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RESUMO

CHAMORRO RENGIFO, Andrés Felipe, M.Sc., Universidade Federal de Vigosa,
Julho de 2015Determinacdo das forcas motries de formacao e particio em
sistemas aquosos bifasicos macromolécula + sdbrientador: Luis Henrique
Mendes da Siva. Coorientadora: Maria do Carmo Hespanholvda Si

Sistemas aquosos bifasicos (SABs) sao reconhecidos daiemtes na extracdo e
purificacdo de diferentes compostos. Entretaatoforcas motrizes que dirigem a
distribuicAo de diferentes solutos nos SABs ainda péaco estabelecidas,
principalmente porque existem poucos trabalhos focados ewtaesis parametros
termodinamicos de particdo de diferentes solutos. Isgmeden a obtencdo de
conhecimentos cientificos necessarios para a moduldgdopropriedades fisico-
guimicas dos SABs afim de otimizar sua aplicacdo pardracér e purificacao.
Para abordar esta problematica, foram formados novoss $AB1 sais organicos
(citrato de sédio, tartarato de sodio e succinato de sadibjentalmente segwse
poli(oxido de etileno), PEO, com massa molares 10000 e/ou 35000 'gras
temperaturas de 283,15, 298,15 e 313,15 K (capitulo 2). Além dissmnjumto de
SABs reportados na literatura e obtidos neste trabalhaotifzado para avaliar o
comportamento de particdo da enzima quimosina (capitubv@lando a variacao
da energia livre de Gibbs de transferéndg,.§®), a variacdo da entalpia de
transferéncia(A . HE,) e a variacdo da entropia de transferéndgSg,). Os
resultados do segundo capitulo mostram que o processo dgas@grele fase para
todos os SABs obtidos foi endotérmico e entropicameinigido. A regido bifasica
do diagrama de fases aumentou na ordem citrato > tartagatocinato, tornando-se
maior com o incremento da massa molar do RiDcapitulo 3 foi descoberto que a

transferéncia da quimosina da fase inferior para a tgserier dos SABs avaliados



foi entalpicamente dirigida com4,84 k] mol™* < A H2,, < —170,34 k] mol™! e
—11,69 J mol 'K~ < AS2,; < —558,95] mol 1K™, A transferéncia da quimo-
sina é um processo entalpica-entropicamente compensadeatores do potencial
termodinamico de particdo compreendidos entrel,36 k] mol™! < A,,.G° <
—3,77 k] mol~1. Também foi observado que o processo de particdo da edzima

dependente da linha de amarracdo, natureza do cation e do, dmalanco

hidrofébico/hidrofilico e a massa molar da macromolécula.



ABSTRACT

CHAMORRO RENGIFO, Andrés Felipe, M.Sc., Universidade Federal de Vigosa,
Julho de 2015Determination of the driven forces in the formation and partition

in macromolecule + salt aqueous two-phase systemAdviser: Luis Henrique
Mendes da SivaCo-Adviser: Maria do Carmo Hespanhol da Silva.

Aqueous two-phase systems (ATPSs) are recognized a®wmfffor the extraction
and puritication of different compounds. However, the mgower that governs the
distribution of different solutes in ATPSs are few untierd, mainly because are
few researches focused on the study of the partitiemtbdynamic of different
solutes in these systems. This makes difficult to obilaén scientific knowledge
necessaryto the physic-chemistry properties modulation of ATPSs dptimizer
their application for extraction and purification of #@ls. In this sense, new ATPSs
formed by organic salts (sodium citrate, sodium tartted sodium succinate)
environmentally safe and poly (ethylene oxide), PEO, with mamass 10,000 or
35,000 g mat at 283.15, 298.15 and 313.15 K were formed (chapter 2). In addition,
several ATPSs reported in the literature and obtaineslwere used for evaluate the
behavior of enzyme chymosin (chapter 3). The transfer fieeyg changeX, G°),
transfer enthalpy changéA..HZ,) and transfer entropy changd.(S2,) were
obtained. The second chapter results showed that the dsgnqgacess of phase for
all ATPSs obtained was endothermic and entropic drivea.bijphasic region on the
phase diagrams increased follow: citrate > tartrate >rstecand increased as PEO
mass molar increase. In the chapter 3, it was disedvitiat chymosin transfer from

the bottom to top phase in the ATPS studies was enthalpidaiyen with
—4.84 k] mol™! < A H2,; < —170.34 k] mol~! and—11.69 ] mol 1K™t < A S,
< —558.95] mol™'K~1. The chymosin transfer process is enthalpy-entropy

Vi



compensate with the partition thermodynamic potential galubetween
—1.36 kJ mol™! < A,.G° < —3.77 KJ. It was also observed that the enzyme partition
process depend of tie line, the cation/anion natwérophobic/hydrophilic balance

and macromolecule molar mass.
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CAPITULO 1.

1. Introducgéo

Enzimas sdo substancias organicas de natureza proteica geoghetos
organismos vivos. Tais substancias tém a capacidade daudini energia de
ativacao em diferentes reacdes quimicas, atuando cdaisadores em importantes
processos industriais como, por exemplo, na industria deifo®lacteos.

A quimosina € uma enzima com acao catalitica Seloeseina o que a torna
amplamente utilizada na indastria de produtos lacteos ptaiariaacdo do queijo.
Ela é extraida dos abomasos de ruminantes, existinderddésr metodologias para
sua obtencao. Entretanto todas essas metodologiasra@teaadas por apresentar
multiplas etapas (extracdo, separacdo e purificacéo),doeno tempos longos no
processo de producéo e alto custo. Os longos tempos assamaposcesso tém
como consequéncia a diminuicdo da atividade biolégica da eezzmmaalguns casos
a sua desnaturacdo. Nesse sentido, torna-se necess&eovaleer novas
metodologias com alta efetividade, reprodutibilidade, baixsto e baixo impacto
ambiental, substituindo as metodologias tradicionais.

Uma alternativa para extracdo e purificacdo de quimcsiitaos sistemas
aguosos bifasicos (SABs). Os SABs provaram-se ser désiema purificacdo e
extracdo de solutos bioldgicos (células, enzimas, virusteipas, etc.). Estes
sistemas sdo formados por compostos ndo inflamaveis eeposwcilidade de
aplicacdo em grande escala industrial. Mas, para poderpm@onova metodologia
de extracdo utilizando SABs, é importante estudar e comggeeomo acontece a
distribuicdo da quimosina nestes sistemas e que ing=ragfermoleculares estéo

presentes durante seu processo de transferéncia. Ishificgiganalisar o



comportamento dos parametros termodinamicos de tranci@révariagdo de
energia livre de Gibbs de transferéndg.¢), variagdo de entalpia de transferéncia
(An-H) e variacdo de entropia de transferéngi,.S)) como uma funcdo das
propriedades termodinamicas do sistema. Sao poucas @sispssreportadas na
literatura que determinam os parametros termodinamicos sfar@ncia da
guimosina em SABs, sendo que estes parametros tem sidmidatiys por medidas
indiretase utilizando aproximagdes, como a aproximagdo de van’t Hoff.

Este trabalho pretende abordar esta probleméatica por dae@btencdo de
novos SABs com poli 6xido de etileno (PEO) de massa Mi@@O0 e 35000 e com
sais organicos (citrato de sodio, tartarato de sodio ensticaile sodio), avaliando o
efeito da temperatura, do anion e da massa molar do polsobre a composicao
guimica das espécies em cada fase. Posteriormentelapligdntamente com SABs
ja reportados na literatura, na particdo da quimosindiaagla o efeito do cation, do
anion, pH e da massa molar do polimero sobre o processardéeréncia desta
enzima Por fim, a partir dos dados de equilibrio de particdo e aniiaz a
calorimetria de titulacdo isotérmica pretersge-determinar o0s parametros
termodinamicos de transferénciy,(G, A,-H € A.,-S) com 0 objetivo de conhecer as
forcas motrizes que dirigem o processo de particdo @reemder as interacfes

moleculares envolvidas no processo de transferénciaptestina.

2. Revisao de literatura
2.1 Quimosina

A quimosina (Figura 1, renina, EC 3.4.23.4) é uma protease aapastavel

em solucdo aquosa importante na fabricacdo de produt@®daatspecialmente



queijo’. Esta proteina apresenta uma estrutura globular contendoe8®@Bios de
aminoacido e massa molecular de 36.000 g'mBua estrutura secundaria é 13%
helicoidal (9 hélices e 44 residuos) e 48 % de P-folhas (29 filamentos e 158
residuos). Seu ponto isoelétrico é de 4,6 e apresenta maior esaalailiem valores
de pH entre 5 e 6,5. Em valores de pH maiores do que 7 elana@idamente sua

estabilidade e diminui sua atividade enzimética

Figura 1. Estrutura da quimosina de}erminada
por raios-x com resolucédo de A3
A guimosina tem a capacidade de quebrar a ligacdo phe M@ 106 da
k-caseina, sendo esta uma fosfoproteina presente naNeitmicio da reacao, a
guimosina provoca a separacdao do enlace peptidico (prodesk@aseinas do
leite)*, obtendo como produto duas cadeias carbdnicdsodaeina: uma insoltvel
em solucéo (N terminal dacaseina ) formando agregados em solucéo, e a porcéo C
terminal da fosfoproteina € uma caseina-glicopeptideo $oéhmesolucdo e é

liberada no sorb Esta reacdo enzimatica é utilizada para coagulateanieiprocesso



da fabricacdo do queijo, por esse motivo a quimosina éannana de interesse
industrial.

No Brasil, a producéo de queijo aumenta a cada ano. Deocacomd ABIQ
(Associacao Brasileira das Industrias de Queijo) o coogiergueijo subiu em 67,35
% de 2006 até 2014. Considerando estas estatisticas ede fate a quimosina &
utilizada no processo de fabricacdo do queijo de coagulagénética, € necessario
elevar sua producdo. Para cumprir estes objetivos sdo saeass novas
metodologias de extracdo, que sejam eficientes, ecoaéng ambientalmente

responsaveis. Uma revisao das metodologias utilizadastezuente € feita a seguir.

2.1.1 Métodos de extracédo e obtencdo de quimosina

O processo de producdo de queijo é altamente dependente da gmreza
guimosina e de sua atividade enzimatica (conformacao esfjutymanto maior a
pureza da enzima, maior sera a eficiéncia da acdo diansbbre as ligacbes
peptidicas dak-caseind Nesse sentido, é importante utilizar metodologias que
preservem a estrutura molecular da enzima associados alto rendimento de
extracdo e com pureza elevada. Na literatura, encongavé$os métodos para
extracdo e purificacdo de quimosina os quais podem serddigidim dois grupos: i)
com base na clonagem do gen da quimosina e S|iripo expressdo numa bactéria
e i) na extracdo dos abomasos de bezerros lactertess, cordeiros, bufalbs

O método de clonagem do gem atualmente € muito utilizaactérias tais
como Aspergillus oryzae e Mucor pussillus sdo comumerlizadfis para expressar
0 gem da quimosina. Ja os métodos de extracdo do al®nagsesentam
normalmente 3 etapas: extracdo, separacdo e purififadén etapa de extracéo, o
abomaso é deixado em uma solugéo extratante por \@diges como descrito na

4



metodologia utilizada por Houenee al. °, que utilizaram &agua fria como solucéo
extratora (5 mg/g de tecido). Outros trabalhos reportam aag@io de uma solugéo
de NaCl com pH 5 com o objetivo de incrementar a porcentagesxtracdo. O
inconveniente destes processos € o0 tempo de duracdo que peghr eh
aproximadamente 40 dids

Posteriormente a etapa de extracdo, a quimosina € separafilracdo ou
mais comumente centrifugacdo (12000g durante 15 minutc®C)E. E£mbora o
segundo procedimento seja 0 mais efetivo, é tambémioaa@ pois necessita do
uso de uma centrifuga com controle de temperatura, fazendgue a filtracéo seja
um procedimento mais viavel.

Por altimo, o processo de purificacdo € o mais caro e queregige cuidado
porque € onde pode ocorrer a maior perda da atividade biologmazoaa. Nesta
etapa podem se utilizar procedimentos de precipitacdo cliatosde aluminio e
hidrogéno fosfato de sdédio com posterior separacdo posajidromatografia
(cromatografia i6nica e cromatografia de coluna) ou dtreed™".

Nas técnicas de separacao e purificacédo utilizadas na éltapa, podem ser
utilizados diferentes eluentes, como corahitessolventes hidrofébicds além de
solucBes contendo compostos inorganicos como fosfasddle, acetato de amoénio
em pH 5,3, 4cido cloridrico 10 mM e tamp&o acetato de sodio pH 5,6

Referente ao que foi discutido, as metodologias utilizadakcionalmente
envolvem altos custpsliminuem a atividade enzimética da quimosina, além de
terem uma elugdo lenta na corrida cromatografica, fazendo com ebxs sejam
adequadas para a purificaggmgrande escata™*

Uma alternativa para substituir os procedimentos deciitra separacdo nas
metodologias tradicionais sdo os SABs. Estes satogatis por RajniHatti-Kat

5



como sistemas com alta eficiéncia e de baixo cugto p&xtracdo e purificacdo de

solutos bioldgicos.

2.2 Sistemas aquosos bifasicos: Historico e conceitos

Os SABs consistem em duas fases imisciveis formadasnpestara de
diferentes combinacdes: polimero-polimero, polimero-sal @ksad, sob
determinadas condices especificas de concentracdo dosnemtgsoformadores,
pressdo e temperatifaEstes sistemas utilizam compostos ndo inflamaveis e no
volateis, o que diminui o risco de acidentes de traba@{lem disso, contém como
componente principal agua (60-90 %) reduzindo o impacto ambiental
comparacéo as metodologias utilizadas para a extragfdrdesind’.

Os SABs foram primeiramente reportados por Beijerinck 886, que
observou que a mistura de solu¢cdes aquosas de agar e galatimado e gelatina
em uma faixa de temperatura e concentracdes espetdfieaa a formacdo de uma
mistura turva que, ap0os passar por um processo de segregaci@aed o equilibrio
termodinamico com a coexisténcia de duas f&seés

Posteriormente, Ostwald e Hertel, misturando solucdes asjdesdiferentes
amidos (com diferentes porcentagens de amilose e amilogedemostraram que
diferencas estruturais das espécies quimicas misturadasmpodglugncia sobre as
composicoes das fases no equilibrio termodinamico, porquenmadainteracées
intermoleculares entre os componentes do sisfétha A partir  destes
descobrimentos, os trabalhos de pesquisa tém buscado sietermas aquosos e
buscado determinar suas propriedades termodindmicas. PoplexeRyden e
Albertsson em 1971, determinaram a tenséo interfacial tlemsis formados com

diferentes composi¢bes de poli(éxido de etileno) (PEO) ératex a fim de
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encontrar sistemas com baixos valores desta propriesdpiais permitiriam a
transferéncia de solutos biolégicos de uma fase pdra sem alterar sua estrutura
molecular como se verifica nos sistemas classicos/afjed’. Os autores
encontraram que existe relagdo entre a concentragamdgponentes em cada fase e
a tenséo interfacial entre as duas fases e verificafae os SABs apresentam
menores valores de tensdo interfacial que os sistetdasicos, sendo uma boa
ferramenta para a particdo destes sofatos

Baseado no que foi exposto anteriormente, as propriedadesdisamicas
de um SAB dependem das interacbes intermoleculares mesemire o0s
componentes em solucdo e das variacbes entropicasamessi do processo de
mistura Esse balanco pode ser representado em termos do parénetgia livre de
Gibbs de mistural(,;xG) 0 qual expressa a diferenca entre a energia livre de Gibbs
da solucadig,; e o somatorio da energia livre de Gibbs de cada compomenat&;

(equacéo 1)

3
AnixG = Gsop — z G = z Ny — ) ;= zni (i — 1) (1)

3 3 3
i=1 i=1 i=1 i=1
em quep; e pj, Sdo 0s potenciais quimicos do component@ solugdo e puro,
respectivamenteen; € o nimero de mgldo componente

Termodinamicamente, quando valores dg,;{G < 0) s&o obtidos, um
sistema homogéneo é formado. Caso contrario, o siserseparara em duasu
mais fases, que posteriormente procurardo alcancar tadoesle interacdes e
configuracdes que leve a menor energia livre de Gibbs pastemai (alcancar o

equilibrio termodinamicdy.



Uma maneira de avaliar as condi¢cdes termodinamicasegamla formacgao

de SABs é através de seu diagrama de fases, como diszseguiir.

2.2.1 Diagrama de fases e caracteristicas dos SABs

As composic¢des quimicas de cada componente em um SAB rsdalmente
representadas por diagramas de fases de coordenadas retan(igiara 2). Nestes
diagramas é possivel visualizar as faixas de concentragdescorre a formacgéo de
um sistema bifasico ou de um sistema monofasico.

Normalmente nos diagramas retangulares, os eixos dassdbsiordenada
contém as composicdes de eletrdlito e polimero em %) nmespectivamente, e
cinco caracteristicas e/ou parametros importantes poderdestacados; a curva
binodal (CB), a composicao global (CG), a linha de amasrécl), a composicao
da fase superior (FS) e a composicao da fase inferior (FI)

A CB é a curva que separa a regido monofasica da reg@sichif sua
posicdo no diagrama depende dos componentes formadorssesoasimassaolar
do polimero, eletrolito formador, etc) e das propriedéelesodinamicas do sistema
(temperatura, pressao, pH, etc). As LA’s sdo as linhas do digrama que unem as

composicoes das fases que permanecem em equilibrio teémoch.
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Figura 2. Diagrama de fase em coordenadas retangulares de unFSABase
superior, FI; Fase inferior, CB; curva binodal, CG; congimsglobal, LA;
linhas de amarracéo.

O comprimento da linha de amarracdo (CLA) pode ser obtigariir da

equacao 2.

1
cLA = [(c§ - cb)* + (c§ - cb)’] 2 2

Na equacéao Z;lS) eC{; s& as concentracdes de polimero em % (m/m) na fase

superior e inferior, respectivamente, enqua(hjoe Cé sé& as concentracdes de sal

em % (m/m) na fase superior e inferior, respectivam&n@e CLA é um parametro
muito importante porque permite comparar a capacidadetce@a ou de partiga
de dois ou mais sistemas que apresentam o mesmo valbAde C

Quando se percorre no diagrama sobre uma mesma LA, todostos pobre
essa linha apresentam fases superior e inferior com megmgEedades

termodinamicas intesivas (composi¢céo, densidade, eteptaato contém diferentes

9



propriedades termodinamicas extensivas (volumem, masspg, Por outro lado,
guanto maioré o CLA, maior € a difereca das propriedades termodinamicas
intensivas das fases que coexistem em equiltbfio

Apesar destas diferencas, os SABs apresentam baixoses/ale tensao
interfacial comparado aos sistemas classicos (sesentrganicos)/aguaEsta
caracteristica facilita transferéncia de um soluto biolégico de uma fase para.outr

A seguir uma breve revisdo da aplicacdo dos SABs nacéxt de solutos bioldgicos.

2.2.2 Extracao de biosolutos com SABs.

As vantagem dos SABs para purificacdo/extracdo de solutiogibms foram
utilizadas primeiramente em 1950 por Per-Ake Albertssbal para purificare
extrair solutos biologicos de intesesndustrial, especialmente proteinas e células.

A distribuicdo e a capacidade de extracdo ou de purificdgécsolutos em
um SAB é normalmente expresso em termos de dois par&matreipais: o
coeficiente de particdo e porcentagem de extracao.

O coeficiente de particio € um parametro fisico-quimge determina a

distribuicdo do soluto nas duas fases, e € representadequelcao 3.

Ky = —= (3

em quea e C fazem referéncia a atividade e a concentracdo doosadist fases. Os
subscritosFS e FI representam a fase superior e inferior respectivamenfe.
aproximacdo na equacao anterior s6 pode ser utilizada enegime de diluicdo

infinita do soluto no sistema, pois é quando os valoredeentracdo e atividade
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s&0 muito préximos’.

O mecanismo que governa a distribuicdo de um soluto eties@s de um
SAB é muito dependente das propriedades termodindmicas emasist pode ser
afetado por diversas variaveis. No entanto, Asenjo e Andrewsiblicaram quatro
provaveis causas da particao:

I. Diferenca de hidrofobicidade: quando uma fase apresenta unee ma
hidrofobicidade do que a outra e € usada para levar um dndidgico
hidrofébico para essa fase.

ii. Eletroquimica: Ocorre devido ao isolamento do soluto cogacelétrica
definida em uma fase. Isto pode acontecer se existe upla diferenca
de potencial elétrico entre fases.

iii. Tamanho do soluto: Ocorre um processo de exclusdo molelcutoluto
de uma fase por seu tamanho.

iv. Interacbes especificas: quando existem interacdes espgcéntreo
soluto e um componente presente majoritariamente entdasnases.

Em um estudo de particdo de um soluto em SABs é importargenitear
gual das causas anteriores predomina em sua particadoedgord mecanismo de
particdo do soluto nestes sistemas facilita desenvohetodologias para aplicar
SABs na extracdo e purificacdo em escala do laboraitrescala industriaf.

Outro parametro utilizado € a porcentagem de extracdo ga&uwdada a

partir da equacéo 4:

[nsg]s
[nsg]r

%E = x 100 (4)
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em quelngg]s € a quantidade do soluto na fase superjorsg] - € a quantidade total
do soluto no sistema

Na literatura é possivel encontrar uma alta tendéreciapficacdo de SABs
para a particdo de solutos biol6gicos. Nestes estudoscdest a utilizacdo de
sistemas formados com polimeros PEO de diferentes masskses e sais
inorganicos (tabela 1). Além disso, nestes sistemasi&il@dos diferentes fatores
gue facilitam a compressdo das interagOes intermolesulalo processo de
segregacao, como também permitem a optimizacédo das rogfiedale extracao ou
purificacdo. Entre estes fatores, destaca-se: o efeitmatga molar do polimero
formador do sistema, natureza dos sais (sais orgamcaganicas), pH , efeito do
cétion e do aoin formador do SAB, o efeito da raz&o entre as fases, etc

Outros sistemas reportados na tabela 1, sdo formadosigquidos iGnicos
(LIs) ou copolimeros tribloco com sais inorganicos. Fatores exp@stteriormente,
normalmente também s&o avaliados na particdo de solestss sistemas, mas até o
momento, estet&m sido pouco explorados.

Os sistemas formados com PEO tém sido caraterizadossst@mas de alta
capacidade de particionar os solutos para a fase superk) (Bom altas
porcentagens de extracdo (> 90 %). Além disto, estema@oecondmicos que 0s
sistemas formados com LIs ou copolimeros tribloco. &dro lado, falando em
termos de facilidade de trabalho, tem-se reportado natlitargue os sistemas
formados por LIs sdo menos viscosos que os formados dimepas e copolimeros
faciltando o trabalho no laboratorio, apesar de seremosows estudos das
consequéncias dos Lls sobre o meio ambiente (meiogigtanimais, plantas, etc)

sendo um possivel problema ambiental utiliza-lo em esodiestrial.

12



Tabela 1.SABs formados com trés componentes e aplicados nejoade solutos
bioldgicos.

SABs
Componente 1 Componente 2 Soluto K % R Ref
HO[C6mim][CI]* K2COs, KoHPOy, K3PO, chloramphenicol <65 s0
PEO-PPO** KsPQy, NaCl Lysozyme <70 s
Avidin, Ovomucoid, Lysozyme, 32
PEC00 KHoPQy Ovotransferrin, Ovalbumin 002>K<3210  ----
(NH,),SQy/CitraNa DNA 911 8
PECB000 KHPO, laccases 2,7 96,0 8
Na,CO; proline dehydrogenase b4 o B— %
PEQL000 “
KHPOy catalase -—— 919
PEO1500, PEDO000 K.HPO, alkaline protease <5,0 87
PEQL45Q PEO2000, . . 8
PEO 3350, PEG000 KoHPOWKH PO, Bovine serum albumin (BSA) 1,0>K<2,0 -—--
a-Chymotrypsin, Concanavalin A 39
PEO600, PEBOO N&SQy Cytochrome cf-Lactoglobulin B, 0027>K<653  ----
PEO4000 (NH,).S04 xylanase 55 —— 40
PEO4000, PEO6000, 7
PECL0000 MgSOy tannery <2,3 -
Na:SO, Glucoside, Caffeine, Adenosine <18,8 -——-- 42
PECB000
CitraNa Absidia blakesleeana 144 R— a3
PEC5000 (NH4)-S0Oy phenylalanine dehydrogenase S— 916 a4
PEQL50Q PEG4000 Na:SO,, Li, SO, glutenin flour <6,18 —— A

*cloreto de 1-hidroxilhexil-3-metilimidazolip** copolimero de oxido de etileno-oxido de propileno

Outro tipo de sistemas aquosos bifasicos que merece destagagqusies
formados por copolimeros, como os copolimeros triblogos podem ser aplicados
na extracdo de solutos hidrofébicos. Estas macromotetéla a capacidade de
formar nanoestruturas com ndcleos hidrofébicos que ereapsu soluto e o
trasferem de uma fase para outfaPorém estes sistemas s&o caracterizados por
serem muito viscosos, especialmentes em valores de aibA. Além disso eles
possuem tempos longos para o processo de segregacdo @srfasesparacdo com
os sistemas de PEO. Esses pontos tornam-se negatiasapamranutencdo da
estabilidade e atividade bioldgica dos solutos de interestetragsalho.

Outro inconvenite da maioria dos sistemas utilizados nnmlesla particdo de
solutos bioldgicos sdo a continua utilizacdo de saiggamicos como fosfatos e

sulfatos, o que em escala industrial pode causar diésrgmbblemas ambient&is
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Nesse contexto, uma alternativa para diminuir o impagtbiental € a utilizacaoed
sais organicos tais como citrato de sédio, tartaratrodie & succinato de sodio, que
sd0 catalogados como sais econémicos e de baixo imgET®0 meio ambierite

Existem diferentes sistemas formados com sais orgaeiine 0s quais 0S
formados por citrato de s6dio e PEO de diferentes massases@&00, 1500,
2000¥**® sd0 os mais comuns. No entanto, estes sistemasd@mosico aplicados
na particdo de solutos biolégicos. Um exemplo de aplicagdna extracao de
Escherichia Coli.em SAB de PEO1000-CitNa;B, em que porcentagens de
extracdo de 92% tem sido reportdda®or outro lado, Gomes e colaboradores
extrairam DNA deEscherichia coli.com sistemas formardos com 4 componentes:
PEO600-CitNa-(NH),SOs;-H,0*. Nestes experimentos utilizaram dois sais, uma
organico e outro inorganisacom o objetivo de diminuir o impacto ambiental dos
residuos do processo sem afetar a efetividade na extdacdaNA (91,1% de
extracao).

As pesquisas até entdo relatadas demostram que SABs feripadsais
organicos podem ser uma alternativa para a extracao dessblatdgicos com altas
porcentagens de recuperacédo. Deste modo, € importante pomparSABs com sais
organicos e polimeros de baixo impacto ambiental como oREDposteriormente
aplica-los na extracdo e purifacdo de solutos de intergstutrial, como a

guimosina.

2.2.3 Aplicacdo de SABs na extracdo de quimosina

Os SABs foram aplicados para a extracdo de quimosina pelainar vez no
ano de 2005 por Spelzirgt al *°. Nesta pesquisa eles estudaram o efeito da
porcentagem de PEO no sistema para diferentes massassydgpolimero (1450,
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3350 e 6000), em sistemas do tipo PESPHRO/KH,PO;-H,0, em pH 7 e 4C. Na
metodologia aplicada, os autores determinaram o cod#écida particdo e a
porcentagem de extracao utilizando espectroscopia degténcia molecular como
técnica de deteccao. Os pesquisadores encontraram cae$igkenparticdo na faixa
de 10 a 20 (81-95% de extracdo), com um aumento linear doiepef de particdo
com a porcentagem de PEO no sistema. O comportameteigoaroi atribuido a
interacdo favoravel PEO-quimosina, que provoca a tré@msfe de fase da enzima
para a fase rica na macromolécula. Mas, contrari@mer® esperado, 0sS
pesquisadores reportaram valores de entalpia e entroftizqgmsalculados a partir
da equacao dean’t Hoff, mostrando que o processo ¢ entalpicamente desfavoravel e
entropicamente dirigido. Por outro lado, determinaram peio nade dicroismo
circular que o incremento da massa molecular gera umar reaiabilidade da
enzima na fase superior. Isto foi confirmado por testats@ade enzimatica da
proteina em cada fase.

Um ano depoi$, os mesmos pesquisadores reportaram o efeito da massa
molar (1450, 3350, 6000, 8000) e da razdo da massa das fases em eqiolibri
mesmo sistema, mas com uma temperatura 08. 8\este trabalho utilizaram a
mesma metodologia e encontraram que para um mesmoddhéremento da massa
molar de 1450 até 3350 incrementa o coeficiente de particd88daté 48 e
posteriormente diminui com o incremento da massa maaambximadamente 30.
Este comportamento foi atribuido a interacdo favorB¥#D-enzima que provoca a
transferéncia de fase em massas moleculares baigasntanto, com o incremento
da massa molar, o efeito de exclusdo molecular dompm na fase superior
aumenta, consequentemente promovendo o aumento da fragéimndsina na fase
inferior. Os pesquisadores encontraram que 0 aumentaz@ia da massa entre as
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fases de 0,2 até 1, aumenta a porcentagem de extracdo xiemagamente 85 %
para aproximadamente 96%, sendo este comportamento obs@a@dtodas as
massas molares.

Rehet aP* também estudaram o efeito da concentracéo de NaCl napartic
da quimosina em SABs de PEO (massas molares 1450, 3350 e 6000)-
K:HPOWKH,PO-H,O e PEO-Maltodestrinal900 griteH,O. A metodologia
aplicada foi similar aquela utilizada nos trabalhos de 8péefz”° com a diferenca
de utilizar pH 6.5 e uma temperatura de°20 Os resultados demonstraram que na
auséncia de NaCl o sistema de fosfato apresentam K@etr@ para as diferentes
massas molares e para o sistema de maltodestrina umaraldmadamente 3,5.
Com o incremento da concentracdo de sal até 8 % (mm/K)aumentou até 4 e 10
para os sistemas de fosfatos e para 6 no sistema dedesatina. Os resultados
foram atribuidos a exposicdo de zonas da enzima que davar@teracdo com 0s
componentes da fase superior e assim aumenta suaudjsinilmessa fase.

Estes trabalhos demostram que s&o poucas as pesquisgasiava particao
da quimosina em SABs e as interacfes dela com os contpsndo sistema.
Portanto, sdo necessarias pesquisas que avaliem fatoresocefedo da massa
molecular do polimero formador do sistema, natureza diss(sais organicos,
inorganicos), pH, efeito do cation e dodniformador do SAB para compreender
tais processo. Da mesma forma, determinar parametrosodeméamicos de
transferéncia 4;.G, A-H, A..S) utilizando técnicas diretas, como a calorimetria de
titulacdo isotérmica (ITC), € fundamental para commitee e otimizar estes

processos.
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2.3 Termodinamica de particdo de solutos em SABs (ITC)

Atualmente, por meio da andlise estrutural de moléculasneestudo
computacional, é possivel determinar que grupos de uma molémula
macromolécula apresentem interacdo molecular em wroegso termodinamico.
Como também é possivel determinar valores aproximados deizet@ntropias de
uma interacdo. Mas estes procedimentos podem geragvalmm altas porcentagens
de erro e, além disso, requer um tratamento matematicadquede ser realizado por
computadored.

Para determinar a forgca motriz que provoca um processmdeamico, é
necessario analisar o processo de interacdo em temnapgéticos. Para que um
processo termodinamico (interacdo intermolecularstea@éncia de um soluto em um
SABs, etc.) ocorra espontaneamente, a energiader&ibbs do processbp,,.G
deve ser negativa na temperatura de estudo.

No processo de particdo de um soluto em um SABSs, 0 poteudralco do

solutoi na fase superiopf®) € igual ao potencial quimico do componenta fase

inferior (uf!), quando o sistema se encontra no equilibrio termodinamicejau s

S = (5)

O potencial quimico do soluto na fase superior e inferiores@ressos pela

equacdes 6 e 7 respectivamente:

ufS = pf (FS) + RTIn afs (6)

W = W (FD) + RTIn a!! (7)
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Sendo Y (FS) e p?(FI) o potencial quimico padrdo do soluto i na fase
superior e inferior respetivamentg; e al! a atividade do soluto i em cada uma das
fases, R € a constante dos gases ideais e T a tempetagofata do sistema. Ao

igualar as equacdes 6 e 7, é possivel obter a equacao 8:

al'l
ud(FS) — pd(FI) = RTlna—;s (8)
i

Nesta equacdo o termo da esquerda representa a variagdergia Bvre de Gibbs
de transferénciaA(,G), quando um mol de soluto no sistema bifasico € transferido
da fase inferior para a fase superior do sistema. Goimostrado na equacao 3, a

razdo das atividades do soluto particionado em cada fgsal&iK (equacéo 9).
Ay:G = —RTInK (9)

Portanto, conhecendo a constante de particdo do soluto neantemperatura
especifica € possivel determinadg:. Esta funcdo de estado € dependente i) das
interacdes intermoleculares no sistema e ii) dosdest configuracionais dos
componentes do sistema.

No processo de transferéncia da quimosina em um SAB, ac&aride
entalpia de transferéncia,.H, € uma funcdo de estado que permite conhecer em que
fase encontram-se 0s componentes com 0s quais a quinapsesenta interacdes
intermoleculares mais favoraveis. A, H, pode ser determinada por uma

metodologia indireta, utilizando a equacao detvHoff (equacao 10).
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K(T,) A H 1 1

"k TR 7T (19

em quek (T,) e K (T,) séo as constantes de particdo do soluto na tempefatara

na temperatura] respectivamente? € a constante dos gases ideais. Esta equacédo
foi desenvolvida a partir da equacéo fundamental de Gibbs @ comsideracéo que
AH e A..S ndo variam com a temperatura.

Spelzinie Reh utilizaram a equacgéao danit Hoff para determinacdo dg.H
na particdo da quimosina em SABS Mas apesar de sua ampla utilizagdo, esta
metodologia ndo é precisa, sobretudo em processos otetaparatura tem uma
influéncia no resultadd.

Outra forma de determinak,.H é utilizando a calorimetria de titulacao
isotérmica (ITC) que determina diretamente e sem apro&mesag valor da variagao
de entalpia de interacdo. Para compreender o funciobardencalorimetro e que
determina, € necessario demostrar a que é numericargeateai entalpia emm
processo a pressao constante. Consideremos a equacdpuel® a equacao

simplificada da primeira lei da termodinamica:

dU = dq+ dw (11)
em quedU, dq e dw sdo a variacao infinitesimal da energia interna derssia
energia na forma de calor transferido ou absorvido petensds e o trabalho
realizado pelo ou sobre sistema, respectivamente. Sistema estiver restrito a

realizar trabalho de expansdo e compressdo com pEssstante, tem-se:

du = dq— P.,dV (12)
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Em queP.,; é a pressdo externa no sistemdVeé a variacdo infinitesimal do
volumem do sistema. Para uma variacao finita nas iptgates do sistema, tém-se o

desenvolvimento mateméatico das equacdes 13 até al6:

f v = f dq - f lPextdv (13)

f f

Ur=U; = q= Pee(Ve = V) (14)

Us — U; = q— Pyt Ve + PeycVi (15)
(16)

(Ut + Pext Ve) — (Ui + Pt Vi) = q

Agrupando os termos, encontram-se e denominando a $b#n&.,.V
entalpia, tem-se na equagdo 16 uma entalpia final e omaliresultando na

equacao 17, em outras palavras uma variacao de entalpiggdedus).

Hp —H; = q (7
(18)

A partir da equacao 18, € importante esclarecer que aa@uigcentalpia em
um processo termodinamico apresenta 0 mesmo valor rmoneré a quantidade de
energia trocada na forma de calor entre sistemaimhgizca quando o sistema soO
pode realizar trabalho de compreenséo e expansao a pressfante. Esta energia é
proveniente da energia interna do sistema (variacdo degiantranslacional,
vibracional, rotacional e eletrénica) mais o trabalhocdmpreensdo ou expansao
gue o sistema realiza. Isto demostra que € possivel conheedor da entalpia

determinando-se a quantidade de energia na forma de calovidhu liberada em
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um processo termodindmico ocorrendo no interior de unrigatro de titulagdo

isotérmica (ITC) (figura B

Injetor controlado

Micro seringa

Coluna de referencia

>  Coluna de amostra

U H Agitador
U ! Termopilhais

Cela de referencia
I Cela de amostra

———> Banho termostatico
Nano-voltimetro | Dissipador de calor

Figura 3. Calorimetro de titulacéo isotérmica (ITC).

Em um calorimetro de titulacdo isotérmica, ocorresiura de duas solucdes
dentro de uma cela calorimétrica que se encontra enibemuiérmico com suas
vizinhancas num ambiente de temperatura altamente calstréasolucao titulanté
adicionada dentro da cela calorimétrica por meio de injetor controlado
mecanicamente. A solucdo no interior da cela se ercemh constante agitacao.
Quando as duas solucdes sdo misturadas, processos termoainamiolvendo o
rompimento e a formacdo de interacdes intermoleesilgrassa a ocorrer &
temperatura do sistema é variada de uma dada quantidade. riegtérmico é
novamente alcancado quando € transferida energia na dercelor entre o sistema

e vizinhanc&’.
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Esta quantidade de energia é detectada por termopilhas ddealiz
lateralmente as celas calorimétricas, provocandodifeeenca de potencial elétrico
entre seus terminais, permitindo determinar a quantidadenetgi@ na forma de
calor que foi absorvida ou liberada pelo sistema por unidademgmt(equacédo 19).

Desta maneira, € possivel plotar um grafico de poténcituegdo do tempo (figura

4).

_dq (19)

p =
dt

A integral da curva de poténcia versus tempo fornece a quidantilgaenergia

da forma de calor para cada injecdo e consequentemeatiegiv de entalpia.

AproH= q= J; iZPdt (20)

1 T
—~-10
Z
g

-20 -

e (I) I SOIOO I 1 O(IJOO I 1 5(I)OO I 20(I)OO

t(s)

Figura 4.Termograma de um calorimetro de titulacdo isotérmic@(l

Com base na equacéo 21 e os valores dée A..G determinados por ITC e

a equacéao 9, se pode determinar os valoreg,Separa a particdo de um soluto em

um SAB.
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TAyS = AH — AyG (21)

7

O termo A, H° determinado por ITC € o somatério das diferentes
contribuicdes entalpicas das interacGes intermadees quimosina-sal\gy,_sH®),
agua-sal 4,,_sH®), quimosina-macromolécula (Acpy-mecH®) € agua —

macromoléculal,, _..H®), COMo expresso requacao 22.

A HO = Acny_sH® + Dy_sH® + Acny—macH® + Ay_piacH® (22)

A partir da determinacdo de entalpia de diluicAg;{) dos componentes
envolvidas nas interacbes € possivel determinar a cdpfiibuwde cada termo

(A;—jH®) sobre a\..H°, como descrito a seguir.

2.4. Determinacao da entalpia de diluicdo de solutodf;;H)

No processo de dissolucdo de um soluto em um determinadentsplv
energia na forma de calor é absorbidaliberada no processo. A troca de energia
neste processo a pressao constante € conhecida ctaipiaethe solucdo. Portanto, a
entalpia de solucédo € definida como a variacdo depéntalie ocorre quando um
mol de soluto é dissolvido em uma quantidade definida de réelvem uma
temperatura dada. Quando se deseja comparar as energiaterdeam soluto-
solvente sem ter em conta a quantidade de solven&dgrode solucéo € usualmente
definido para uma solucéo infinitamente diluida. Assim,ntalpia de diluicdo
infinita (A4; H*) é a energia na forma de calor liberada ou absorbia Etdma

guando um mol de soluto é dissolvido em uma grande quantidadelats.
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A A H® é determinada a partir de medidas de titulagdo isotérmaagual €
titulado um solvente com uma solucédo do soluto no saygmrmitindo obteum
termograma como aquele mostrado na figura 3. Utilizando a &m@&;€ possivel
determinar a entalpia de diluicdo molar para cada pidigaia 3, onde n € o nimero

de mols do soluto adicionado em cada injegé&o.

[y pat (23)
n

AgyH =

3 |a

Através de um grafico da,;H do soluto versus concentracdo do soluto
[soluto], é possivel realizar um ajuste da curva obtidema equacao polinomial,
sendo que o limite da curva dg; H versus [soluto] quando [soluto] tende a zero é o

valor daA,; H* do soluto no solvente (intercepto da curva polinomial ajajta

2.5 Modelo de Johansson (contribuicdo entalpica e entropica para o vald)

Além, dos métodos experimentais para determinar 0s p&@EsN
termodinamicos de transferéncia da quimosina em SABs,eBxisia literatura
modelos matematicos, como o modelo proposto por Jaraesal., que explicam a
contribuicdo entropica e entalpica sobre a constdetgarticdo de um soluto.
Quando um soluto se particiona em um sistema bifasico, equilibrio

termodinamicai™ = pf!, sendo quels é expresso pela equacéo 24.

Fs _ <6A655-x

; o FS > = p? + RT In @55 + (uf*)Fs (24)
i T,P,ni:tnj

7

em quey? é o potencial quimico do componente purdG?s, é a variagdo da
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energia livre de Gibbs da fase coymS é o nimero de mols dena fase superior,
@Fs é a fragdo do soluto na fase (definido casfio = M;nfs /N, sendaM; o grau de
polimerizagdo e N é o numero total de moléculag)f&€)"s é o excesso de potencial
qguimico dei na fase superior. Mas se assumimos que 0 soluto a quaaticie
encontra diluido infinitamente, este ndo afetard aposigdo do SAB no equilibrio
de fase. Assim K, pode ser determinado a partir do diagramasdesém soluto

(equacéo 25).

FS

_ (D;_i ex\FI _ (,,ex\FS (25)
InK =1In ®f1 _RT [(Ml ) (Mi ) ]

Onde (uf*)f! é o excesso de potencial quimicoidea fase inferior associado ao
excesso de entropia de mistura dos componentes para ofas# e as improvaveis
interacbes nado ideais entre os componentes na faseorinfsoluto-polimero,

polimero-solvente, etc). De acordo com o0 modelo de Jsbaret al. a energia livre

de Gibbs de mistura é dada pela equacéao 26.
m @ m-1 m
AGpix = AHpix — TASC = NRTZﬁln 9, +N Z Z b, (pj Wij (26)
i=1 i=1 j=i+1

Estabelecendo que a contribuicdoAdg,,;, € zero, e aplicando a equacao 24,

temse

D
= RT|In®, — &, +1—M,,ZML (27)
J

i#j

em que o termRTIn®; representa a variagao ideal da entropia molar parcial
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guando ocorre o0 processo termodinamico de mistura, elmgosamutros trés termos
da equacao 27 representant’®d da fase.
No modelo de Johansson et al. a constante de partdgfniéa pela equacéo

28

¢FS ¢FI
InK; = —(@FS — oF") + M; Z Z (28)

]¢l ]il

Em diluicdo infinita, @ e ®f' devem de ter valores semelhantes e
pequenos. Portanto, os term¢®/* — &f') = 0 e (®f°/M;) = (n[°/NFS) =
(nf*/pVF®), em queN** é o nimero de sitios da rede da fase superiéio nimero

de sitios da rede por unidade de volumé&, o volume da fase superior,M é a
massa molar do solutoLogoa contribuicdo entrépica sobre a constante de particao

fica expressa pela equacao 29.

/. FS FI
g Mi(n”_n (29)
p VFS VFI

De acordo com essa equacao, quando o processo € entropedirigido, a
guimosina se distribuira entre ambas as fases devididesenca do ninero de
moléculas por unidade de volume (densidade numérica) arfase superior @
inferior. Como os SABs séo caracterizados por aprasemha maior densidade
numeérica na fase inferior que na fase superior (princgatiencausada pela diferenc
de moléculas de agua entre as fases), um soluto paaticiomestes sistemas se
concentrara na fase inferior.

Quando o processo de particdo € entalpicamente dirigisoaliséncia de

contribuicdo entrépica) a constante de particdo éseptada pela equacéo 30.
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e 2 3 (30)
Q
Ink =— Z(cDiT — P )wio + ZZ(‘PiTCDiT — 7D )wy
i=1 i=1

j=2
em qued! e ®? sido as fracbes de volume do componente i na fase @uperi
inferior, respectivamente (sendaigua, polimero ou sal}/, € a massa molar da
quimosina ew;; e w;, Sdo a energia potencial do par i-j e i-chymosin. Odedm

wjj OUw;, € definido pela seguinte equacao:

wy; = z(&; —% (e +&;5) (31)

em que z € o numero de moléculas vizinhas que interagenoocmmponente |,
erguanto ques;j, g; € g; representam a energia envolvida na formacéo de um par
potenciali-j e rompimento da interacdo e j-j, respectivamente. Da equacao 30, o
termo X7_, X3, (@] @] — @ d7)w;;, representa a energia do processo de formagéo
de uma cavidade (rompimento de interacdo intermolecnkarjase superior e o
fechamento de uma cavidade (formacédo de interacéo iremuner) na fase inferior
guando a quimosina se transfere da fase inferior e vaigdmae superior. Esta
energia € denominada como auto-energia do sistema. Bwo dado, o
termoX;_,(®] — ®f)w;, representa a energia absorvida ou liberada no processo de

interacdo da quimosina com 0s componentes da fase supatierior.
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3. Consideracgdes finais do capitulo 1

Neste capitulo, fez-se uma revisédo de literatura abdodaspectos da formagéo dos
SABs, a sua aplicacdo na extracdo e purificacdo de sdiigidgicos e de diferentes
modelos e aproximagbes que tentam explicar as variacdespa@snetros
termodinamicos de transferéncia de solutos nos SABs. rEsteno de literatura
cientifica nesta area de pesquisa mostrou que existem powscpssps focadas em
determinar os parametros termodindmicos de transferéAsi&m os capitulos
posteriores fornecem a obtencdo de novos SABs mat&oumt® + sal organica +
agua para aplicacdo na determinacdo dos parametros teamoxbis de
transferéncia da enzima quimosina. Esta é uma questac@saaho sentido de
podermos modular as propriedades fisico-quimicas dos SAB#ipriaa-los como

sistemas de extracao de solutos biolégicos.
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CAPITULO 2: Phase diagrams, densities and refractive indexes of
poly(oxide ethylene) + organic salts + water aqueous two-phase
systems: effect of temperature, anion and molar mass

ABSTRACT

The application of aqueous two-phase systems (ATPS) aidbstrial level requires
systems formed by non-toxic substances to decreaseefjaive impact on the
environment. Organic salts such as sodium citrate, sodiutrate and sodium
succinate have been utilized in order to fulfill this objextiin this work, ATPS
formed by poly(oxide ethylene), PEO, with molar mass 10,0085¢300 g mof,
organic salts and water, namely PEO10000 + sodium citrate ef,iREEO10000 +
sodium tartrate + water, PEO10000 + sodium succinate + \wateiPEO35000 +
sodium citrate + water ATPS at (283.15, 298.15 and 313.15) K have dbedied.
Effects of temperature, anion and molar mass of theSAER well as, the densities
and refractive indexes of both phases of the ATPS weaiated. The segregation
process was endothermic and entropically driven for all & TFhe biphasic region
on the phase diagrams increased as the molar mas©ahBteased. In addition, the
biphasic region also increased in relation to the anitudiesl: citrate > tartrate >
succinate. The consistency of the tie-line data was asuedt by applying the

Othmer-Tobias correlation.

Keywords: Aqueous two-phase system, organic salts, poly(ethylene opliage

diagram, liquid-liquid equilibrium.
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1. Introduction

Aqueous two-phase system (ATPS) have been used for thactext,
separation and purification of biological solutes such aseprs [1], enzymes [2]
amino acids [3], antibiotics [4], nucleic acids [5], id6s9] and nanomaterials [10],
as well as, of organic molecules [11-13].

ATPS can be formed by mixing water, in high concentratigth,- 90 %
(m/m), with two structurally different polymers [14)r a polymer and an electrolyte
[15,16], or two electrolytes [17], under specific thermoagitaconditions. Some of
the important characteristics of ATPS include low carsd toxicity, low value of
interfacial tension, and high water content, which alloma friendly environment in
which solutes can be separated and purified [1, 18].

The transfer of the solute from one phase to the othesephn the ATPS,
depends stronglgn the components within the system, as well as, ofritensive
thermodynamic properties of the two phases in equilibrium [h9this sense,
modulating thee thermodynamic properties is fundamental in order to ohze
best conditions for the purification of solutes anddieation of news ATS.

ATPS formed with polymer (or copolymer) and inorganic $elte been
reported in the literature since these components axpeamsive, highly soluble in
water, nonflammable and nonvolatile [20-22]. Neverthelesstimuous application
of inorganic salts, mainly phosphate and sulfate saltsdiustrial processes can lead
to several environmental problems. In view of decreasingégative impact on the
environment and increasing the application of ATPS at the inalukstvel, organic
salts such as sodium citrate, sodium tartrate and soguweginate have been

employed [15, 16, 21, 23-25]. These systems have alloweduii ct the effect of
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hydrophobicityon the partitioning of different solutes in ATPS formedhaitrganic
salts. However, to our best knowledge, there is no rds@afiterature that describes
phase diagrams of ATPS composed of poly(ethylene oxide), RiE#®a high molar
massof 10,000 or 35,000 g md(PEO10000 or PEO35000).

In this work, the phase equilibrium data for PEO10000 + orgariis sa
water and PEO35000 + sodium citrate + water ATPS were obtainelifferent
temperatures (283.15, 298.15, 313.15) K. The anion effect on theéabicurve was
evaluated using the electrolytes sodium citrate, sothutrate and sodium succinate.

Densities and refractive index for both phases of the AdIB&were obtained.

2. Materials and Methods
2.1  Materials

Poly(ethylene oxide), PEO, molar mass 10000 g fred 35000 g mot
were obtained from Aldrich (USA). Sodium tartrate {8dd,0s-2H,0), sodium
succinate (N2CsH404- 6H,0) and sodium citrate (N@sHsO;- 2H,0) were purchased

from Vetec (Brazil) Milli-Q water (Millipore, USA) was used to prepare all ATPS.

2.2  Preparation of ATPS

Stock solutions of polymer and salt were prepared using antiaabbalance
(Shimadzu, AG 220 with an uncertainty of £0.0001 g). Approgpr@hount of these
stock solutions were weighed in glass vessels, and wgarously stirred. The
systems became turbid and were allowed to settle foi7@h at (283.15, 298.15 or
313.15) K in a temperature controlled bath (Microquimica, MQBIBE20, with an

uncertainty of £0.1 K). When the systems reached tbenthdynamic equilibrium,
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aliquot of the top phase (TP) and of the bottom phase \{&#¢ collected with a

syringe for quantification of the components of the syste

2.3  Construction of phase diagrams

The polymer concentration was measured by refractive i(@ealytic Jena
AG Abbe, model 09-2011, Germany, with a resolution £ 0.0001) andsdlte
concentration was obtained by conductimetry (Schott CG853, Makrramany, with
an uncertainty of £+0.01)Each phase of the ATPS was appropriately diluted with
water and the measurements were performed at 298.15 Kofailbrss showed the
same conductivity in water or diluted polymer solutions andstie concentration
was determined in the range of 2:10° to 2.5610 2 % (m/m).

The polymer concentration was determined by subtracting shlt
concentrationWsa, from the total concentration (salt concentrationsppolymer

concentration)Wota, (€quation 1)wia Was determinate by total refractive index.

Wpolymer = Wtotal — Wsait (1)

Equation 1 can be used because the validity of the prinoiptefractive
index addition was confirmed within the interval of concatidn studied. Standard
curves of refractive index versus polymer composition galt composition)in
agueous medium were obtained and the refractive indexh cdgaieous mixture
containing “X” % (m/m) of polymer and “Y” % (m/m) of salt was equal to the
refractive index of a “X” % (m/m) polymer solution (in the absence of saltsphe
refractive index of a “Y” % (m/m) salt solution (in the absence of polymer) [26],

with X and Y varying between 0.0 and 6.0 % (m/m).
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For the determination of water, 1.000 + 0.100 g of each pha&&R$ was
transferred into 2 mL glass vials and allowed to dry atG@#til the mass of the

system was constant. Then, mass percentage of watealwakted by equation 2.

Mphase — Ma 2
Wyater = PR . 100 ( )

mphase

In this equationmn,,,.. is the mass of phase ang,,,, is the phase mass after
drying.

For each phase, in all ATPS, mass balances were deé&sirby sum of
concentrations of salt, polymer and water with valueshe range of 98-10%

(m/m).

2.4  Density and Refractive Index Measurements

Density measurements were realized for each phase oAATR& using a
density meter (Anton Par, model DMA 5000M, Austria) with warcertainty of +
0.001 kg- . The density meter was calibrated with the surroundinguair water.
Refractive indexes for each phase were carried oug usie refractometer. All
measurements were repeated at least three times wilppreciable variation and

the temperature was thermostatically controlled at 298.15 K.

3. Results and Discussion

Formation of the ATPS depends the molecular interactions among the
components of the system (salt, polymer and water) amde expressl in terms of

Gibbs free energy of the mixturé\,;,G). When two or more components are
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mixed, negative or positiv&,,;,G values can be obtained leading to the formation of
homogeneous or two phases systems. Phase diagrame oaaddto determine the
concentrations of polymer, salt and water that are sacgdo obtain positive,
negative or zero values ob,;, G, by referring to the concentrations of the
components of system on the binodal curve [27]. Whgp G > 0, a segregation
process between polymer molecules and salt ions ocodrieads to the formation
of a top phase and a bottom phase that are enriched wiginggoand salt,
respectively [28]. The phase diagram also provides thengeldngth (TLL). The tie-
line connects the composition of the top phase to the conguosf the bottom
phase when the two phases are in thermodynamic equilibrium.

The fte-line length numerically expresses the difference of niitee
thermodynamic proprieties between both phases in equilibrigima constant

pressure and temperature, and is calculated using equafi®h 3 |
1/2
TiL = [(cf — cf)’ + (I - cB)?] ®3)

In this equation,C] and C? are the polymer concentrations in the TP and
BP, respectively, andcland Cg are salt concentrations in the TP and BP,
respectively. The concentrations are mass percentages

The experimental liquid-liquid equilibrium data for PEO 10000 ¢ism
citrate + water, PEO10000 + sodium tartrate + water, PEO1080dism succinate
+ water and PEO35000 + sodium citrate + water obtained at (229845, 313.15)
K are show in tables 1 through@oncentrations are reported when the system is in

thermodynamic equilibrium conditiofror all ATPS, an increase in the global mass
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fractions of PEO and salt leads to an increase in Trid_the increasa TLL values
can be attributed to the change in mass fraction of paake, mainly of the mass

fraction of PEO in TP and the mass fraction of saBP.

Table 1.
Equilibrium Data for the PEO10000 ) + Sodium Citrate (@) + Water (wy)
system from 283.15 K to 313.15 K.

tie- TLL overall top phase bottom phase
line Wpeo Ws  Ww Wpeo  Ws Wy Wpeo Ws = Wy
283.15K
1 30.22 14.0310.00 75.98 27.30 3.88 68.9¢ 0.14 17.12 83.0C
2 33.32 15.4210.50 74.09 29.73 3.45 66.71 0.11 18.72 81.5¢
3 36.48 16.8110.99 72.19 32.24 3.02 64.1€ 0.07 20.22 80.0¢
4 3997 18.2211.60 70.18 34.96 2.60 61.71 0.02 22.02 78.4:
5 42,73 19.64 12.00 68.36 37.07 2.27 60.01 0.02 23.56 76.94

298.15 K

1 30.27 18.49 7.51 73.99 27.85 3.88 68.4¢ 0.20 16.19 84.1¢
2 33.36 19.97 7.99 72.04 30.55 3.28 66.1€ 0.16 17.03 82.8¢
3 37.75 21.39 8.50 70.10 34.25 2.77 62.3¢ 0.10 18.86 81.3<
4 40.74 22.86 9.01 68.13 36.63 2.40 60.2¢ 0.07 20.38 79.71
5 4352 24.08 9.50 66.42 38.69 2.12 58.84 0.02 22.09 78.34
313.15K
1 3577 13.97 10.0675.98 33.21 2.67 63.82 0.13 16.28 83.7%
2 38.28 15.35 10.5974.06 35.22 2.42 62.1€ 0.08 17.61 82.27
3 4111 16.73 11.0872.19 37.37 2.09 59.8¢ 0.05 19.34 81.0¢
4  43.97 18.15 11.6970.15 39.75 1.82 57.0€ 0.02 20.65 79.47
5 46.57 19.36 12.2068.45 42.02 1.65 55.22 0.02 21.77 78.24
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Table 2.
Equilibrium Data for the PEO10000 §wy) + Sodium Tartrate (¢ + Water (wy)

system from 283.15 K to 313.15 K.

tie- - overall top phase bottom phase
line Wpeo Ws Ww Wpeo Ws Wwy Wpeo Ws Wy
283.15K
1 40.42 18.95 12.7468.31 35.05 3.35 61.25 0.31 24.01 74.90
2 42.68 20.00 13.2166.79 36.79 3.09 59.60 0.25 25.14 74.07
3  45.14 21.01 13.7065.29 38.63 2.84 57.91 0.23 26.56 72.28
4  47.37 21.96 14.2163.83 40.31 2.62 56.55 0.19 27.81 70.88
S  49.64 23.05 14.6762.28 42.12 2.43 54.65 0.09 28.85 69.82
298.15 K
1 4192 18.88 12.49 68.63 37.3¢ 3.16 58.83 0.23 22.57 75.97
2 4418 19.93 12.96 67.11 39.07 2.89 57.59  0.20 23.89 74.5C
3  46.43 20.90 13.44 65.66 40.81 2.70 55.50 0.12 25.07 73.43
4 4864 21.86 13.93 64.21 42.51 2.51 54.37 0.11 26.34 71.4€
S 50.92 22.97 14.40 62.63 43.8¢ 2.36 53.39 0.05 28.27 69.85
313.15K
1 4588 18.89 12.7368.38 41.68 2.55 54.5¢ 0.21 22.17 76.59
2 48.03 19.94 13.2066.86 43.47 2.42 53.37 0.17 23.21 75.12
3 50.00 20.94 13.7065.36 44.80 2.28 52.0¢ 0.13 24.75 73.60
4 5217 21.92 14.1863.89 46.30 2.11 50.4€ 0.04 26.23 71.71
S 5433 23.02 14.7062.28 48.08 1.99 48.87 0.02 27.33 70.52
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Table 3.
Equilibrium Data for the PEO10000 g#) + Sodium Succinate @v+ Water (wy)
system from 283.15 K to 313.15 K.

tie- TLL overall top phase bottom phase
line Wpeo  Ws Ww Wpeo ~ Ws Ww Wpeo  Ws Ww
283.15K
1 29.20 13.01 11.09 7590 2855 5.86 65.04 1.05 15.67 81.65
2 33.11 14.04 11.50 7446 31.62 540 62.14 0.53 16.79 81.06
3 36.27 15.11 11.90 73.00 34.35 4.97 60.01 0.42 17.78 79.80
4 39.98 16.15 12.30 71.54 37.49 450 57.61 0.23 19.00 78.77
5 43,55 17.25 12.77 69.98 40.62 4.06 55.21 0.10 20.01 77.63
298.15 K
1 18.68 9.66 10.18 80.17 20.15 7.24 71.73 2.29 12.73 83.25
2 26.37 11.36 10.69 77.96 25.75 6.11 67.17 0.76 14.52 83.03
3 33.68 13.06 11.20 75.74 32.66 5.03 61.67 0.67 15.57 81.76
4 37.52 14.77 11.68 73.55 35.63 456 59.49 0.31 17.21 80.46
5 42.57 16.47 12.20 71.33 40.36 4.07 55.40 0.23 18.29 79.03
313.15K
1 33.17 9.51 10.07 80.43 32.73 4.18 62.65 0.80 13.17 84.55
2 37.6911.28 10.69 78.02 36.85 3.76 58.93 0.64 14.21 83.61
3 41.7313.00 11.20 75.80 40.66 3.49 5596 0.60 15.18 82.41
4 45921470 11.70 73.60 44.44 3.03 52.19 0.57 16.60 80.87
5 49.4516.40 12.19 71.41 4750 2.74 49.41 0.41 17.85 78.95
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Table 4.
Equilibrium Data for the PEO35000 fwy) + Sodium Citrate (@) + Water (wy)
system from 283.15 K to 313.15 K.

tie- TLL Overall top phase bottom phase
line Wpeo  Ws = Wy Wpeo  Ws Ww Wpeo  Ws Ww
283.15K

1 20.17 9.97 8.51 81.52 1892 5.34 76.91 0.16 12.75 87.12
2 2441 11.44 898 79.58 2252 458 73.78 0.11 14.25 85.83
3 28.32 13.00 9.49 7751 25.77 3.95 70.87 0.07 15.84 84.34
4  31.37 14.49 10.0175.50 2829 3.60 68.46 0.06 17.29 82.84
5 3458 16.04 10.4873.47 30.98 3.25 66.15 0.01 18.64 81.32

298.15 K

1 2249 999 8.50 B81.51 21.49 4.77 75.04 0.28 12.24 87.52
2 27.14 11.71 9.00 79.29 25,57 3.98 71.30 0.21 13.64 86.15
3 31.27 1339 950 77.11 29.25 3.45 67.90 0.17 14.95 84.65
4 3514 15.11 10.0174.88 3253 293 64.87 0.15 16.58 83.14
5 3845 16.78 10.5072.71 35.19 259 6251 0.05 18.20 81.56
313.15K
1 2853 10.07 8.46 B81.47 27.21 3.24 70.03 0.19 12.39 87.35
2 32.26 11.47 9.00 79.52 30.49 2.82 66.87 0.11 13.67 86.50
3 3533 1296 9.49 7755 33.15 255 64.22 0.04 14.87 85.27
4 38.44 1449 10.0075.51 35.78 2.16 62.13 0.02 16.26 83.94
5 40.74 16.02 10.4873.50 37.59 1.94 59.88 0.01 17.68 82.54

The position of the binodal curve in phase diagram caaffeeted by the
temperature at which the segregation process occurs [2Blislsense, the effect of
temperature on the equilibrium data has been evaluated. Riglnm@ws the effect of
temperature on the phase separation for the PEO10000 + stadimate + water
ATPS. Tie-lines are present and were obtained by a linegresson of the
corresponding sets of overall, bottom phase, and top plwms=ntrations. In this
figure, it can be seen that the biphasic region istigedly the same with increasing

temperature. Similar results are observed in ATPS fdroyecitrate salt.
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Fig. 1. Temperature effect on the phase diagram for the PEO10&D) (P Sodium
Tartrate (S) + Water (W) system: (filled squares and ddihes) 283.15 K and
(unfilled circles and solid lines) 313.15 K.

Figure 2 shows the effect of temperature on the phase Sepafar the
PEO10000 + sodium succinate + water ATPS and an incrieasemperature

promotes a remarkable shift in biphasic region.
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Fig. 2. Temperature effect on the phase diagram for the PEO10&) (P Sodium
Succinate (S) + Water (W) system: (filled circles and atbttnes) 283.15 K and
(unfilled triangles and solid lines) 313.15 K.
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The increase in the biphasic region promoted by incredabmgquilibrium
temperature is an indication that the phase-separatmecess is endothermic and
agrees with the idea that ATPS formation is entrdigicaiven [24].

The temperature effect on the phase-equilibrium compaositaddso can be
analyzed through the slopes of the tie-line (STL). Thé& $&n be calculated

according to equation 4:

st &~ G @
cT— CF

where Cl and C? are the polymer concentratio(® (m/m)) in the top and bottom

phase, respectively, an@. and C are the corresponding salt concentrati¢¥s

(m/m)) in the top and bottom phase, respectively. STuegsméare reported in Table 5.

It can be noted that for all ATPS, an increase intémeperature leads to an
increase in STL absolute values, and under constant teomgetae STL values
decrease with increasing TLL values. This behavior shows ahaincrease in
temperature promotes the spontaneous transfer of walecutes from the top to
the bottom phase [24]. In this process, the concentrafi@alt in the BP decreases
and the concentration of polymer in the TP increases.

Figure 3 shows the influence of anions on the positiomefinodal curve
for ATPS formed by PEO10000 + organic salt + water. It is posgibtdserve the
capacity of anions to promote the segregation procesisebfpllowing order: citrate
> tartrate > succinate. This tendency is the same iIRSATormed by PEO of low

molar mass [16] or L64 copolymer [25].
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Table 5.
STL values for PEO + organic salts + water ATPS at (28298.15 and 313.15) K.

PEO10000 + Sodium Citrate
tie-line T/K
283.15 298.15 313.15

1 -2.05 -2.22 -2.44
2 -1.94 -2.21 -2.32
3 -1.87 -2.11 -2.17
4 -1.80 -2.03 -2.11
5 -1.74 -1.93 -2.09

PEO10000 + Sodium Tartrate
tie-line T/K
283.15 283.15 283.15

1 -1.68 -1.91 -2.12
2 -1.66 -1.85 -2.08
3 -1.62 -1.82 -1.99
4 -1.59 -1.78 -1.92
5 -1.59 -1.69 -1.90

PEO10000 + Sodium Succinate
tie-line T/K
283.15 283.15 283.15

1 -2.81 -3.27 -3.60
2 -2.73 -2.97 -3.50
3 -2.65 -3.04 -3.45
4 -2.57 -2.80 -3.25
5 -2.55 -2.83 -3.13

PEO35000 + Sodium Citrate
tie-line T/K
283.15 283.15 283.15

1 -2.52 -2.84 -2.97
2 -2.31 -2.63 -2.81
3 -2.16 -2.53 -2.70
4 -2.06 -2.37 -2.54
5 -2.01 -2.25 -2.39
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This result can be interpreted based on a model propos#al $iva and Loh
[30] which suggest that the ATPS formation process is basébeointeraction and
formation of electrolyte-polymer binding. First, wheme thalt and polymer solutions
are mixed, the ions interact with the polymer, causi@gsolvation of the molecular
chain of the polymer and entropy increase of system.rfie¢be interaction of the
ions and polymer continues until it reaches a saturgiwamt from which there is no

increase entropy and the phase separation is favored.
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Fig. 3. Influence of anion on phase diagram for PEO10000 (PEQO) «ailt Water
(W) systems, at 298.15 K: (o) Citrate; (A ) Succinate and (m) Tartrate.

According to this model, as the salt-PEO interaction im&somore intense,
the salt can more effectively induce phase separatasedon this phenomenon, the
interaction between PEO and the succinate anion is weakertartrate anion and,
the citrate anion provides the strongest interactiors iBhilue to the higher negative
charge of the citrate anion, as well as the greater nuaflearboxylic groups in its
molecular structure making the formation of a hydrogendbpossible [16]. The

biphasic region using the succinate anion is smaller ttiarnartrate anion and the
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citrate anion produces the largest biphasic region. Timsbeaattributed to the lack
of hydroxyl groups in the succinate ion and the increasing numbérydroxyl
groups between the tartrate ion and citrate ion, which fakerintermolecular
interaction between the anion and PEO macromolecules.

Figure 4 shows the influence of the molar mass of pdly(ehe oxide) on
the phase equilibrium in PEO + sodium citrate + wate© P30 + citrate sodium +
water ATPS that was reported by Patricio and coworkers [16]islpresented. As
can be noted, an increase in the molar mass of PE@opes an increase of biphasic
region. This effect is attributed to a decreaséhe contribution of configurational

entropy caused by enlargement of the molecular chaireqgigtymer [31].
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Fig. 4. Effect of molar mass of PEO on phase diagram fdd RESodium Citrate (S)

+ Water (W) systems, at 298.15 K: (A) PEO1500, (o) PEO10000 and (m)

PEO35000.

Table 6 reports the values of density and refractive irafethe top and
bottom phases of the ATPs studied, at 298.15 K. The magnituthesd intensive
thermodynamic properties was different between the ghasequilibrium (TP and

BP) and varied in both phases when TLL value increased.
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Table 6.
Density ) and Refractive Indexnf) of the top and bottom phases of PEO + organic
salt + water systems, at 298 K5

p (kge m®) Np

L Top phase Bottom phase Top phase Bottom phase
PEO35000 + Sodium Citrate + water
22.49 1065.943 1089.464 1.3704 1.3548
27.14 1068.680 1099.704 1.3756 1.3572
31.27 1070.548 1110.487 1.3801 1.3596
35.14 1073.424 1122.016 1.3839 1.3624
38.45 1076.197 1134.529 1.3876 1.3655
PEO10000 + Sodium Citrate + water
30.27 1073.503 1111.605 1.3796 1.3599
33.36 1075.538 1122.865 1.3833 1.3625
37.75 1078.007 1136.211 1.3876 1.3653
40.74 1080.481 1147.419 1.3910 1.3684
43.52 1082.678 1158.626 1.3941 1.3709
PEO10000 + Sodium Tartrate + water
41.92 1087.205 1164.264 1.3940 1.3704
44.18 1088.735 1175.937 1.3956 1.3725
46.43 1090.436 1185.187 1.3983 1.3748
48.64 1091.418 1199.969 1.4012 1.3771
50.92 1093.914 1210.938 1.4032 1.3799
PEO10000 + Sodium Succinate + water
18.68 1087.739 1102.152 1.3785 1.3608
26.37 1090.973 1114.320 1.3861 1.3627
33.68 1093.053 1121.736 1.3905 1.3644
37.52 1096.946 1131.337 1.3958 1.3669
42.57 1100.657 1144.457 1.4012 1.3700

Figure 5 shows refractive index versus TLL and densityugeld L curves
for the top and bottom phases of all ATPSs. In all systefor both phases, the
increasing of TLL values promotes an increaséensity and refractive index. This
is because these properties depend on the concentrdtibBB® and salt in the

phases. The slopes of the curves of density in the b@ttaise are higher than in top
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phase and densities in top phase are almost independeritLofln contrast,
refractive index versus TLL curves present similar slopdsoth phases. The higher
values of refractive inde»s in top phase are due to the higher concentration of
polymer in this phase compared to the concentration lbirs@ottom phaseThis
difference also contribat to the molecular structure of polymer that presents a
greater opposition to the propagation of light. Increasive refractive index while
increasing TLL shows that the propagation of light becomere difficult with the
increasing of concentration of the system componditiese results are similar to

those found by Santos and coworkers [31] in PEO1500 + thedsutfwater ATPS.
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Fig. 5. (a) Density versus TLL curves anid) Refractive index versus TLL curves
for top phase ((m) PEO35000 + Sodium Citrate, (¢) PEO10000 + Sodium Citrate, (®)
PEO10000 + Sodium Tartrate, (W) PEO10000 + Sodium Tartrate) and bottom phase
((0) PEO35000 + Sodium Citrate, (¢) PEO10000 + Sodium Citrate, (o) PEO10000 +
Sodium Tartrate, (A) PEO10000 + Sodium Tartrate) of studied ATPSs.

The reliability of the experimental tie-lines were vexfithrough the Othmer-

Tobias correlation [32]. This correlation is given logyation 5.

48



100 — 100 — w 5
i (10t < (1000t} 1 ®
Wsp Wpt

wherew,, andw,,, represent the mass percentages of salt in the bottase @nd
the mass percentages of polymer in the top phase, regtgctind the values of A
and B are constants for an individual system at a oeréanperature. The Othmer-
Tobias correlation has been used by several resear{2®28] and is measured
through the linearity of the data. The constants (A Bhdand the determination
coefficients (R) are show in Table 7.%Rvalues for all systems are greater than 0.97

indicating a high degree of consistency of the experirhdata.

Table 7. Othmer-Tobias constants and regression coefficients.

PEO10000 + Sodium Citrate
A, B: R’

T/K

283.15 0.7148 0.8803 0.9995
298.15 0.9294 0.7756 0.9780
313.15 0.9530 0.9635 0.9887

PEO10000 + Sodium Tartrate

T/K Al B, =%

283.15 0.6260 0.8522 0.9974
298.15 0.6878 1.0678 0.9845
313.15 0.8822 1.1287 0.9864

PEO10000 + Sodium Succinate
A, B, R?

T/K

283.15 1.1699 0.5581 0.9992
298.15 1.3388 0.4255 0.9766
313.15 1.4829 0.5767 0.9907

PEO35000 + Sodium Citrate

T/K A, B, =

283.15 0.9242 0.6945 0.9962
298.15 1.1184 0.6715 0.9861
313.15 1.1247 0.8601 0.9886
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4. Conclusion

Equilibrium data for PEO10000 + sodium citrate + water, PEO10000 +
sodium tartrate + water, PEO10000 + sodium succinate + \wateiPEO35000 +
sodium citrate + water ATPSs have been obtained ati28398.15 and 313.15) K
using a gravimett, conductometry and refractometry techniques.

For all systems, an increase temperature promotes the increase in the
biphasic region as well as the increase of the slopgi-dihes. This result suggests
that the phase separation process is endothermic an8 ffiation is entropically
driven. The capacity of an anion to induce the phasaragon follows the following
order: citrate > tartrate > succinate and this tendenagtributed to intensity of the
salt-PEO interaction. The study of the influencehsf imolar mass of poly(ethylene
oxide) on phase equilibrium shows that an increase inrmedas of PEO promotes
an increase in the biphasic region and this result tisbated to an entropic
contribution.

The reliability of the experimental equilibrium data waseatained using the
Othmer-Tobias correlation. The results were satisfactorysrmved consistency in

the data obtained.
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CAPITULO 3: Driving forces for chymosin partitioning on the
macromolecule-salt aqueous two phase system.

ABSTRACT
Aqueous two-phase systems (ATPSs) are recognized as reffigrel strategic
liquid-liquid systems for extraction and purification of di#at compounds.
However, the motriz power for the solute transfer proéesaTPS is not well
understood, because only a few studies have evaluated the diyaemoc
parameters that allow comprehension of the partition geoddere, we investigated
the chymosin (Chy) partitioning behavior in macromolecutahk + HO ATPSs by
obtaining the partition coefficientK], free energy change of transfek, (G°),
enthalpy change of transféa,.HZ2,;), and entropy change of transf&,S2,,), and
their dependence on the ATPS properties. Chy transfer tihenfbottom to the top
phase of the ATPS was enthalpically driven, witd.84 k] mol™! < A H2, <
—170.34 k] mol~* and —11.69 J mol 1K1 < A,S2,; < —558.95 ] mol 1K1
characterizing an enthalpgntropy compensation process:1.36 k] mol™! <
A G° < —3.77 k] mol~t. The value ofA.H2,; became more negative as the tie line
length increased, showing that specific macromole€ity interactions determine
the enzyme concentration in the ATPS top phase. Theenaf the cation/anion,
hydrophobic/hydrophilic balance of the top phase, and macronielenolar mass
influence the intermolecular interaction between Chyg &op phase components,
changing the enzyme partition behavior. Negatiy&2,, parameters were attributed
to the Chy transfer from a higher (bottom phase) to ldwer (top phase)

configurational entropy region.
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1. Introduction

Aqueous two-phase systems (ATPSs) are recognized agmffieconomic,
and environmentally safe liquitiquid systems for extraction and purification of a
great number of solutes, such as métalproteins, enzyme$> genetic materié|
natural dyeS® cells, nanoparticle®, and carbon nanotubié$’. However, the
driving forces that determine the partitioning behavior efgblutes in these ATPSs
are not very well understood, mainly because there arg¢hlermodynamic studies
describing the motriz power for solute distribution in bATPS phases. To optimize
the application of the ATPSs in the purification oluses, it is important to develop
a systematic thermodynamic approach, from a theoketiwh experimental point of
view, to determine the intermolecular interactions resjds for the solute transfer
process in these systems.

Theoretical models explaining the solute distribution iRP& are derived
mainly from the Flory-Huggins theory, and use a thermonynatatistical approach
to determine how the transfer thermodynamic parameters dieperthe ATPS
propertie$®, such as the tie line length (TLL), pH, and temperaturadéita et at*
used a mathematical function (linear solvation enertptioship) to describe the
solute-solvent interactions that govern solute transfer. Otaethors, such as
Berggren et al’>, used a linear function associated with the protein serfa
hydrophobicity and/or to electrostatic contribution to déscrihe protein ATPS
component interaction within this approach, to determine kyoper partition
behavior. Johansson et*alhave proposed a model that describes the ATPS solute
transfer process in terms of an entropic and enthalpigribution to the solute
partition coefficient values, allowing an understandirfgttee motriz power that

drives the distribution process of different specie®\TPSs. However, this semi-
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gualitative model constitutes only a guide to a betterzaadin of the intermolecular
interactions governing partitioning behavior of the solitethose systems. To
confirm and/or to improve these theoretical models, oligirthe experimental
thermodynamic parameters of transference, sueh, @8, A, HZ,;, andA,,.S¢,;, for
differentsolutes in distinct ATPSs is fundamental, howeverelae few systematic
studies determining the thermodynamics of the transfer gsamesolutes in ATPS.
Da Silva et al’ used thevan’t Hoff approximation to determineA, HS, for
[Fe(CNX(NO)]*™ and [Fe(CNy]*~ ions in ATPSs formed by triblock copolymers and
phosphate salts, showing that the transfer processdse timions is exothermic and
enthalpically driven 4..S2y < 0). Like those inorganic complexes, biological
solutes, such as the glutenin protein from flumpartitioned in ATPSs of
poly)ethylene oxide (PEO) + sulfate salts 3CHrelease enthalpic energy during the
transfer processes, with,, H?, values between-21.39 and —16.21 kJ mol™.
However, exothermicity of biopolymer transfer processewisa general trend. For
example, Pico and coworkétsd' reported three studies of chymosin (Chy) partition
in a PEO + phosphate salt +® ATPS. The authors finding in two of these papers
that the enzyme partition is endothermic, wikhH?, values between 32 kJ mol
and 96 kJ mof, concluding that the Chy partitioning in this ATPS isrepically
driven.

Isothermal titration microcalorimetry is the only technigag@able of directly
determining the change of transfer enthalpy,. K?2,;), and various papers report a
discrepancy between th&,.H2,, and A, Hoy values for various thermodynamic
proces&. For the ATPS solute transfer process specifically, Silaa et af?
determined thé,, Hoy andA.,.HZ,, values of pentacyanonitrosylmetalate complexes

(IM(CN)sNOJ?, where M = Fe, Mn, Cr), showing that a great differepgésts
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between the two methodologies, where thgHZ, decreases and. Hpy is
practically constant with increasing TLL. Thus, it is impott to measure the
A HZ,, values for biopolymers, and to compare their values wWilt,, results
found in literature. Chy (EC 3.4.23.4) can be used as a nwal@blymer for this
purpose Chy is a neonatal gastric aspartic proteinase importarthencheese
industry®. This enzyme is obtained from bovine calf stomachs orthey gene
chymosin cloned and expressed in suitable bacteria. It cthesespture of the Phe
105- Met 106 bond ok-casein, generating two carbon chains; one chain istepor
of the insoluble N-terminal casein (cheese) and the athibe C-terminal casein that
is soluble in solutioff. Many studies have described the structure, conformatimh
stability of Chy in solution. It has a molar mass equa38600 g mof, with 323
amino acid units structured in a globular form. It sbé& at pH values between 5.3
and 6.3. At pH values lower than 3, Chy loses its actigty] at pH above 9.8, an
irreversible conformational change occdfé?’.

The aim of this paper is to discover the motriz power for @ryitioning in a
macromolecule (PEO or Copolymer) + electrolyte (organimorganic salts) + O
ATPS, determining Chy thermodynamic paramet&;sq°, A, -HZ, and A..S8,1)
and their dependence on the following ATPS properties;Tild. values, cation and
anion structure, hydrophobic/hydrophilic balance, and the molassnof the

macromolecule.
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2. Experimental section

2.1 Materials

PEO, with a molar mass of 1500 g fhavas purchased from Synth (Brazil).
PEO with molar masses of 10000 g tha@nd the triblock copolymer F68 with a
molar mass equal to 8400 g Molvere purchased from Aldrich (Germany). The
organic salts sodium tartrate (TartNa;,8#1,0s- 2H,0; 99.5%), and sodium citrate
(CitNa; NaCgsHs07- 2H,0; 99.0%), and the inorganic salts sodium sulfate, S
99.0%) and lithium sulfate (k$Oy; 99.0%) were all purchased from Vetec (Brazil).
Chy was obtained from DSM (99.0%). All chemicals were used wittarther

purification. Distilled water was used to prepare all aqueousicadut

2.2  Determination of chymosin partition coefficient

Chy partition coefficients were determined as follows. AFR&h a desired
global composition and a total mass of 5@0wvere prepared by mixing stock
solutions of a polymer (or copolymer) and a salt. The al@bmpositions of the
ATPSs (PEO 1500 + sodium tartrate 04 PEO 1500 + sodium citrate +,®, PEO
1500 + sodium sulfate + @, PEO 1500 + lithium sulfate +,8, PEO 10000 +
sodium citrate + bD and F68 + sodium citrate +,8) were obtained from phase
diagrams reported in the literatdfé”. At least four different global compositions
were chosen from each phase diagram. The stock sauwtiere mixed with 5QL of
Chy, andthe obtained systems were stirred. The system was alloweguibbrate
for 24 h in a temperature controlled bath (Microquimica, BAQ 99-20, 298.1%
0.1 K). Aliguots of the top and the bottom phases were collegtbda syringe, and

adequately diluted with distilled water for a spectrophotomainalysis at 260 nm
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using a Shimadzu digital double beam spectroméi®t-2550). The Chy partition

coefficient (K) was calculated using the following equation:

_ (bl ) - (f7)
(AbsEeg ) (F2)

1)
whereAbslc, ., andAbsS, .., are the absorbances of the diluted top phase and the
diluted bottom phase, respectively, discounting the absorbari¢dbe corresponding
blanks, angd” andfd® are the dilution factors of the phases.

K was studied for different TLL values of each ATPS ingeg&d. The TLL
numerically expresses the difference in the intensierntbdynamic functions
between the top and the bottom phases, at constant gresslitemperature. It is
calculated using equation 2:

[ ®)

TLL = [(c} - ¢cB)* + (cI - c&)*

where Cj and CJ are the polymer concentrations in the top and bottom phases
respectively, and’] andCE are the corresponding salt concentrations in thendp a

bottom phases, respectively.

2.3  Thermodynamic parameters of chymosin transfer
2.3.1 Chymosin transfer Gibbs free energy changa{.G°)
The transfer Gibbs free energy changg.¢°) is the molar Gibbs free energy

change associated with the transfer of Chy from theiwogpthase to the top phase of
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the ATPS. This thermodynamic parameter was calculated fralues of the Gh

partition coefficient of all TLL values using the eqoati:

A,G° = —RTInkK 3)

whereR is the real gas constarf, is the absolute temperature, akids the Chy

partition coefficient.
2.3.2 Chymosin transfer enthalpy changeA(,-H¢,;)

The A, HR, value for each ATPS studied was determined by isothermal
titration calorimetry (ITC) measurements using a nuaiorimeter CSC-4200
(Science Corp. Calorimeter). Thdg, HZ,, values were obtained after three titration
experiments. Aliquots containing 0.90 mL of the top and the bopiwase were first
added to the reference and sample cells of the micravekar. Five injections of 5
uL of Chy 1.50 mmol L prepared in the bottom phase were then titrated into the
sample cellA gastight Hamilton syringe (250 pL) controlled by an instrument was
utilized for the injections, and a stirrer helix stirring380 rpm was used throughout
the experiment. The flow of energy registered during thelevprocess was recorded
as a power versus time curve, which was integrated to obhtatmetat flow associated
to the enthalpy change of each systaga K,_z). To discount the energy associated

with friction effects (xobe), a similar procedure was performed by titrating th

bottom phase in the absence of the enzyme in the sanlpt®ining the ATPS.
Additionally, the energy associated with dilution efee@,,H ;,) was determined by
filling the reference and the sample cells with 1.80 nfilthe bottom phase and

titrating the solution with five injections of 5 pL &hy 1.50 mmol [* prepared in

61



the bottom phase. Th&, HZ,, values were then calculated by using the following

relationship:

DopH,_, — DopH 3 — AopH
- f
A HS, = - (4)

wheren is the amount of Chy transferred from the bottom tadpephase after each

injection.

2.3.3 Chymosin transfer entropy changeX;,S¢.:)
The A..S° values were determined through the classic thermodynamic

relationship:

AtrGo = AtTHgal - TAtTSgal (5)

whereA,,.G° andA,,.HZ,, are values already known.

2.4  Dilution enthalpy change for the infinite dilution condition

The dilution enthalpy change of Chy for the infinitdution condition
(Agir,cnyH”) was determined in different solvents using ITC. A 2.97omin Chy
solution was diluted titrating 5 pL aliquots of the Chy solutin 2.70 mL of solvent
in the sample cell of the calorimeter. The solverilized were pure water, 0.72 mol
L aqueous citrate solution, 0.72 mot Bqueous tartrate solution, the top phase of
the PEO 1500 + tartrate + water [TLL = 34.95% (w/w)] systerd,tha top phase of
the PEO 1500 + citrate + water [TLL = 36.54% (m/m)] systehe olar enthalpy
changesAH,;) were plotted as a function of the Chy concentratiGhy]), and the

AgicnyH” values were calculated extrapolating [Chy] to zero. Alamgrocedure
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was used to determine the dilution enthalpy change for tefohiution of citrate,

tartrate, and PEO in pure water.

3. Results and discussion
3.1  Chymosin partition behavior

To evaluate the potential application of ATPSs for théraekon and
purification of Chy, and to determine the motriz powerhos fpreferential transfer
process, it is necessary to study the enzyme partighavior in these systems in
addition to obtaining the change in Gibbs free energy fort@msfer,A.,.G°. Fig. 1
showsK andA,,.G° values versus TLL for the ATPS comprising PEO 15085Qi,
and HO at 298.15 K.As the TLL increased, the difference in intensive
thermodynamic properties between the top and bottom ATPSegphbecame

enlarged tunneling the solute transfer.

4.8 2.7
" %\% e

« =0 \% ;-3.3 E
- {'/ﬁ o ——36§b
A7 R

28+——7—"——F—"—1——
TLL / % (w/w)
Fig. 1. Chymosin partition behavior in the PEO 1500 490y + H,O ATPS: (m)

partition coefficientK, and (o) A,-G°.
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Chy is distributed unevenly between the ATPS phases, withentrations
three to five times greater in the top phase than enbibttom phaseX increased
almost linearly with increasing TLL, showing that the geedle difference in phase
composition, the more Chy moves to the polymer-rich phdbse A,.G° value
calculated from the classical relationshi@.,G° = —RTInK) ranged from
—2.864+0.10 to —3.77+0.05 kJ mof, decreasing almost linearly with the increase in
TLL. The A.,.G° values express the free energy change of the systemameemole
of Chy is transferred from the bottom phase to the t@s@hin the PEO 1500 +
Li, SO, + H,O ATPS, theA..G° values are low, suggesting that there is not a
chemical reaction or a substantial conformational gean Chy during partitioning
processes, showing thatelmot occur Chy denaturation in the transfer process. To
understand the driven forces governing the Chy partition psoites necessary to
determine the enthalpic and entropic contributions taAthé° values. Fig. 2 shows
the Chy transfer enthalpy changg,,(H?,;) and the Chy transfer entropy change

(A4 S8,;) versus TLL for PEO 1500 + 4304 + H,O ATPS.

N
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Transfer thermodynamic parameter / kJ mol
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Fig. 2. Enthalpic and entropic contributions for chymosin piartiin the PEO 1500

+ Li,SOy + H,O ATPS.

While the A,,.G° values are low, thé,,. HZ, values have almost the same
magnitude ad'A;,.SZ,;, and the partition process occurs with an enthalpimpiut
compensation. Both the enthalpic and entropic tramsfexmeters are negative, and
their values decrease as the TLL values increase,isfpavat the Chy transfer
process is enthalpically driven. To the best of our kedge, these results are the
first direct enthalpic measurement of the Chy trangfecess in an ATPS. Spelzini
and coworker$?? used the van’t Hoff approximation to determine the Chy transfer
enthalpy changeA(,Hyy) in the ATPS formed by PEO (molar mass of 1450, 3350.
and 6000 g mdi + potassium phosphate +®l or diblock copolymer PEO-PPO
(molar mass of 8400 g mYl + maltodextrin + HO, and reported values of that
parameter ranging from 32 kJ rifaio 96 kJ mof. These endothermic values were
attributed to the breaking of intermolecular water-enzameé macromolecule-water
interactions when the enzyme is transferred from ttoin phase to the top phase.
In addition, the authors concluded that Chy partitioning insehdTPSs is
entropically driven. Despite the difference between th®33 used here and in the
previous studiéd?’, our thermodynamic results lead to distinct conchsiavith
respect to the mechanisms involved in the Chy partitioATIRSs. In general, the
van’t Hoff and calorimetric enthalpies of transference are different in magnitude
and/or signal. For instance, da Silva et®gbund A, HS, values ranging from -101
kJ mol to 7 kJ mot, andA,.HZ,; values between -28 kJ rioand 7 kJ mat for the

partition of pentacyanonitrosylmetalate anions in the ABA0 + NaSO, + H,O

ATPS. The authors attributed the differences obtained betwgél?, andA.,. HZ,;
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values to changes in the entropic state of the systeemwthe transfer process
occurs. Whed\.,.Hyy = A.-HZ,;, the transfer process is considered to be a two-state
process in which the entropic difference is great andefi Conversely, when

Ay Hpy # AyrHEy,, the transfer process is considered to take place agu@ence of
multistep processes, occurring between consecutive stdatea very small entropy
differencé“®2. The Chy partition probably occurs in a multistep proeessociated
with the conformational changes of both the enzyme andTiRS-macromolecule,

the molecular dehydration of ATPS components, aggregameafmn, and water
transfer between the ATPS phases.

To understand tha,,.HZ2,, andA,,.S2,, values from a molecular view point,
we have interpreted all of these thermodynamic paraméteough a molecular
model developed by Johansson etfalhese authors have suggested that the
partition process of a solute in ATPS can be divided aritropic and enthalpic
contributions to the K values, and demonstrated thatritvtepgc contribution to the

Chy partition can be expressed by equation 6.

anN =

Mcpy (0T n® (6)
yT VB

wheren” andn®? are the total number of molecules in the top and bottoraepha
respectivelyMcp, is Chy molar massp is the number of lattice sites per unit
volume, andVT and VE are the volumes of the top phase and bottom phase,
respectively. According to equation 6, when the entropyeisthely responsible for
the solute transfer; i.e., the system entropy incredissg the partition process; the

solute will concentrate in the phase with the highelecular numerical density. The
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phase diagram of the PEO 1500 3@ + H,O ATPS shows that the numerical
density in the bottom phase is higher than that in the topephaasinly due to the
greater number of water molecules found in the phade liter densit§. Thus,
based on Johasim’s model, the configurational entropic contribution should cause
Chy to be spontaneously concentrated in the bottom phasgugmg K values
between 0 and 1. However, as the Chy partitioning coefficrethe PEO 1500 +
Lio,SO;, + H,O ATPS ranged between 3 and 5, the enzyme transfer shouldvea dri
by the intermolecular interaction contribution; i.ehetenthalpic contribution
(negative enthalpic change). In addition, the TLL éase promotes an increase in
the K values, which is a partitioning behavior that is comtrtar an entropically
driven transfer process. This result is opposite to th#tdrentropically driven Chy
transfer process, because as TLL values increase (ifferedce in water
concentration between the bottom phase and top phasdaiged, making the Chy
transfer process less entropically favorable. Thus, are conclude that the Chy
partition process must be enthalpically driven, as sHowg the negative
A.-HZ,, obtained in this work (contrary to the,.H)y, reported by Spelzipi The

enthalpy contribution t& values in Johansson’s model is described by equation 7.

M 3 2 3 (7)
Ch
i=1

i=1 j=2

where @7 and @F are the volume fraction of componentli = W (water), M
(macromolecule), or S (salt)] in the top and in thedsotphases, respectively, and

wi; andw;cy,, are the energies of effective potential paif pair and—Chy pair).
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The term¥?_; 3., (@] o] — ¢ dF)w;; represents the net energy absorbed
or released when Chy is transferred from the bottorsetathe top phase due to a
closed-cavity process in the bottom phase (Chy move-aut) an open-cavity
process in the top phase (Chy move-in). This net enertgreiiice does not consider
the interactions between Chy and the ATPS compondngssentially arises from
the molecular interactions that occur between the tfibase components and the
molecular interactions broken between top-phase comp®nehen the enzyme is
transferred. Its value depends on the solute molecularmeland makes little
contribution toK values, as shown by da Silva ef%Therefore, the terfi_, (®7 —

@7 )wichy should determine the Chy partition in the ATPS.

The termY?_,(®] — @7)w;cp, expresses Chy partitioning in the ATPS, and
is the principal contribution to tha,.HZ2, parameter, because it represents the
difference in energy between Chy-top phase componentsCagebottom phase
components interactions. According to this term, the mnemAat, HZ,; values (Fig. 2)
indicate that the interactions between the ®p-phase components are more
enthalpically favorable than those of the Chy-bottomsehcomponents. Since water
is the major component in both phases, it is reasonablhink that the Chy
hydration shell is not greatly changed by the enzyme joaitig. Thus, these
A, HZ, values should be attributed to the difference between Ghg—
macromolecule interactions and the Cégit interaction, showing that the energy of
the effective potential pair that is predominant in the phase Wcnymosin-m) 1S
more intense (i.e., more negative, or less positive) tharenergy of the potential

pair that is predominant in the bottom phasg,(,_s). Furthermore, as TLL values
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increase, the term@], — ®2) and(®I — &) increase, making the enzyme transfer
process more enthalpically favorable.

The same analyses applied to the Chy transfer process IRED 1500 +
Li,SO; + H,O ATPS discussed above will be applied to Chy transferegsom

others ATPS investigated in this work.

3.2  Cation effect on chymosin partition behavior

The ChyK value and its dependence on the TLL values are affectedeby
nature of the ATPS electrolyte. Fig. 3 shows kheandA,,.G° values plotted against
TLL for the ATPS comprising PEO 1500 and different sulfatées 9NaSO, and

Li,SOy) at 298.15 K.

5.0 15
o
454 ’ 7@ 2.0
[ ) ) ‘_I/\
401 25 2
X % - 2
: : ‘ =
3.51 >§/ L t30 g
3.0 s v '\Q L-3.5
—>
2-5 T T T T T -4-0
30 35 40 45 50 55
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Fig. 3. Cation effect onK (squares) anad..G° (circles) values for the chymosin

partition in the PEO 1500 + 130, + H,O (open symbols) and PEO 1500 +,8@,

+ H,O (closed symbols) ATPSs, at 298.15 K.
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The capacity oLi,SOy salt to promote Chy transfer from the bottom phase to
the top phase is higher than that ob8l& salt. Since the anion of these salts is the
same, we can attribute this salt effect on the Chytjpenitig to the cation. The same
cation effect K;;,s0, > Kna,s0,) Was observed in the partitioning of other solutes in
ATPSs, e.g. caseinomacropeptitieglutenin flour proteitf, ovomucoid®, carmire
dye®*, and [M(CN}NO]® (M=Fe, Mn, Cr) aniorfs. However, this trend has not
previously been observed in Chy partitioning, since only thiedies have applied
ATPSs for Chy extraction, and each used only potassiliosghate salts
(KoPOy/KHPQy) as the electrolyté®.

The cation effect on th& values of Chy can bexplained considering the
model proposed by da Silva and Loh to describe the formatimess of an ATPS.
According to these authors, the determination of thiadpy change of interaction
between cation (V) and PEO segmentsA Hy+_go) allows the following
molecular mechanism for the splitting of phases iP&Tto be proposed. When an
agueous salt solution is mixed with an aqueous polymer solaiomtermolecular
interaction between the cation and the ethylene oxide gmfujpe polymer occurs,
which is entropically driven/,;Hy+ _go > 0) due mainly to the release of water
molecules solvating the interacting particles. Thistetdyte-polymer binding occurs
until saturation of the polymer surface, after which nohtertentropy gain by the
water release process is possible. In order to decreag8ibbs free energy of the
system, a separation producing a top phase enriched with grogmains adsorbed
by cations (pseudopolycation species) must occur. The autlawes showed that
lithium has a higher capacity to generate positive chalgesity on the PEO

molecular chain than sodium.
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As the enzyme partition experiment was performed with pHieglof
between 6 and 7, Chy (pl = 4.6) had a negatively charged gicitlaturé®, which
favored its electrostatic molecular interaction vittk pseudopolycation found in the
polymer-rich phase (positively charged). As the strengtthefChy-PEO interaction
Is proportional to the pseudopolycation charge densigyKthalues depend only of
the nature of the cation, witK,;,so, > Kna,s0, (Fig. 3a). The difference in the
Gibbs free energy of transference caused by the catdnp, G2y = A..GP; —
AGS.), is around only —1.0 kJ mol™ for all values of TLL. However, the cation
effect on the values af,,.HZ,, andA..SZ,, is pronounced, as can be seen in Fig. 4,
which shows these thermodynamic parameters plotted agdihsfor the ATPS

comprised of PEO 1500 and different sulfate s&li®s$0O, and LbSOy) at 298.15 K.

L-150

g --300

/ (J mol” K
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Fig. 4. Cation effect on thé,,HZ,, (triangle) andA..-S2,; (hexagon) values for the
chymosin partition in the PEO 1500 +&0, + H,O (open symbols) and PEO 1500

+ NaSQ, + H,O ATPSs (close symbols), at 298.15 K.
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The A, HZ,, andA..S2,, values are negative, decreasing in magnitude with
increasing TLL, showing that for both ATPSs the Chwnsfer process is
enthalpically driven. In addition, for all TLL valueA,,HZ,, andA..S2, are more
negative in the ATPS formed ly,SO, than that formed by N&Q,, demonstrating
that ChyLi* pseudopolycation interaction is more enthalpically irtetisan the
Chy-Na" pseudopolycation interaction. The difference in enthadaysed by
replacing LT with Na (AA,-HZy = An-HY — An-HS,) is dependent on the TLL
value, varying from —1.00 + 0.05 to —66.00 + 4.60 kJ mol™, showing that the cation
effect on the ChyM™ pseudopolycation interaction increases as the sapalgcher
concentrations increase in the ATPS.

Regarding ta\,.S¢,; values, the Johansson model predicts that the decrease
in the entropy of the system promoted by Chy transfen ttwe higher density phase
to the lower density phase should be due to the small cortimusbentropy of the
top phase caused by its lower water content. However, treratiffe in the water
concentrations between the ATPS phases is similarhtioPEO 1500 + LSO, +
H,O and PEO 1500 + N8O, + H,O systems, which negates the configurational
entropy difference as the explanation for the more thega,,.S2,, in Li* ATPSs
than in Nd& ATPSs. This cation effect on thk,.S2,, values should probably be
attributed to the greater strength of the Chy-pseudopolycation interaction
compared to the Chia" pseudopolycation interaction, which causes two molecular
process to occur more intensively: firstly, the decredsbeodegree of translational
freedom for both enzyme and PEO; and secondly, the coafmmal change of the

PEO from a random coil structure to more linear confoionati

72



3.3

Anion effect on the chymosin partition behavior

In order to determine the relative cation/anion contribstiom the Chy

transfer process in ATPSs, we also have evaluated tlen aeffect on the

thermodynamic parameters associated with the Chy eingmotocess. Fig. 5a shows

plots of K and A,.G° versus TLL, while Fig. 5b shows thk,H2,, and A..S¢,

parameters versus TLL for the PEO 1500 + TartNa® Hnd PEO 1500 + CitNa +

H,O ATPSs.
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Fig. 5. Anion effect on the thermodynamic parameters of traeste of chymosin

in the PEO 1500 + TartNa +,8 (closed symbols) and PEO 1500 + CitNa #0H

(open symbols) ATPSs, at 298.15 () partition coefficientK (squares) and,,.G°

(circles);(b) A.-H,, (triangles) and\.,.S2,; (hexagons).

The anion effect on the difference in the Gibbs freeggnef Chy transfer

(AA-Goy = A GGy — AyrGP4re) has the same magnitude to that found for the

cation effect, approximately -1.0 kJ rildfor all values of TLL. Meanwhile, the

anion effects on the differences in the enthalpy of Gtansfer QA Hiy =

Atngit - Atngart) and entropy of Chy tranSfeﬂAtrSXN = Atrsgit - AtrSYQart)
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are smaller than those of the cation effect; .80, (HSy = Ap-HY; — Ay Hyg >
MDA HEy = Dy Heyy — Ay H7gye) @nd QAL S8y = Ay Sfy — BpSng > DAySiy =
AtrSgit - Atr57qart)'

The increase in TLL promotes an increase in Rhealues and makes &h

A, G°, Ay HR,,, andA,,.S2,; values more negative. The thermodynamic parameters

of Chy transfer for citrate ATPSs are more negatiaa those for tartrate ATPSs. As
observed for the cation effe@;,.S2,, was negative, which makes enthalpy decrease
the motriz power of Chy partition in the PEO 1500 + TartNa® ldnd PEO 1500 +
CitNa + HO ATPS.

Thus, to gain a better understanding of the anion efie®, necessary to
analyze the molecular interactions that drive the Cisyridution in both ATPS
phases. We can consider that the magnitudeAgH? arises from different

interaction process, as showed by equation 8.

ApH® = AChy—SHO + A,_sH’ + AChy—MacHO + Ay_pacH® (8)

where A;_;H° is the enthalpy change associated with the intemrachetween
components i and j. Components i and j can be W, S, Machg, representing
water, salts (cation and anion), macromolecules and f&spectively. When the
enzyme is transferred from the bottom phase to the togephsalt-Chy and
macromolecule-water intermolecular interactions musbriog&en in the bottom and
the top phase, respectively (endothermic process). Cons&diyethe A, _yq-H°
andAcp,_sH° terms contribute to positiva,,. H° values. Conversely, because Chy-

macromolecule interactions in the top phase and salt-wégeactions in the bottom
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phase are formed (exothermic processes)AthesH® and Acyy—yqcH® t€rms are
negative and contribute to a more negafiygi°. Thus, negative values af, H° in
the anion effect arise becau§e,_sH° + Acny-macH®|) > (| Achy—sH® +
Aw-macH°|).

The relative magnitudes df,,.H° for Chy partitioning in the citrate and
tartrate ATPSs should be analyzed considering that witextecis exchanged for
tartrate, the interactions involved in the Chy partittsa modified and the relative
contribution of each term in equation 8 is altered. Ideorto determine the
magnitudes of the enthalpy change showed in the equation l&weemeasured the
change in the enthalpy of dilution of Chy, salt, and nmawlecule in different
solvents by using an isothermal titration calorimeter.

With experiments that measure the solute dilution dpyhehange 4,;,H)
in different “solvents” it is possible to determine Acpy_citnaH®, Dchy—-tarena°,
Ay —cienal®, Dy—tareH®,  Achy-mactarenayH®s  Dchy-mac(cienayH®,  and
Achy-macH®. At the limit of theA,; H versus solute (Chy or salt or macromolecule)
concentration curve, when the solute concentration tmezero,A,;;H becomes
Az H® (change in solute dilution enthalpy at infinite dilutiomhich expresses the
solutesolvent” interaction. The solvent could be pure water, or an aqueous solution
of sodium citrate or sodium tartrate, as well as th@3a top phase. When the solvent
is pure water, we determine the solute-water interacfiQpcou.ceH™%°.
However, when the “solvent” is a sodium citrate or sodium tartrate aqueous solution,
Agit soruge H® SO aqueous solution s determined, which represents the solute-water
plus solute-salt interactions. In order to directly deteenthe Chy-salt interaction;

.€., Achy—tartrate H® OF Dchy—citrate H®, W€ Must apply equation 9.
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0 — oo0,Salt aqueous solution __ 00,H20
Asolute—saltH - Adil,soluteH q Adil,soluteH (9)

where Ay soruse H SO @queous solution jg the dilution enthalpy change at infinite
dilution for the solute dissolved in an aqueous salt &lu0.72 mol %), while
Mgt soruce HH20 is the same parameter for solute dissolved in pure wittersame
procedure was applied for others solvents. Fig. 6 showah# vs [solute] at
298.15 K and table 1 shows the thermodynamic contributipgH®) to A, .H® for

the PEO 1500 + CitNa +4@ and PEO 1500 + TartNa -8 ATPSs, at 298.15 K.

3 mol L'1

C/10

-1
Ad”H / (kd mol ")

00 01 02 03
c/10° mol L
Fig. 6. Dilution enthalpy change for chymosin stock solution #&72mmol L*
dissolved in: pure water®{), 0.72 mol ! aqueous sodium citrate solution (e), 0.72
mol L™ aqueous sodium tartrate solution (A), top phase citrate ATPS (A ), top phase
tartrate ATPS (#). Ay, H for salts: 0.10 mol I aqueous sodium citrate solution in

pure water (0), 0.10 mol L' aqueous sodium tartrate solution in pure water

(V). Agy H for PEO: 0.05 mol ! aqueous PEO 1500 solution in pure water (o).
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Based on the values of;_;H° shown in table 1, the main enthalpy

interactions that drive Chy partition from the bottom ghé&s the top phase are

Achy-saieH° and Acpy_yqcH?. The value ofA, H® for Chy is negative because
|Achy-macH®| > |Bcny-saiH®|; and is more negative for citrate ATPS

. . . .
becase|Achy —macH |Citmte > |Achy-macH |mmate i.e., less energy is expended

to break the Chy-salt interaction than is released whenChy-macromolecule
interaction is produced. These enthalpy dilution restdisoborate the supposition
that the Chy-macromolecule interaction is the mqiower for concentration of Chy

in the top phase of the ATPS.

Table 1. Thermodynamic contributiom\{_jH®) to A, H® for the PEO 1500 + CitNa
+ H,O and PEO 1500 + TartNa +® ATPSs, at 298.15 K.

A;_jH° k] mol™1 A;_jH° k] mol™!
PEO 1500 + CitNa + O PEO 1500 + TartNa + 1D
Achy—citnaH -57.92 + 0.57 Achy-tarnaH° -50.98 +1.02
Ayy_ciena H -0.98 + 0.01 Ay _tarnaH® -0.24 +0.01
Acny-mac(citnayH®  -12590£3.70  Acny-mac(tarna)H® -94.62 + 2.83
Ay_macH® -5.51+0.11 Ay _racH® -5.51 + 0.05

3.4  Polymer hydrophobicity effect on the chymosin partition behavior

Chy molecules contain a great number a hydrophobic amidouais, such
as alanine (15), leucine (23), phenylalanine (17), proline (15),ngly(28), and
tryptophan (4), giving the enzyme a hydrophobic char&ctdthe unfavorable
interaction between the hydrophobic amino acids and watercoiek could promote

the extraction of Chy to a more hydrophobic top phase IR®\TIn order to verify
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this hypothesis, we have evaluated the effect of increasi@gATPS top-phase

hydrophobicity by replacing PEO with the copolymer triblock F&8 the

macromolecular component on the Chy thermodynamictipartiThe F68 structure

(EO)o-(PO)o-(EO)o contains two hydrophilic blocks of PEO and one hydrophobic

block of poly(propylene oxide) (PPO). The PO segment hasurgavorable

interaction with water molecules, making the F68 chaidrdyyhobicity higher than

that of the PEO chain. The F68 hydrophobic-hydrophilic balaeteden EO and

PO blocks gives copolymer macromolecules the abilitg, stecific temperature and

concentration, to aggregate in nano-structures capablentefacting with the

hydrophobic surfaces of biological solutes. Fig. 7a showss b6t and A.,.G°

versus TLL, and Fig. 7b presents plots of MpeH?,, andA.,.S2,, parameters versus

TLL for the F68 + CitNa + KO and PEO 1500 + CitNa +.,8 ATPS, at 298.15 K.
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Fig. 7. Polymer hydrophobicity effect on the transfer thermodyioagparameters of

chymosin in the PEO 1500 + CitNa +® (closed symbols) and F68 + CitNa +(H

(open symbols) ATPSs, at 298.15 () partition coefficientK (squares) and,,.G°

values (circles)(b) A..HZ,; (triangles) and\,,.SZ,; (hexagons) parameters.
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The K values obtained for the PEO ATPS vary from Z6829 to 4.240.08,
while for the F68 ATPS, th& values vary from 1.780.09 to 2.740.10, showing
that the increased hydrophobicity causes a decrease entlyene concentration in
the ATPS top phase. This hydrophobicity effect onKhelues is small, suggesting
that the hydrophobic interactions have a small contobuto the Chy partition
behavior. A hydrophobicity effect similar to this has been reggbby de Oliveira et
al?? for bovine serum albumin and o-lactalbumin in ATPSs formed from F68 +
ammonium carbamate +,8 and F38 + ammonium carbamate OH For both
proteins,K is higher in the F68 ATPS than in those of the less Ipjdiio F38.
However, to describe the hydrophobic effect on the Chy paritiigg in more detail
requires analysis of the affected thermodynamic transdeameters. The values of
A,G°, A HE,, andA,,. S8, are more negative for the PEO 1500 ATPS than the F68
ATPS, showing that the more hydrophilic ATPS top phase ingzwrahe Chy-
macromolecule interaction, increasing enzyme concemrafio the ATPS
macromolecule-rich phase.

The enthalpic contribution is independent of the hydrbpitbydrophilic
balance in the ATPS top phase, and is the motriz poaerChy extraction
(A¢-HZy < 0), because transfer of Chy from the bottom phase to thephase
promotes the decrease in the entropy of the systégpSq, <0). Thus, to
understand the hydrophobic effect on theH?2,, values, we must analyze how the
intermolecular interaction affects each term in equaB. As salt-water and salt-Chy
interactions in the bottom phase are equivalent in & +#CitNa + HO and PEO

1500 + CitNa + KO ATPSs, we can disregard the contributionsAgf, _sH and

A, _sH in the termAA., HRy = AyHPgo 1500 — AerHPeg, Where PH refers to the
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polymer hydrophobicity. On the other hand, because PO ségmsteract
unfavorably with water molecules, more energy is expendduleak the wateileO
interaction than the watdPO interaction; i.e., Ay, _proisooH > Aw—_pesH.
Consequently, the more negatitg.H2,, obtained for the PEO 1500 ATPS arises
becauséAchy—PEOﬁOOHl > |AChy—F68H|-

The previous discussion regarding the hydrophobic effecthem. HZ,;
values for Chy partition demonstrates that the enzymzenamlecule interaction is
principally responsible for the transfer of Chy in both &BPIn the PEO 1500
ATPS, the macromolecule interacting with Chy is theugsgolycation formed by
Na" adsorption on the PEO 1500 chain. However, in the F68 AT&lyner
micelles with a PO segment core and EO shell structureasz the extension of
pseudopolycation formation, because the Nations are excluded from the
hydrophobic core of the micelles. This leads to a reductiothhe macromolecule
charge density, reducing the strength of the Chy-F68aictiens in comparison to

those of the Chy-PEO 1500 interactions.
3.5 Polymer size effect on chymosin partition behavior

It is well known that the size of the polymer inductor o #h\TPS phase
splitting affects the partition behavior of a great numbiedifferent proteins and
enzyme$, including Chy in the PEO + phosphate 3CHATPS'. For this reason,
the PEO molar mass effect on the Chy transfer thernadic parameters was
determined. This effect was evaluated on the PEO 1500 + CitNgD+and PEO
10000 + CitNa + KO ATPSs for several TLL values (Fig. 8a and 8b). The polymer
size effect was dependent on the difference in compnosiithe ATPS phases. For

TLL < 38% (w/w) we found that smaller PEO macromolecule prodtieediigherk
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values (KJEQ 1500°> KpEO 1ooob while for TLL > 38% (W/W) the reverse was truep(:_lé

10000> Kpeo 1509. TO Vverify that the TLL dependence of the PEO siZecéfwas not

an experimental artifact, we repeated the analysih®PEO 1500 + N& O, + H,O

and PEO 10000 + N&Q, + H,O ATPSs, observing the same PEO size effect (Fig.9)
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The PEO size effect on the Chy,.G° values was very small, with
|AA- G35l = 180G Be0 1500 — AerG000] around 0.5 kJ mdl where subscript PS
refers to the polymer sizé-or TLL < 38% (w/w),AA.,.Ggs values are negative,
while for TLL > 38% (w/w) they are positive. HowevesA,, Hps = Ay-Hpgo 1500 —
A-H{p000 1S Negative for all TLL studied, with values rangingrnfr-29.9&1.06to
-2.79+0.83 kJ mot, and increasing as TLL values increase. The same trehd wit
PEO size was observed f&kA..Sgs = Ay-SPEo 1500 — AerStioo0e, With values
ranging from-157+4.50to —11.57+1.12 kJ mofK™.

Despite the substantial values/f HZ,; andA,,.S¢,;, the values od\,,.G° are
small, showing that during the Chy transfer process athakc-entropic
compensation occurs. In general, thermodynamic processed) as protein
denaturation, which occur in multiple steps, lead to thigropy-enthalpy
compensatiol. For TLL < 38% (W/W)A,-HZ,; is smaller for Chy-PEO 1500 system
because it possesses more interaction sites thanhyE0O 10000 system. The
smaller number of sites for Chy-PEO interaction olsgmvith PEO 10000 is due to
entanglement of the longer polymer chains. As macrasu@de concentration
increases; i.e., for TLL > 38% (w/w); the entanglemenisdg in both PEO 1500
and PEO 10000 increased, causing a decrease in the numbéeraftion sites
available for Chy-PEO interaction. Hendd\,, Hp; decreased. Howevek, HZ,,; for
PEO 1500 system is even more negative than that for the PEO &p§t@dn. In
general, it is recognized that PEO of higher molar masiedses the partitioning of
different solutes through a molecular exclusion mechamdrith is associated with
the large decrease in entropy caused by the transfer gtokesvever, our results

reveal that in the case of Chy the entropy decreasigher for PEO 1500 than for
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PEO 10000, demonstrating that factors other than the configonahtentropy
change, such as intermolecular interaction, deterthm@&EOQO size effect on the Chy

transfer process and contribute to the motriz powereo$yistem.

4. Conclusions

We evaluated the chymosin partition behavior by determinmgrénsfer
thermodynamic parameters in ATPSs of different macreomwés + salts + water.
By analyzingA.,.G°, A, HZ,;, andA.,.S8,; it was possible to determine the driving
forces responsible for concentrating the enzyme inPATheS top phase. The motriz
power for chymosin transfer from the bottom to the top ApR&se was the specific
and intense chymosin-macromolecule interaction, whicheassd with increasing
TLL, increasing hydrophilicity in the ATPS top phase, decrgpshacromolecule
molar mass, and the use of lithium salts in ATPS. Ourwasalthe development of a
thermodynamic approach based on the determination ablb&eA,; H that enables
all of the chymosin-ATPS component interactions pgudithg in the enzyme
transfer process to be ascertained. We believe thah#risiodynamic procedure can
be applied to others studies investigating solute partitiahiffierent ATPSs. Finally,
our detailed thermodynamic study of the chymosin partitionmgATPSs can
contribute to the development of new theoretical models more precisely describe

the driving forces associated with the partition of biaabsolutes in ATPSs.
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6. Consideracdes finais

Novos sistemas aquosos bifasicos (SABs) Macromolécugal erganico+
agua foram formados neste trabalho (capitulo 1) devidoal@a fde SABs
ambientalmente seguros para sua aplicacao em nivel indussridiferentes etapas
da pesquisa mostraram que estes sistemas precisam decmecentracao de sal e
polimero que os sistemas formados com sais inorganicosuRo lado, os sistemas
formados foram entropicamente dirigidos, sendo que o §socee segregacao de
fases é endotérmico e favorecido pela temperatura. Akso,dbi demostrado que
sal organico formador do SAB afeta a posicdo da curvaddindo diagrama de

fases.

Alguns dos novos sistemas obtidos juntamente com SABstaelos na
literatura foram aplicados no estudo termodinamico desfee@ncia da enzima
guimosina. Demonstramos nesta pesquisa que o processmsferéncia da enzima
€ entalpicamente dirigido e ocorre com compensaddiopira/entalpica. A partir da
técnica de calorimetria de titulacdo isotérmica foopmsto um método para
determinar as contribuicdes energéticas das principaisagdies intermoleculares
gue ocorrem no processo de particiasabentalpia de transferéncia da quimosina,
mostrando que a interacdo quimosina-macromolécula é ponss/el pela
transferéncia da quimosina da fase inferior para a fgserier. Espera-se que este
método seja aplicado nos processos de particdo de thfersmlutos bioldgicos e

inorganico, para compreender o porqué da transferéncesdadtitos nos SABs.
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