados sobre matrizes poliméricas ndo aptassem morfologias
distintivas para cada um deles.

Finalmente, a estabilidade da forma 2 nos polim€ia
dependente do polimero e da concentracdo da qualbfmlo. Este
comportamento pode ser causado pela presenca Bes10c sementes
da forma 1, que desestabilizam a forma 2, comorehde apds a
moagem. As sementes produzidas nas amostras ddiizzara avaliar a
estabilidade podem néo ter sido detectadas pelaisas empregadas. O
HPMC apresentou-se como polimero promissor par@osiivos
contendo a forma 2, uma vez que estabilizou a fonestaestavel por 3
meses em condi¢cBes de estabilidade acelerada.
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CONCLUSOES

« Demonstrou-se experimentalmente que a forma matesé a
mais soltvel que a forma 1.

A forma 2 apresentou-se instavel ao estresse nuec@noduzido
pela moagem. Entretanto, apresentou estabilidadenpis de trés
meses sob condi¢des de estresse ambientais semepnéa houver
estresse mecanico.

e Os polimorfos 1 e 2, apresentam estabilidade gaireemelhante
no entanto o polimorfo 2 mostrou-se mais resistantiegradacéo
térmica que a forma 1.

« N&o é recomendado o uso da forma 2 em formulac@ies q
envolvam moagem. Mas poderia ser usado em outragm$onas
guais 0 estresse mecénico seja minimizado.

« A cristalizac@o sobre matrizes poliméricas pernutiter a forma 2
pura e misturada com a forma 1.

« A forma 2 mostrou-se estavel nos polimeros sob icdad de
estresse (40°C, 75%UR) durante os 3 meses de @a@lidd
estabilidade foi dependente da matriz e da coreghur utilizada,
destacando o resultado mais promissor utilizand®®IC.

« Os resultados mostraram que existem condi¢coesgssabilizar a
forma 2. Esta forma apresenta maior velocidaddas$sldcao que a
forma 1 e sua utilizacdo nas formulac¢des permitimainuir a dose,
atingindo-se a mesma biodisponibilidade da formaalatente
utilizada (forma 1), o que representaria uma gramtgagem para
aplicacBes farmacéuticas.
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PERSPECTIVAS

Para um maior entendimento das interagdes polifaemaco
envolvidas na cristalizacdo seletiva dos polimorfias progesterona,
estudos com uma técnica sensivel a interfaces zgnfaecessarios.
MedicBes com a progesterona cristalizada sobre PiAconcentracdo
0,5 mg/mL em cloroférmio, estdo sendo realizadamstituto de Fisica
de S&o Carlos com a Espectroscopia VibracionaQewacdo de Soma
de Frequéncias. Esta técnica ja foi utilizada jgatadar a cristalizacéo
seletiva dos polimorfos do paracetamol sobre nwripoliméricas
(MCCLELLAND et al., 2011).

Além disso,com 0s resultados obtidos torna-se interessange lev
este estudo basico da cristalizagdo da progestesohee matrizes
poliméricas a aplicacdo prética. Assim, como figudesenvolvimentos,
sugerem-se:

1) Desenvolver formas farmacéuticas que contenhanolmgros que
induzem e estabilizam o polimorfo 2, e que ndoeggm operacdes
gue estressem a rede cristalina;

2) Realizar estudos de liberaci@ovitro e de permeabilidade vivo e
in vitro, assim como estudos de estabilidade das formas
farmacéuticas desenvolvidas;

3) Aprofundar os estudos cinéticos de transformacéestado sélido
da forma 2 para a forma 1, aplicando modelos cosneqaacdes de
Hancock-Sharp ou Avrami-Erofe’ev (YOSHIOKA; STELL2002),
para determinar 0 mecanismo pelo qual essa tranafdio ocorre;

4) Estimar os valores de tempo de vida meia utilizaandorma ASTM
E1887, a partir dos resultados de degradacéo terobitidos pela
técnica de TGA, assim como realizar estudos quemitzn
comparar estes resultados com os obtidos em esteslossse
convencionais.
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