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Resumo d& eseapresentada ao Programa de-B@luacdo em Engenharia de Processos da
Universidade Tiradentes como parte dos requisitos necessarios para a obtencdo do grau de
Doutorem Engenharia de Processos.

SISTEMAS AQUOSOS BIFASICOS FORMADOS POR CONSTITUINTES NAO
CONVENCIONAIS PARA PURIFICACAO DE ENZIMAS LIPOLITICAS

As lipases tém atraido uma especial atencdo por catalisar com extrema eficiéncia e
especificidade diversas reacbes de interaésdastrial, entretanto aomercializacdo e a
producdo em escala industrial stess enzimas dependem das técnicas empregadas na
purificacdo. Sistensaquosas bifasicas (SABs) é um método de purificacdo eficiente,
importante para o desenvolvimento de processos de separacao sustentdveisi o c o mp a't -
permitindoenzimas com niveidevados de purificaca&ste trabalho apresexités abordagens

gue incluemaformacéo de SABa base desolvente organico (tetrahidrofurand'HF) + sal

THF +liquidos ibnicos (ou saig) base de colinapolietilenoglicol (PEG) + sal + liquido idnico

(IL) como adjuvante (5 %, m/mJodos estes sistemas foram aplicados para a purificacdo da
lipase extracelular d@acillus sp. ITR001, produzida por fermentacdo submersa. Dois
diferentes corantes (rodamina 3G e acido cloranilico) e outras liizsmedidaantarctica B e
Burkholderia cepacipforam utilizadas como modelo para aificacéo da lipase extracelular

ou para a compreensae algunsfeitos nos diagramas de fas&sos os estudos de otimizacéao,

os resultados demonstram que a lipaseBdeillus sp. ITP-001 foip ur i f il104avekzes &
utilizandoo SAB a base de THF tampéo fosfatpao passo que o SAB formado por THF +
bitartarato de colinaSAB a basd’EG 1500 tampéo fosfate LI [Cemim]Cl como adjuvante,

a purificacdo fode a 130 e245 (vezes)respectivamentéds sistemas utilizando liquido como
adjuvante foi selecionado como o mais eficaz para a purificacdo da lipBseilliessp. ITR

001 devido & capacidades de interacdes adicionais. Além disso, os resultados sugerem que
estes sistemas pewh ser aplicados para a purificacdo de diferentes lipases, ndo descartando a
aplicacao dos sistemas a base de THF ou sais de colinas, pois estes apresentaram boa capacidac
para purificacédo, biocompatibilidade para as lipases estudadas, e sdo formadastjiamntes

considerados de baixo custo e de baixa viscosidade.

Palavras-chave: lipase sistema aquosa bifasiccs, purificacdo, solvente organico, liquidos

iOnicos, colinas.
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Abstract of the thesis presented to the fpatluation Program in ProceBsgineering of
Tiradentes University as part of the requirements for the Doctorate degree in Engineering
Processes

AQUEOUSTWO-PHASESYSTEMS FORMED BY UNCONVENTIONAL
CONSTITUENTS FOR PURIFICATION OF LIPOLYTIC ENZYMES

Lipases have attracted special attantior catalyzing with extreme efficiency and specificity
various reactions of industriaiteresi however thenarketing and industrial scale production

of these enzymes depend on the techniques used for purificatjoeous twephase systems
(ATPS) are a efficient purification method, relevant for the development of environmentally
friendly and #fAbi oc o mesalowilyleezgmessvatip Bighevelsiob n  pr
purity. This work presents three strategies that inthedformation of APS based ororganic

solvent (tetrahydrofuranTHF) + salt; THF + choliniunbased IL polyethylene glycol (PEG)

+ salt + IL as adjuvant (5% wtAll of these systemsvere appliedto the purification of
extracellular lipase fronBacillus sp. PT+001, produced by submged fermentationTwo
different dyes (rhodamine 3G and chloranilic acid) and other lip&sssl{da antactica B and
Burkholderia cepacipwere used asodek for purification of the extracellular lipasor to the
understanding someffects on the phaseagrams. Afterthe optimization studies, the results
demonstrate that the lipase fr@acillussp. ITR001,was purifieda 104-fold using the system
basedn THF + Ko2HPQW KH2PQy, whereas thATPSformedby THF + [Ch][Bit] andKH2PQy

+PEG 1500 + KHPQW/KH2PQs + [Csmim]Cl as adjuvanteads to a prurification factor 30

and 245 (fold) respectively.The use of imidazoliuabased ILs as adjuvants in ATPS was
selected as the most effective for purification of lipase from Bacillus spO®IIHue on the
capaliities of additional interactions. Furthermore, the results suggest that these systems may
be applied for purification of different lipases, not discarding the use of systems based on
cholinium salts or THF, as these offer a good capacity for purificabimezompatibility for

lipases studied and are formed of constituents considered to be of low cost and low viscosity.

Keywords: lipase, aqueoubiphasicsystens, purification, organic solvent, ionic liquids

cholinium
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ESTRUTURA DA TESE

A abordagem da tesmijo o titulo éSISTEMA AQUOS@IFASICO FORMADO POR
CONSTITUINTES NAOCONVENCIONAIS PARA A PURIFICAC}AO DE ENZIMAS
LIPOLITICAS sera dividida em 4 capitulo®s dois primeiros sdo apresentadast@ducio,

objetivo da pesquisarevisdo bibliogréafica

No capitulo seguinte sdo apresentados os resultados referente aosd@ peegquisa
associadsa separacdo e/ou purificacdo de enzimas lipolitidasdados obtidos da pesquisa
foram/serdo publicados em revista cigo#i$ internacionaisAssim, no capitulolll é
apresentado cada artigo qué&dera submetido aos peridédicoslaptados de acordo com as
normas de publicacé@o das revistas, sendo os materiais de apoio e as referéncias bibliograficas

adicionadas ao final dos respectivos artigos.

No ultimo capitulo (cajulo 1V) sédo apresentadas as consideracdes finais, assim como

sugestdes de trabalhos futuros.
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Capitulo |

INTRODUCAO

As enzimas sdo uma classe de moléculas sintetizadas pelas células, aptas a catalisar as
biotransformagdes que ocorrem nos organismos Vvivos. Os beneficios associados ao uso de
enzimas emeacdes de interesse industimedluem maior qualidade do produto gdo, meno
desperd?2cio e reduzido consumo de energi a,
ecologicamente corretoso, at e n-dgeendchemisirg s pr
(CABRAL et al, 2003;BINOD et al, 2013)De todas as enzimas conhexsd as lipases
(glicerol éster hidrolases, E.C. 3.1.1.3) tém atraido mais atencdo para as aplicacées industriais,
em grande parte devidosua disponibilidade, estabilidade, grande poder catalitico e por serem
altamente especificdBON et al, 2005; Lletal., 2014)

Para satisfazer a demanda por lipases, varias sao as técnicas de purificacdo empregadas,
dentre as quais podem ser citadas a precipitacao pg@asslventes organicos, ultrafiltracéo,
eletroforese, cromatografia, entre out(8\XENA et al., 2003b) Desenvolver técnicas de
purificacéo eficienteg econdémicag uma das preocupacdes atuais na aremgenharia de

processosom o objetivo deviabilizar a producéo em escala industrial

A extracdo iquido-liquido por meio dos sistemas aquodufasicos (SAB) foi
orginalmente propoatpor Albertson em 1958ALBERTSON, 1958) Estes sistemas, sendo
estudados ha mais 86 anosapresentam vantagens como elevada biocompatibilidade com os
solutos, baio custo, processamento rapidgue permiterrenzimas com niveis elevados de
pureza Além disso, o elevado contetudo de agua nas fases permite a particdo de biomoléculas
de diversas origens em condi¢cdes-d@snaturantes. Tradicionalmente os SAB0 compos®
de duas fases aguosas imisciveis, qegistem em equilibrio promovidoela adicdo de solidos
solaveis em agua, que podem ser dois polimeros, um polimero e um sal, ou dois sais
(ALBERTSON, 1990; ASENJ@t al., 2013. Por outro lado, umguestao critica associadas
SABsformados por polimerossais € a limitada faixa de polaridade de suas fases coexistentes,
e a elevada viscosidade da fase rica em polirf@@l_LINS, 1997; SELBER et al., 2001;
ESPITIASALOMA et al., 2014. Por vezes estes fatores sao importantes quando o objetivo é
a extracdo dbiomoléculas hidrofébicas e a ampliacdo do processo para escala in@uisttial
al., 2005a; DREYER et al., 2008; NEVES et al., 2009; VENTURA et al.,)2009
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Algumas abordagens foram desenvolvidas para superar essas limitacdes, tais cemo SAB
ndo convenanais formados por diferentes pares de solutos, como os carboidratos, liquidos
ionicos (LIs) e solventeorganicos(ROGERSet al, 2003;00I et al.,, 2009h A extracao
utilizando SABs a base de solventes organicos hidrofilicos é uma alternativa vardegossa p
processos de extracdo de biomoléculas. Suas vantagens incluem a rapida separacdo de fases
alta eficiéncia de extracdo, baixa viscosidade, alta polaridade, baixo custo e facil reciclagem
(OOl et al., 2009b; LI et al., 20L1Porém é importante redisa que para o desenvolvimento
de um processo eficiente de extracdo, € necessario encontrar uma combinacdo adequada entre
o0 solvente orgénico e a biomolécula alvo, uma vez que estes compostos organicos podem causar

a desnaturacao das proteinas.

SABs altenativosabase de Lifidrofilicostambéntém sido propostos para extracao de
diferentes biomoléculgd&REIREet al, 2013. Ao contrario dos comuns SAlle polimeros e
sais, eles ndo sofrem de alta viscosidade e exibem uma faixa muito mais ampla de polaridade.
Uma das principais vantagens da aplicacéo de LIs ens8ABossibilidade de manipular suas
propriedades fisicguimicas(ROGERSet al, 2003;FRERE et al, 2013. Por outro ladp
utilizando Lls conjugados com diferentes sais inorganicos ou organicos, ou ainda com
polimeros, para promover a formacao 3B, normalmente requer a utilizacdo dengles
concentracdes de saisjpalimerose de LlIs, torando o processo de extéa mais caro e menos
sustentavelAlém disso, a maioria dos trabalhos abordam o uso de Llagyesentam varias
limitacbes no que diz respeito a sua estabilidade térmica e quimica, alto custo, toxicidade e

biodegradabilidade.

A utilizacdode uma classe de Lisbase de colindem sido considerada para a promocao
de SABs por compartilharseexcepcionais propriedades dos liquidos ibnicos tradicionais,
porém apresentam condi¢cdes apropriadas de sustentabilidade, como baixo custo, bai
toxidade, biocompatibilidade e ainda excelatdpacidade de biodegradag@@®SLAVSKY,
1995; RUIZRUIZ et al., 2012 Entretantoaindasédo poucaexplorads, uma vez quapenas
algumasbiomoléculas, tais comproteinas, enzimas e farmacémram avaliads em SABs
contendo LlIs a base de colinBBnanovaabordagem que tem ganhado destaque € a utilizacédo
deLls tradicionais como adjuvantes em SABs. Neste sentido, uma pequena quantidade de LI
(5 % m/m) é utilizada,assim, reduzindo a necessidade de elesyadacentracdes de Lls para
promover duas fases aquosas, camarreemtipicossistemas base dél + sal ou polimero.

Além disto,interacGes adicionais do tigaetrostéaticas, forcas de van der Waals e pontes de
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hidrogénio desempenharam papel significativana migragdo das biomoléculaonduzindo
aos processos de separacéao wagajoso§PEREIRAet al, 2019 ALMEIDA et al., 204).

Portanto, desenvolvgrocessosle extracaoutilizando sistemas aquosos bifasicoais
eficazes e sushtaveis aplicados para a purificagdo ou separacdo de enzimas lipaliticas
outras moléculas, aindd uma questdo relevante para o uso desta tecnologia em escala
industrial Para est@ropositq nesta tese famestudadsdiferentes SABssistemas a baske
solvente organiccsistemas formados pat a base de colina utilizando LI como adjuvante
em sistemas comuns polimeros/&aste estudo completa uma série de trabalhos desenwlvido
por nosso grupo de pesquisa, envolvendo a aplicacdo de SABs panficacao ddipase

extracelular ddacillussp. ITR001 produzida por fermentacdo submersa.
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OBJETIVOS

Dentro do contexto referido na se¢&o anterior, o trabalho apresentado nesta tegateve co

objetivo geral a separacao e/ou purificacdo de endipw@#icas utilizandosistemas aquosos

bifasicosformada por constituintesrdo convencionaisPara que o objetivo principal fosse

conseguidpforam estabelecidos 3 objetivos especificos:

A

Formar sistemas aquosos bifasicos:

Construir diagramm de fasesformados por uma série de compostos, incluindo
polimeros polietilenoglico| PEG 1500, PEG 4000, PEG 6000 e PEG 8§@fb)), sais

de potassioKsPQs, Ko2HPQ: e 0 KHPQY/KH2POQw tampéo de fosfato de potassio
solvente organico (tetrahidrofurand@ HF), liquidos ibnicos a base de colinas (cloreto de
colina i [Ch]CI, bitartarato de colind [Ch][Bit] e dihidrogénio citrato de colin&
[Ch][DHCIt]) e liquidos iGnicosa base de imidazolios utilizados coradjuvantes
(cloreto de 2etil-3-metilimidazdlioi [Comim]Cl, cloreto de 1butil-3-metilimidazdlioT
[C4smim]Cl, cloreto de %hexil-3-metilimidazoélioi [Cemim]Cl e doreto de octil-3-
metilimidazolioi [Csmim]Cl) a5 % m/n). Assim, varios parametrdsram investigados
em terma@ do seu efeito sobre as caratgBcas @ cada sistema, tais como curva binodal,

linha de amarracéo (TL), comprimento da linha de amarracéo (TLL) e ponto d?gjco (
Explorar aaplicacdo destes novos sistemas:

Determinar a particdood liquidos idnicos, quando utilizados como adjtesnVerificar
a capacidade dos sistemas em extrair compostos com diferentes cargas elétricas,

utilizando dois corantefRpdamina 6@ R6G eAcido cloranilicoi CA).
Particdoe purificacaadas lipases:

Determinaros parametros de extracao (partigifaiéncia de extracao, seletividaaeos
parametros termodinamic@entalpia,entropia eenergia livre desGibbg, para as lipases
utilizadas como modeld lipase B de Candida antarcticae lipase deBurkholderia

cepacia

Purificar a lipase extracelularg@uzida a partir de uiacillus sp. ITR001 utilizando

estes novos sistemas aquosos bifasicos.
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Capitulo

REVISAO BIBLIOGRAFICA

Nesta reviséo bibliogréafica serd dado um breve enfoque aos principais temas relacionados
com o trabalho desenvolvido, iniciande por conceituacdo de biocatélise, enzimas e suas

aplicac@es industriais, lipases, métodopuldficacéoe sistemas aquososféisicos

2.1. Enzimase biocatélise

As enzimas sao proteinfm excecdo das ribozimagie ndo sdo de natureza protgica
gue catalisam com grande eficiéncia reacdes quimicas que ocorrem nos organismos e em
células Elas desempenham um importante papel funcional em alimemdgamentos, assim
como em sistemas biologicoSao responsaveis pelo metabolismo, ou seja, pelas reacdes
bioquimicas que resultam no crescimento e desenvolvimergacélalss. Especialmente
impulsionado pelo avanco da biotecnolatgaarea de genética e éengenharia de proteinas,
abrivseuma nova era de aplicacdes de ensiBr@a muitos processos industriais, resultando
nao somente no desempenho dos varios processos existeagasaesenvolvimentale uma
série de novos produt¢ROBERTSet al., 1995 HOUDE et al.,2004. Atualmente cerca de
5400 enzimas sdao listadas na base de dadamziane Nomenclature Databaseas apenas
150a170saoutilizadasem escala industri@dBINOD et al, 2013.

Estes biocatalizadores salbamenteespecifios e apresentam grande poder catalidoo
sistemasn vivo e in vitro (WISEMAN, 1995. Estruturalmente, as enzimas possuem todas as
caracteristicas das proteing@sssuindozonas da sua estruturasponsaveis pela catalise. A
regidoreativa da enzima € denominackntro ativo(ou sitio ativo)e contém os radicais de
aminodacidos, conhecidos como grupamentos cataliticos, os quais sdo responsaveis pela
formacdo ea quebradas ligacbes Os reagentes que participatas reacdes chamaise
substratos, e cada enzima possui dercarater especifico, isto €, atua sobre o substrato e
converteo ao produtdFORGATY, 1990 CABRAL et al.,2003. A velocidade desta reacéo
corresponde a conversdo de umaerimero de moles de substrgir unidade de tempo.
Neste aspecto particulasis enzimas diminuem a energia de ativacao tkirama reacao,
propiciando menor tempo de reag@ABRAL et al., 2003. Uma parte significante essa

energia usada para aumentar a velocidade é@tzené derivada das interacdespoates de
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hidrogénio, iteracdesonicas forcas dispersivas e interacbes de van der VWpesocorrem
entre o substrato e a enzifNELSONet al.,2017).

Os biocatalisadores enzimaticos sdo também eficientes do ponto de vista energético por
atuar emcondicGes de temperatura, presedoH moerads (CABRAL et al.,2003. Além
disso, afuncéo catalitica de cada enzima é caracterizada por especificacées Unicas para cada
reacdo, associadaaos seus congéneres quimicdgntre as quais podem seradas a
regiosseletividadesnantiosseletividade, aquimiosseletividadéJAEGERet al.,2004).

As enzimas pdemser de origem microbiana, vegetal ou animal, obtidas pa de
processos fermentativos qor trituracdo de tecidos vegetais e anim@®RGATY, 1990
FUCINOSet al.,2005. Enzimas micrbianas podem ser extracelulatBspersas no meide
cultivo, ou intracelularetcalizada no interio celulare portanto obtidas por meio da ruptura
da célulFORGATY, 1990.

Atualmente sdconheci@s milhares de enzimas diferentes e ndo é viavel o uso exclusivo
de nomes triviais para a sua identificacdo. Em 1961, a Comissédo para Erznmpasnd
Comissiori EC) da Uniao Internacional de Bioquimica (IUB) normatizou uma claas#a e
nomenclatura de enzimas e demnmagCABRAL et al.,2003. A EC classificou as enzimas
por meio das suas propriedades cataliticas, podendo ser: oxidorredutases, transferases,
hidrolases, liases, isomerases ligases, como mostra a Tabela Essas classes séo
posterormente divididas em subclasgega especificar o tipo de reacdo e a natureza quimica

dos reagentes.

Tabelal: Classificacéo internacional de enzinfflieLSON e COX, 20111

N° Classe Tipo de reacao catlisada

1 Oxidorredutases Transferéncia de elétrons (ions hidretos ou atomos de H)
2 Transferases Reacdes de transferéncia de grupos

3 Hidrolases Reacdes de hidrolise (transferéncia de grupos funcionais da &
4 Liases Adicéo de grupos a ligacddsplas, ou formacgéo de duplas ligagt

pela remocgéo de grupos
Transferéncia de grupos dentro de moléculas para produzir fol
isoméricas
Ligases Formacéo de ligagbes C, S, Q0 edN

ol

Isomerases

(o2}

Os beneficiomssociados anso das enzimas em reacdes de interesse industrial incluem
maior qualidade do produto gerado, menor custo de produgdo, menos desperdicio e reduzido
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consumo de energia, sendo ainda considerado
atendendo aos piipios da quimica verdegreen chemistrgJAEGERet al.,2002 LOZANO
et al.,201Q0 PEREZet al.,201Q BINOD et al.,2013.

Dentre as inUmeras enzimdsponiveis,as lipases sdo consideradas o terceiro maior
grupo de enzimas em volume de vendas, ficando atras apenas das proteasdsidraiades
(BON et al.,2008. Por seuenormepotencial em catalisar reacdes de interesse industiaal,
foramselecionadas para a lieacdo esestudos de extracédo e/purificacdoaqui propostas
No préximo topico sera descrito o papel das lipases no cenério biotecnoldgico e suas funcées
cataliticas

2.1.1. Enzimas lipoliticas

As enzimas lipoliticas ou lipases (EC 3.1.1s&) hidrolasesque atuam na interface
organiceaquosa, catalisando a hidrolise de ligacdes -ésidoxilicas e liberando acidos e
alcoois organicogHASAN et al., 2006 BON et al.,2008. Contudo, ao contrario de muitas
outras enzimas, as lipases apresentam niveis consideraveis de atividade e estabilidade em
ambientes nd&aquosos, facilitanda catalise de muitas reacdes de interesse indstASIAN
et al.,2006 BON et al.,2008.

As lipases sao obtidas na natureza e prodsizdr diversas plantas, animais e Hcr
organismosmas apenasgase microbianas samdustrialmenteaplicadas, poispresentam
grande diversidadde propriedades e especificidade de substfB®MAKRISHNAN et al.,
2013. As lipases obtidas a partir de animais, principalmenougelas oriundas deecido
estomaal de bovinos ou cordeiros, ou deecidos pancreaticosde suinos apresentam
desvantagenguantoa sua utilizacdo devidomesenca de tripsinegsultandoem aninoacidos
com sabor amargo, além pgeesenca de hormirs residuaisdos animaigLOTTI et al., 1994
VAKHLU et al.,2006 TREICHEL et al.,2010. Lipases de plantas também estéo disponiveis,
mas nacsaoexploradscomercialmentem furcdo dos baixos rendiments de cadlise e dos
processos envolvidogara extracddSOUISSI et al., 2009 FABISZEWSKA et al., 2014.
Assm, lipases microbianas recebeltua@mente mais atencdo por causa de suas vantagens
técnim-econdmicasapresentandeelativamentéaixo custo de producéo, elevado rendimento
de conversdo de substrato em produto, grande versatileladedaptarse as condicfes

ambientais e facilidade de manipulacédo gendgedl et al.,2010.
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De uma forma geral, estas enzimas tém aplicacfes versiEtaisrentesde suas
propriedades. Em condi¢Bes naturais, elas catalisam a hidrolise de ligag6es ésteres carboxilicos
e sintese orgéanica. Em condi¢cdes ndo aquasasjndo solventes organicos e em fluidos
supercriticos,catalisam reacdes como esterificacdo, interestacéio e transesterificacao
produzindoglicerideosa partir de glicerol e &cidos grax@sgural) (HARI KRISHNA, 2002
STEPANKOVAet al.,2013 LI et al.,2014. Possuentapacidade d®lerar mens contendo
solventes organicobjossintetizadose liquidos idnicosexibindo una amplaespecificidade ao
substratacom elevda régie, quimio e enantiosseletividagdalém dendo necessitamde coe
fatores(LIl et al., 2014 SHARMA et al.,2014.

Hidrolise e esterificacdo
@)

<] .
R, 4 ¢ HO Enzima R, % R
47

0—R, OH OH

Transesterificagoes
a) Aciddlise

R, /: Z + R, /< & Ennma

—R, OH

+ R,—%

—R, OH

b) Alcodlise

O
R, /i 5 iR En2|ma
O_.
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4

d) Aminélise
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/O Enzxma
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Figural: Reacdes tipicas catalisadas por lipases. Adaptado deeB&IN(2008.

Essa versatilidade faz das lipases microbianasaxtelenteescolha para aplicacées em
industrias de alimentos, detergentes, produtos farmacéuticos, téxteis, couro, cosmeticos,
biosensor, biorremediacdo, papel, de tratamento de residuos e de produgadiedelb
(HASAN et al., 2006 BON et al., 2008. Para alguns desses processos se faz necessario a
utilizacao de lipaseguras demandajuetem aumerado consideravelmente nos ultimos anos,
principalmenteparaa producédo biocatitica da chamada quimica fina, tais cod® produtos
cosmeéticos darmacéuticose também paraplicacdes ddiagndsticosavancadogSAXENA
et al.,2003h CIRIMINNA et al.,2013.
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Atualmente asintese daproximadamentdois tercos de produtos quir@ioduzidos em
escala industrial é realizada utilizando biocatalizadonesa vez que permite elevados
rendimento® seletividadéDOWNEY, 2013). Existem \Arios medicamentos quirais de valor
agregadauetambém séo produzidos através de biocatalise, incladdouvia gitagliptina),
Crestor fosuvastatira), Lipitor (atorvastatind e Singulair (montelukagt (CIRIMINNA e
PAGLIARO, 2013. Em diagndsticos, o uso dpadsespodeindica determinada infecdo ou
doencaem funcdo de sua presenca @s desultadosalsuas reacodMAJITAN et al., 2002
REINER et al., 20149. O nivel de lipases em soro de sangue pode ser usado como uma
ferramenta de diagndstico para aedefio, por exemplode pancreatite aguda e leséo
pancrética (WALKER et al., 2013 DURGAMPUDI et al., 2014. Produtos cosméticos
sintetizados porlipases também recebe uma grande atencdo do mercado industrial
(RAHMAN et al., 2011 HORCHANI et al., 2014. A empresaUnichem International
(Espanha)langou a producgade hidratantes para a pele, cremes solares, bronzeaslotess
de banha partir da producao awiristato de isopropilo, palmitato de isopropilo e palmitato de
2-etilhexil em reacGebiocatalisadapelalipase deRhizomucor meihdHASAN et al.,2006.

Os &steres de acidos gas tém aplicagcdes semelhantes em produtos de cuidados pessoais e
também estdo sendproduzidosvia reacdo enzimaticautilizando a lipase deCandida
cylindracea De acordo com o fabrican{€roda Universal Ltd), o custaotalde producéo é
maiorcomparado@amétodo convencional, mas o custo é justificado pela melhoria da qualidade
do produto fina{HASAN et al.,2006.

Entre as principais cepas produtoras de lipases extracelulares comercialmente viaveis,
estdo asde Candida, Pseudomonas, Mucor, Rhizop&s,Geotrichum spp As lipases
extracelulares de bactérias, fungos e leveduras facilitam a recuperacdo da enzima a partir do
meio de cultura, que € uma importante caracteristica quandedeafa consideracao o poec
final do produtqd SAXENA et al.,2003h TREICHEL et al.,2010. As lipases d&urkholderia
cepacia(anteriormentd’seudomonas cepagig@ uma das lipases mais populares usadas em
sintese organica apresentam enorme potencial em reagcfes de hidrotismsesterificacdo
(KAWAKAMI et al., 2012 ADLERCREUTZ, 2013 TRAN et al., 2014). Outra lipase que
merece destaquedio as obtidas a partir Bacillussp. Estas cepas produtoras de liptasedem
apresentam significativa importancia na biocatatisen potencial de sintese reacional,
demonstrengeralmente altaspecificidade, estabilidadetolerancia a inUmeros solventes, sais
e detergenteKUMAR et al., 2005 NAGARAJAN, 2012). Podem potencialmente ser

aplicadas em diversos ramos indussr@mo no tratamento de residuos aquosos, na area de
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cosméticos e biossensore®m entanto, seu uso em transformagfes sintéticas (esterificacéo,
transesterificacdo, aciddlise) épouco explorado (WANG et al, 2010a
SIVARAMAKRISHNAN et al.,2012 KUMAR et al.,20140.

Portanto, a exigéncias para que as industrias operem seus processos em condi¢cdes de
desenvolvimentosustatavel utilizando lipases como biocatalisadore®o cada vez mais
relevantes para o cenario mundial. Entretanto, € um obstaculo para a indUstria superar a
disponibilidade de biocatatidores com elevada pureza e de baixo custo. Para este proposito,
sdo aptadas técnicas de purificacdo conobjetivo de fornecer lipaseapazes de catalisar
reacoes com ekada eficiéncia e seletividade.

2.2. Extracao e purificagado deenzimas

Para purificacdo dalipases de uma forma gerdbis objetivos basicogevem ser
consicerados (a) obtencdo da enzima pufhomogénepn para melhor estudo de suas
caracteristicas bioquimicas e de sua estrutura e (b) obtencéo de um guadotaio atividade
especifica (unidadée atividade/mg de proteina) pasiaaplicacdonos diversosprocessos
industriais(KOBLITZ et al.,2009.

A viabilidade de comercializacdo e da producdo em escala industrial de substancias
obtidas por meio da biotecnologia depemignificativamente das técnicas empregadas na
purificacdo(SAXENA et al.,2003l). Especialmente para Agasesde natureza extraceluja
purificacdotende a ser muito dificil, oprocessos fermentativos gera@m do composto
desejado, cerodutos que impedem, muitas vezes, a utilizacdo do caldo bruto da fermentacéo
nos procedimentos industrigiSINKE et al.,2011). Por esta razdgao necessariadcnicas de
purificacdoaplicadas para separacao das lipases dos solutos indesejtaigisoma presenca

deoutras proteinask. peptidases), sais e inibidonesduzidos durante o periodo de cultura

Os métodos de separacdo sdo geralmente executadosnumerosas etapdex.
precipitacdo, centrifugacéo alise, cromatgrafia de troca ibnica, cromatografia por afinidade,
etc) e requerem procedimentos complexos com elevado consumo de energia e de produtos
quimicos(CAMPERI et al.,1996 LINKE e BERGER, 201)L E importante considerar gpara
sealcanca a purificacdo dos produtos até a homogeneidestas etapgsropiciam elevados
custosao produto final(SAXENA et al., 2003h NAGARAJAN, 2012. Tipicamente, as

estratégias de purificacdo sdo responsaveis poa B0 % do custo total do produto
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comercializado, no entanto em alguns casos especiais isso pode representar até 80 %
(MAESTROet al, 2008 MARTINEZ-ARAGON et al, 2009 RUIZ-RUIZ et al, 2012).

Como amaioria das lipases microbians@oextracelulareso processo de fermentacéo é
geralmente seguido pamaremocao das células a partir do caldo de cultiiiizando técnicas
decentrifugacéo ou filtracdo. O caldo de cultura livre de células é, em setprdantradgor
ultrafiltracdo, precipitacaou por extra&do com solventes organicGAMPERI et al., 1996).

A etapainicial é geralmenteehamada de prpurificacdo.A maioria das estratégias parpré
purificacéo tem ulizado a etapa de precipitacdiealizada utilizandsulfato de ardnio, eanol,

acetona ou um acidmormalmente &cido cloridricPABAI et al., 1999. A precipitacdo é
descrita como uma tecnologia bastante simples, que pode ser utilizada para remover impurezas
ou isolar uma proteinespedica de umamistura.A precipitacdocom sulfao de aménio € a

mais utilizadapor ndo promowvereacdes exotérmicas esolucdg como ocorre aaitilizar

etanol. EBte processo promove o isolamento das proteinas em fun¢éo da alta molaridade do sal
gue diminu a solubilidade das proteinas égua(ZHOU, 2005 FISICAROet al.,201J).

Algumas tecnologiaaplicadas a purificacado de lipases apqse-purificacaq incluem
processoscom membrana,eletroforese(HURKMAN et al., 1986 WANG et al., 2004
PIERGIOVANNI, 2007, imunopurificacdo (SAXENA et al., 20030, micela reversa
(NANDINI et al.,2010 GAIKAIWARI et al.,2012), ultrassom{(NABARLATZ et al.,201Q
NABARLATZ et al.,2012 e cromatografif AGAS@STER, 199; ZATLOUKALOVA et al.,
2004 MASOMIAN et al.,2013. Namaioria dos casos, etapa de precipitacao é segpoa
etapascromatograficasuma vez queapenasuma etapando é suficiente para obter o nivel
requerido de purezaAlgunstipos de colunasromatograficas saatilizadas, tais comaolunas
de troca ibnica, colunas de interacao hidrofobica e colunas de permeagab &rdestacar
também, embora seja aplicada com menos frequa@&stalunas de bioafinidaded® adsorcao

inespecificd empacotadagor exemplocomhidroxiapatita(SAXENA et al.,2003h.

Como regra geraa maioria dosnétodosfazendo o uso de técnicas cromatograficas para
a purificacdode lipases segue a seguinte sequéncias primeirogassos de purificacdo sao
utilizadas colunas com grandapacidade de troedebaixo custoAs detroca idnica easde
interacdo hidrofébicado exemplos de colunas de baixo custo e com elevada efiiEALRA
et al., 1992 NAGARAJAN, 2012. Estes tipos de colunas sédo aplicadas com sucesso para a
purificacdo de lipases e apresentaantag@s por dispensaetapa de dialise (TAIPA et al.,

1992. Nas etapas finais gaurificacdq geramentesao aplicadaascolunas deoermeacao em
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gel que garantem a moc¢ao de agregados e produtosddgradacasofrida pela enzima ao
longo do processo de purificacg@AGARAJAN, 2019. Entretanto, este tipo de cromatografia
conduza diluicdo do produto final exigindo uma etapa abgcentracdo posterior, como a
liofilizac&o (SAXENA et al.,20030. Na Tabela2, sdoapresentadadiferentedrabalhos sobre

a purificacdo de lipases utilizando técnicas cromatogréficas.

Tabela2: Técnicascromatograficas aplicadas para a purificacdo de lipases.

Re

PF

Micro -organismo Técnica de purificagédo Referéncia
(%) (vezes)
Aneurinibacillus Permeacéo em gel {Qepharose); 48,7 9,3 (MASOMIAN
thermoaerophilus HZ  Permeacdo em gel (Sephad&x5) 19,69 15,62 et al.,2013
. . Precipitagdo com (NhLSOs; 45,7 1,36
Burlzrjro(lzdgréa&(l:fga(na Interacdo hidrofobica (Sepharose FF, 5,9 3,1 (WAQIO%; tal,
Troca ibnica (DEAESepharose FF) 4,8 4,9
Precipitagcdo com (NBLSQy; 30,0 1,54 (SIVARAMAK
Bacilluss Interacdo hidrofébica (phenyl 13,0 8,6 RISHNAN e
P- Sepharose GUB) MUTHUKUM
AR, 2012
Precipitacdo com (NbLSQy; 23,0 4,6
. . Ultrafiltracao; 20,3 11,6 (AHMED et al,
Bacillus subtilistH 37 Interacdo hidrofébica (phenyl 16,0 17,8 2010
Sepharose®)
Precipitacdo com (NbLSQy; 36,6 1,8
Bacillus licheniformes  Troca i6nica (DEAE cellulose); 25,0 3,1 (AQI[I:I]A I\Z/léAlL]';‘l
Permeacdo em gel (Sephadeb@® 19,0 3,6 B
. o Precipitacdo com (NHpLSQy; 2,16 1,6 (LAILAJA et
Bacillus smithiBTMS 11 Troca ibnica (DEAE cellulose) 0,1 4,3 al., 2013
. Precipitacdo com (NHpLSQy; 38,0 16,0 (KUMAR et al.,
Bacillus coagulan®TS-3 Troca ibnica (DEAE Sepharose) 2,5 40,0 2005
Burkholderia multivorans Troca ibnica (DEAEToyopearl); 2,8 9,4 (CHAIYASO et
PSUAH130 Permeacdo em gel (Sephaded &) 12,1 21,6 al., 2012
Caldanaerobacter Interacdo hidrofobica (pbarose®); 30,0 36,3 (ROYTERet
subterraneuSM Permeacdo em gel (Superdex 200) 8,1 93,6 L 200
15242 al., 2009
. - Permeacdo em gel (Sephacsy100); 59,6 1,19 (LLERENA-
Candldgoﬂ;a:rctilgf)(extrato Troca ibnica (Source 15Q); 47,3 1,38 SUSTERet al.,
Troca ibnica (Source 15Q) 20,2 0,87 20149
Interacé@o hidrofobica (phenyl 74,91 3,62
Staphylococcus aureus Sepharose G4B); (SQR;&F;et
Permeacao em gel (Superds® 20,0 6,76 "
Streptomyces Precipitacdo com acetona; 79,6 11 i
thermocarboxydus Troca i6nica (Resource Q); 47,0 2,5 (I_étK;;rggngN
ME168 Permeacao emefj(Superdex 200) 20,3 9,6 B
Thermoanaerobacter Interacdo hidrofébica (phenyl 48,3 49,0 (ROYTERet
thermohydrosulfuricus  Sepharose®) 13,0 108,7 al., 2009
DSM 7021 Permeacédo em gel (Superdex 200) B
Precipitacdo com (NhLSQ; 89,97 2,61
A. carneus Interacé@o hidrofobica (Octyl 38,40 24,10 (ifxzf)%ga)et

Sepharos®)

Re i rendimento de extracao; PRator de purificacdo
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Na literatura, é possivel observar inGmeros trabalhos que utilizam estas tecnologias para
a purificacao de lipaseRecentemente, utilizando colunas de bioafinidade foi possivel purificar
a lipase de daB (Candida AntarticaB) com rendimento de 73 % e um fator de purificagéo de
91 vezeqYAO et al.,201]). LIU et al, (2008 aplicaram uma sequéncia de passos para a
purificacdo de lipase d@ureobasidium pullulan$iN2.3 casistindo de precipitagdo com
sulfato de amdnio (8%), cromatografia por filtracdo em gel8ephadex &5e cromatografia
de troca ibnicdDEAE-Sepharosg obtendo ao final do processo um fator de purificagéo de 3,4
vezes para uma enzima de massa madeald 63,%Da. A partir de umaspéciede levedura
(Malasseziglobosg, a lipase extracelular foi purificada utilizando cromatografia de interagéo
hidrofébica (coluna dehenyl Sepharo$eseguido de ultrafiltracdo. Embora a recuperacéo
tenha sido muito baixa (12,5 %), uma purificacdo de 20,5 vezes foi consgliNTACHAI
et al.,201]). KOBLITZ e PASTORE(2004), compararanduas técnica cromatograficas para a
purificacdo da lipase dehizopussp. A cromatografia de troca ibnica purificou 3,9 vezes a
lipase e a cromagrafia de interagéo hidrofébica purificoi88 vezesOs autores associaram
a menor purificacdo devido provavelmeatgerda de grupos amindaproteina

Portanto, a purificacdo de lipases microbianas utilizando os métodos cromatograficos
depende alérdas condicfes iniciais da lipa tais coma@aracteristicas fisiequimica e caldo
de cultura brutpdos diferentes métodos cromatograficos utilizados durante o processo de
purificacdo (SAXENA et al., 20030). Os processos tradiciondiscluindo o uso de técnicas
cromatograficas, embora tenham alta resoluéamsasionalmente problematiatiicultando
a ampliacdo de escalaois necessitam de aliavestimento elevado tempo de processamo

e resultammormalmenteem baixos rendimentos fingiROSAet al.,2017).

Umaoutraabordagennteressante € o isolamento das proteinas pretendidas por extracéo
liquido-liquido. As possiveis vantagens estéo relacionadas a alta capacidade, maior seletividade
e integracdo entre a recuperacdo e purificacdo. Dentre 0s processos de separag@io pode
degacar a extracdo liquidiquido com sistemas aquosos bifasicos. Esta abordagem
tecnoldgica deve ser consideradamo alternativa baseande em uma visdo critica da
tecnologia anterigruma vez que atualmente sdo discutidos em ambito cientifico e iajustri
estratégiasle purificacdo de baixo custte processamento rapidoomelevadorendinento e

passiveis de operacdes grmande escala
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2.3. Sistemas aquosas bifasicos (SABS)

Os sistemas aquosos bifasid@®ABs) sdo conhecidos desde o final do século XIX,
guandoMartinusBeijerinckem 1986observoua separacdo espontanea em duas fases liquidas
e limpidas ao misturar solu¢c6es aquosas de gelatina com 4gar ou amido (8#IMERINK,
1896) A partir desta observagdapenasa década de 50 qudbertssoneviderciou para a
comunidade cientifica a grandeotencialidade daaplicacdo desta técnica pasaparar
biomoléculas em meio aquogALBERTSSON, 1958 O uso dstes sistemasem sido
satisfatoriamentestudaddcha mais de50 anos, para a separacdo e purificagéaroléculas
biolégicas, tais com®NA, proteinas, enzimaslcaldides, antibidticosdrogasentre outros
(KESSEL, 1981LlI et al.,2004 BORA et al.,2005 ROSAet al.,2011 ASENJOet al.,2012
MATOS et al.,, 2014 MOHAMED ALI et al., 2014, e tambén compostosie origem nao
organica comoos ions metalicose antibiéticogfROGERSet al, 1993 YIXIN et al, 1994
MANDAL et al, 2019.

Os SABs sdo compost®por duas fases aquosas imiscivgie coexistenem equilibrio
promovidas pela adicdo de compostadiveis em aguaCada fase d sistematornase
enriguecidacom um dos compostos, originando duas fases aquorastutleza quimica e fisica
diferentesconduzindo a migracdo dammoléculas para uma das fapes afinidadeUma das
principais caracteristicado sistema € o elevado conteud® @ajua nas fasgsermitindo a
separacao de biomoléculas de diversas origens em condicdes +Esnaturantes
(ALBERTSSON, 1986JOHANSSON, 1989ALBERTSSON, 1990

Os primeiros sistemas aquosos bifasiooam do tipo polimergoolimero,e somente em
1986 foi relatado a possibilidade da formacdo de SAB utilizando um polimero e um sal
inorganico (ALBERTSSON, 198% Em principio, a maioria dos polimeros hidrofilicos,
naturais ou sintéticos misciveis com a agua, mostagracidade parseparacao de fase em
uma mistura com um segundo polimero ou com khrs SAB ocorrequana dois compostos
sdo misturados acima denacerta concentracao critiean que aresultadoé a formacéo de
duas fases imiscive{fALBERTSSON, 1990ZASLAVSKY, 1995 GLYK et al.,2014.

2.3.1. Diagrama defases

As compostfes dos SABsao representadas por diagrardasfasegjue expressma

concentracdo dos componentes do sistdina sistemas com trés componen{ssstemas
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ternérios) as fases saepresentadgsor diggramas de fase triangulares, ou diagramas ternarios,
onde a composicao € indicada por um ponto em um triangulo equitt® mostrado na

Figura2.

%, componente 3

Regido
Monofasica

/

Linha de Curva .
amarragao Binodal

Regido Bifasica

%, componente 1 %, componente 2

Figura2: Diagrama de fases em coordenadas triangulares.

Para g sistemas de duas fases aquasagjuala concentracédo de agua é bastante elevada
(407 80 %, m/m)costumase utilizar a forma de eixo cartesiano pagpresentdo (Figura3
(@), exclundo-se a composicdo de ag(iBASLAVSKY, 1995. Nestes diagramas pode ser
observada a composicdo quimica das duas fases quenamtram em equilibrio
termodindmico, 0s quais sdo expressosdiierentesunidadescorrespondentes as fragd
molares ou massicadormalmentainidadesle concentragdo em mol (mol.Kgsaoutilizados
para evitar potenciais discrepanciasasionadas pad diferentesmassasmoleculares dos
solutos envolvidos na formacdo &#AB. Entretanto,para fins de extracdo quurificacdoa
maioria dos dados da literatwarresponderaunidadedefracdomassica (%, m/mDsautores
geralmenteompararam a eficiéncia ou os rendinosiate extragcdem funcao dacomposicoes
de misturglem termosmassicosgntreos SAB (FREIREet al, 2012.
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(@) (b)

| \_— Linha de amarragéo, TL

%, componente 2
%, componente 2

Regido
. Bifasica

Curva

P Binodal

Regido —_—
Monofasica

. 4
%, componente 1

%, componente 1

Figura3: Diagrama de fases para um SAB):Z, c ur v ab, limhaneadhardagdo (TL);

., ponto critico- Pc. Acima da curva binodal o sistema € bifasico abaixo dela o siggtema
monofasico; (b): Trés sistemas (tubos em azul) pertencentes a mesma linha de amarracéo. As
composicoes das fases superiores e inferiores séo representadas.

Nestes sistemas, composicao total da mistura dos componentes € representada pelo
ponto demistura(M) (Figura3 (b)). A mistura separae em duas fases, que contém as fracdes
dos constituintes formadores. As composicdes destas duas fases sdo representadas pelos pontc
da fase de top@T) e da fase de fund@). A unido destes puos forma a linhaeamarracéao,
outie-lines(TL). A partir da unido dos pontos extremos de cada linha de amarracaestoema
curva binodal, a qual separa o diagrama em duas regides, acima da curva binsgahtem
regiao bifasica e abaixo a monofasica. O p&até definido cono ponto critico, neste ponto a
composicado e o volume das fases coexistentes sao @uamidem fornececoeficientes de
particdo igual a XKULA et al., 1982 ZASLAVSKY, 1995 GLYK et al.,2014. O ponto
critico pode sepbtidopela interseccdo de uma linha que pgsslo ponto médio de varias TL
com a binodalO ponto médio é representagpelo ponto limite queé o ponto onde a binodal
€ tangente #inha que une o0s segmentos iguais nos eixos do diagifEigwad). A posicao

relativa do ponto limite e docRlefine a simetria do diagrama de faGéd et al.,2011 GLYK
et al.,2014.
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%, componente 2

%, componente |

Figura 4. Diagrama de fases para um SAB, onde se temmuar va bi nodal ( 2)
amarracdo, TLK), o ponto limite {) e o R (. ).

As curvas binodais podem ser determinadas por diferentes méfodbiizacdo da
cromatografialiquida de alta eficiéncia(HPLC) é o mecanismomais preciso para a
determinacdo da composi;das fases que formamSAB (ALBERTSSON, 1986PLANAS
et al., 1997. Por outro ladoum método bastante utilizado devido a simplicidade e rapidez
baseiase em um preesso de titulacdo entre os componentes que formam os sistemas, porém o
método baseige na observdo visual de mudanca das fases, 0 que pode aumentar o grau de
incerteza da determinacaBste método é extensivamente o mais utilizadoomumente
¢ h a malduotpofintt r i t & AO e &l,®2008 CLAUDIO et al, 2011 VENTURA et al,
2012¢ CARDOSOet al, 2014a GLYK et al, 2014. O procedimento experimental consist
em duas etapas principaig: ddicdo gota a gota de uma solu¢éo aqoostendo o componente
1 (agentesalting-out) em umasolucdo aquoseontendo o componente 2 (ou 0 componente em
seu estadpuro) até que uma solucao turva e bifasia vice-versaseja observadérigura 5
(a)); (ii) adicdo gota a gota de agua, até a formacdo de uma solucao transparente guanpida
corresponde ao regime monofasi¢bigura 5 (b)). As composicdes dos sistema&do
determinadagpela quantificacdoalmassa (Q)
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Figura5: llustracdo da eterminacao experimental da curva binodal para os sistemas aquosos
PEGT sal,a25°C: a) adicdo de uma solucdo aquosa deaed a formacdo de umasira

turva; b) adicdo de agua para a forémage uma mistta limpida.

Para correlacionar os pontos experiment@i® descrevenos sistemas a base de
polimeros, Merchuk et al, (1998 propds um modelo matermatico com trés parametros
ajustaveis(Equacdol). Além deste, outros modelos empiricEgquacao 2) também séo
utilizados paraorrelacionar os dados birmid de sistemas polimesal(REGUPATHI et al.,

2009 RAJA et al.,2013. Paa o ajuste de curvas binodais formadas por solventes orgéanicos
como etanol e metanol com eepenca de saigeralmentesdo considerados afuises descrito
pelaEquacaa3 (KATAYAMA et al.,2008 WANG et al.,2010b.

o 6Qamu " 60 (1)
o 6 60" 60 (2)
o 6 60" 60 00 (3)

onde:w: e Ww» S80 as percentagens engfia de massa diwomponente £ do componente,2
respectivamenteds parametros de ajustg B, C e D sdooltidospelaregressao dos minimos

guadrados.

Astie-lines(TL) sdo comumente determinagbesto método de Merchuaok colaboradores
(1998) queconsiste na sele¢éo de um ponto dentro da regido bifagsict M, na Figura 6,b)
A misturaé pesada e misturadalidadosamentepas atingir o equilibrio as fases de topo e
fundosdoseparadas e pesadas. Cadandividual sera determinada pela aplicacdo de regra da

alavanca na relacdo entre a composicdo massica da fase de topo e do sistemA global.
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determinacdoa TL éacompanhaal pela resolucdo das seguintegiacoest a7 (MERCHUK
et al.,1998.

@ W P @ (4)
@ O P ()
G Qo (6)
G Q0 (7)

onde:f (X) é a funcdo que representa a binodakibscrito M, T & denotam a mistura, fase de

topo e fase de fundo, respectivamente. O va

total da mistura.

O comprimento da linha de amarracéo (usualmente referido compdbLIinglésTie
Line Length € um importante parametro termodinamico, geralmente utilizado como variavel
determinante dos processos de partE@ARAVANAN et al., 2008 SOUZA et al., 201Q
PEREZet al.,2013. O comprimento da linha de amarracdo pode ser calcudpticando a
Equacaad (SILVA, 2006).

Yo Yo N h (8)

onden e wpesdo as diferencas de concentracdo do componente 1 e 2 entre as fases,

respectivamente.

A deterimacdodo ponto critico (B) para sistemas ternarioseStimadaaplicando a
Equacédo YFREIREet al, 2012.

® Q Qw 9)

onde:Y e X sdo as composicdes do componente 1 e 2, respectivafmegtEio parametros de

ajuste.

Os parametros termodinamicos conaor especifico@p), entalpia H), entropia §) e
energia livre de Gibbgy), também sdo importantes para descrever as propriedagesigeer
sistemaem equilibrio(COOPER, 199pP A determinacaala particdode uma biomolécula em
SAB é determinadgela teoria de FlorHuggins,que descreve a eneigynecessaria para a

obtenc&o da energia livre de GibD&Q . Para este propdsitovariacdo do calor especifico

36



( aCé o pincipal parametro termodindmiagilizado para se obtexs variagcdes da entalpia
(YO ) e da entropiaX'Y ) (Equacdes Q e 11, respectivamenteCOOPER, 1999PESSOAet
al., 2004 JOHANSSONet al.,2011).

o G e (10)
Yo Y6 QY Yo n

o o, (11)
Y'Y — Q7Y
Y
onde YO é a variacdo da entalpia (maxima energia de um sistema termodinami¥dy &o

a variacao da entropia (grau de irreversibilidade de um sistema termodinamico).

A energia livre de Gibbé o parametro que expressa o equilibrio molecular, ela indica a
direcdo dos processos, bem como a quantidade de trabalho necesséaria para que ele ocorre
(JOHANSSONeEet al.,200Q DE SOUSAet al.,2009 LU et al.,201]). Podeser expressa em
funcdo da energia livi@presséo constantBEquacéol?) oua nivel molecular (equacad).

yo Yo "¥Y (12)
YO YV b (13)
onde:R é a constante dos gases é a constante de equilibrio.

Geralmente, estgsmrametros séo obtidos pealjuste linear da equacéo que correlaciona
o coeficiente de particdd) e o inverso da temperatura (em KelMisPHANSSON, 198p

O coeficiente de particad) € uma grandeza adimensional giescreve a migracao das
biomoléculas entres as fases coexistedeesim SAB no qual assume o valor numérico da
proporcao entre saconcentrages dasbiomoléculas na fase superior (topo) e fase inferior
(fundo) (Equacéo 4). A determinacdo dasecuperacfeslos solutogtambém associado a
eficiéncia de extracdb EE, %) nas fases de tofd®&r) e fundo Rr), também sd@omumente
utilizados para avaliar a eficiéncia dos S&HEEquacéao % e 16). Ja o fator de purificacadF)
dos solutosé calculado pela razdo da atividade especifica de@# ¢ antes $A) do
procedimento de extracdo (Equacad. Estesparametros sdo 0s principaigecanismos para
avaliar a capacidadam particionar, recuperar urificar os solutos em SA&JOHANSSON,
1985 BASSANI et al., 2007 SOUZA et al.,2010 VENTURA et al., 20123 ZHOU et al.,
2013 PRINZ et al.,2014).
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Y pmmp oo (15)
Y pmhAp YO (16)
v ot YO

V) Tb (17)

onde:Ry é a razdo volumétrica entre as fasés€ o volume da fase de tojpamL e Vr é o
volume da fase de fundomL).

2.3.2. Fatores que influenciam a particdo enSABs

Nos SABs diversos fatores influenciandiatribuicdo desigual ddbiomoléculs entre as
duas fases qualé resultante de urnomplicadoe delicado balanco de interacbes entre a
biomolécula eas outras espécies presentes nas duas fases que coexmstamilibrio
(JOHANSSON, 198p As propriedades fisicguimicas inerenteas composi¢cOesas fases,
tais como hidrofobicidade,cargas na superficiepncentracdo dos constituinientre outros
sdo normalmente responsavpea marticioem SABs(KULA et al., 1982 ALBERTSSON,
1986 ANDREWSet al.,2005 ASENJOet al.,2011). Entretanto, am todas essas proprastes
sdo igualmente importantesjas estaspodem ser manipuladas pasa obter um melhor
desempenho de separacB®SENJO e ANDREWS, 20)1 A seguir sera apresentado
especificamente alguns dos principais fatores que podem influenciar na particdo ou migracao

das proteinas em um SAB.

Efeito dahidrofobicidade

As interacOes hidrofobicas desempenham um imporedeit® na migracdo de proteinas
em SABs as quais promovemfeitos conhecidos envolvidos neste tipo de interacéo: o efeito
da hidrofobicidade das fases e o efs#tting-out ANDREWSet al.,2010.

O efeito hidrofobicalas fasessta diretamente relacionado com a identidade quanEa
componentes do sistema, bem corssuas concentracéesEmboraa principioambas as fases
do sistemasédo hidrofilicas devido a grande quantidade de agudaserica em polimercé

geralmentemais hidrofolica. A influéncia desta caracteristidavorecea separagcédo das
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proteinas hidrofobicas para@$aseemparticular. Em sistemagolimerosal a hidrofobicidade
de fase pode ser manipulada variando a T.massanolecular do polimero/eu por adi¢cao
deumsal (ALBERTSSON, 1986 ANDREWS et al., 2005 ASENJO e ANDREWS, 2012
PRINZet al.,2014).

O aumento d massanolecular do polimeradiminui a razéo entre as areas dos grupos
hidrofilicos/hidrofébicos prmoverdo o aumento d hidrofobicidadeda fase polimérica,
principalmentedevido adisponibilidade de agua nas fases coexisteBigsecialmente sobre a
TLL, uma reducéo intrinseca do teor de agua é alcangedelo a TLL é aumentadarnando
as fasesnaishidrofobicas ¢om menos grupos hidroxilas disponiy¢ SSENJO e ANDREWS,
2012. O deslocamento de proteinas adicdo de sais neutros, comaloreto de sédiaeduz
a hidrofobicidade das fases induzindo o aumento dos coeficientes de g&R#00 et al.,
1999 ANDREWSet al.,2005 PRINZ et al.,2014.

Além disso, para uma discusséo do efeito hidrofopm@ a separacdo de protejras
estrutura das proteinas contéesidws de aminoacidogtirosina, histidina, tripbfano,
fenilalaning queconstituem aproxim@amente 10% dos residuos toi@NS et al.,2003. O
teor destes residuos apreseamais aromaticos com grupos hidrofébic®spnsequentemente
o coeficiente de particdo das proteinagmpdase mais hidrofébica deve aumenfREl et al.,
2009.

O efeito saltingout também esta relacionado com a particdo hidrofébica das
biomoléculas enSABs Este eféo € observado em sistemas c@®lo menos uma fase
altamente ibnica (por exemplo, SAB a base de sal) eNesto uma vez que a quantidade de
agua necessaria para dissolver os sais no sistema é elevada, a biomolécula é apenas
parcialmente hidratad&m tais circunstancias, a migracémsdiomoléculas para a fase menos
hidrofilica é favoreciddHACHEM et al.,1996.

NaFigura6 podemos observar a representacdo esquematica deste efeito sobreca partica
de biomoléculas em um SAB a base de polirsaloA solubilidade das macromoléculas
biolégicas na fase rica em sal (fase de fundo) diminui com o aumento da concentracéo de sal,
0 que resulta em um aumento da migracdo das biomoléculas para a fasefagmsta topo,
rica em polimerqg)entendido como efeitealting-out (Figura6 (b)) (BABU et al.,2008. O
aumento da solubilidade de proteinas em meios aquosaserntsais (efeitasaltingin) é
também conseguido em funcdo da presenca de sais em baixas concentracfesDestaAB

forma, & ions salinos interagem com as cargas idnicas das proteinas aumentando assim o
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namero efetivo de cargas e a quantidade de moléculasudefiggdas a ionosfera protéica
(RUCKENSTEINet al.,20096.
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Figura6: Representacdo esquematica do comportamento da particdo das biomoléculas em
SAB: (a), sistema tipico polimero/sal; (b), efeito do aumento da concentracao 3.-3,sal; (
polimero; %), biomolécula; %), sal; \&: volume de fase de topogMolume de fase de

fundo

Efeito de carga

As interacdes eletroquimicas podem ter um papel importante no comportamento de
migracdo das biomoléculas, especialmente as proteinas por apresentarem grupamentos idnicos.
Como cargas opostase atraem, a presenca de constituintes carregados peEtemum
separacao seletiva das protsipara uma das fases do sistgf@®LLINS, 1997 KOWACZ
et al.,2012.

As proteinas sdo moléculas anfétecaf@ carga é determinada pelo pH do meio onde
estdo suspensaRotanto, ainfluéncia do pH sobre as interacdes eletroquimicas é fundamental
para ajustar a migracao de protejnasto queo pH do sistema pode ser manipulado a fim de

promoveruma separacao mais seletiva. A utilizacadomEos convalores de pHabaixodo
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ponto isoel&ico (pl) da proteina podénduzir afinidades adicionais para a fasea em
polimero(COLLINS, 19951997. O efeito contrdd também pode ocorrer, neste caso, valores
de pH @ima do ponto isoelétricas biomolécula sdocarregadanegativamenteesultando no
aumento dafinidadepara fase rica em s@fORCINITI et al.,1991h BASSANI et al.,2007,
BARBOSAZet al.,2011 VENTURA et al.,20117).

O efeito da densidade de cargdo saltambém pode determinar a eficiéncia de uma
extracdo. Gaumento da forca idniadiminui a capacidadée hidratacdo das biomoléculas) e
tais condicbes, é observado uma suspensao causada pela agregacdo das macromolécula
biolégicas e consequentemente a éficia do sistema é comprometiORCINITI et al.,
1992 COLLINS, 1995.

Efeito do tamanho (massa molar)

Uma vez que as biomoléculas a separticionadasio sistemad@m um tamanhdefinido
(massa molar e didametro hidrodinamico), bem como geometria (conformagéao tridimensional),
estas sdo submetidas aos efeitos estéricos ioggosios componentes do sistema. Estes efeitos
séo tipicamente relacionados com o volume disponivel paca®lgicula migrar para uma das
fases, e sdo geralmente conhesidomo o efeito de volume de exclug&@RCINITI et al.,
1991h ANDREWS et al.,20095. Em sistemas PEG/sal € claramente observado este éfeito,
comum quea particdo das biomoléculas deperttaefeito de volume de exclus@mn funcao
do polimero ensua fase rica (fase de topo) e/ou, como visto anteriorndmefeitosalting
out do sal em sua fase rica (fase de fundRgra facilitar a compreenséo, a representacao
esquematica deste efeito poée gista naFigura7. O volume ocupado pelo polimero aumenta
com o aumento da concentracdo do polimeraug@ig (b)), que resulta em um espaco reduzido
pama biomoléculas na fase super@miconsequentemente forcando uma migracao para a fase
oposta (fase de fundo rica em sal). Este efeito também pode ser originado pelo aumento do
comprimento da cadepoliméricaou da massa molar do polimero, como mostradéigiara
7(c) (BABU et al.,2008. Na Figura7(d), podese doservar a representacdo esquematica dos
efeitos combinados de volume de exclus&@feéo salting-outem SABformado por uma fase
rica empolimero eoutra emsal paraparticdo debiomoléculas. Para este caso especifico, as
biomoléculas migram para a intack, ou sejano sistema polimero/sal, a fase polimérica esta
com elevada concentracdo ou massa melafase fundo com elevada concentracde sal
(FORCINITI et al.,1991a BABU et al.,2008.
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Figura7: Representacédo esquematica do comportamento da particdo das biomoléculas em SAB:
(a), sistema tipico polimero/sal; (b), o efeito de aumento da concentracédo de polimero; (c), o
efeito do aumento do comprimento de cadeia ou peso molecular do polimero; (d), efeito
combinado do volume de exclusasadting-out, (3-), polimero; %), biomolécula; <), sal V7:

volume de fase de topogMvolume de fase de fundo

Efeito da concentracao

O efeito da concentracdo de biomoléculas na partica8ABné dependente das suas
propriedades fisicguimicas. Para analise deste efeito forapmsiderads sistemasa base de
polimero e sal. Na fase superior, a concentracdo maxima de uma biomolécearindda
principalmente pelo efeito de volume de exclusdo do polimero, e de interacdes hidrofobicas
entre o polimero asbiomoléculas. Na fase de fundo (rica em sal), a concentragcdo maxima é
determinada principalmente pelo efesalting-outdo sal presée no SAB. O comportamento
do coeficiente de particdo, indepentieda concentracdo da proteipaorre apenaa uma
concentracaoelativamente baixde biomoléculagFORCINITI et al.,1991h ANDREWS et
al., 20095. Entretanto, gando a concentragdo da macromolécula pio&na fase de topo &
relativamente alta, uma terceira fase € formada o que representa uma fase de agregacéo solida
Este tipo de efeito também pode justifipaecipitacbesa interface do SAB ocasionado pela
concentracdo das biomolécu(&gura8) (ASENJO eANDREWS, 201}.
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Figura8: Diagrama que mostra uBAB com uma Unica proteina presente formando uma fase

sélida onde: [C], concentracdo; os indices T e F, sdo fase de topo e fundo, respectivamente.

2.3.3.Composicao dosSABs

Devido as suas propriedades favoraveisS#Bs tém sido consideradoum método de
processamenteficaz, que pode seatisfabriamenteutilizado para a recuperacéo e purificacéo
de diferentes tipos de soluteESSEL, 1981ROGERSet al.,1993 LI et al.,2004 BORA et
al., 2005 ROSAet al.,2011, ASENJO e ANDREWS, 201 MANDAL e MANDAL, 2014;
MATOS et al., 2014 MOHAMED ALI et al.,2014). Aplicagdes eficientes d8ABs paraestes
fins dependen além daspropriedadesios compostos a serem extraidos ou purificados
constituintesque forman os SABs A capacidade em manipular as propriedades das fases é
dependente dos constiuintes, pelo qual é determinaant se obter alta seletividade e
coeficients de particio adequado®ara estepropositq os constituintes devem ser
cuidadosamente selenados considerandoa capacidade enformar duas fases aquosas
imisciveis,promovidapela adicdo deompostg soliveisemagua Atualmente uma sérige
compostos estaalisponiveis comercialmente tais como ospolimeros, saisorganicos e
inorganicos solventes organicos, acares ou liquidos i6nico€CARDOSO et al, 2014a
FERREIRAet al, 2014 GLYK et al, 2014 TAN et al, 2014.

Além das proprieddes fisicequimicas relacionada®s constituintes do SAB (que sera
abordaanos proximos topicosyma vez que objetivo deste processo é aplicagmurificacao
elou separacdo de compostos de intergshgstrial] € razoavel considerar custo comercial

dos constituintes para diminuir 0s custos totais gastos na purifidadadela3, apresenta 0os
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principais constituintes disponiveis atualmente para foBAdse o seu respectivo valor de

mercado.

Tabela3: Principais constituintes disponiveis atualmente para formar sistemas aquosos
bifasicos e 0 seu respectivo valor de mercado.

Composto Pureza Quantidade R$ Empresa
PEG 300 1L 326,00 Fluka
PEG 600 PA 1 Kg 215,00 SigmaAldrich
PEG 100G 50 % - 100 mL 130,00 SigmaAldrich
PEG 1500 PA 1 Kg 189.03 Fluka
PEG 4000 PA 1 Kg 105,70 SigmaAldrich
PEG 6000 PA 1 Kg 105,50 SigmaAldrich
PEG 8000 PA 1 Kg 203.70 SigmaAldrich
PPG 750 PA 500 g 395,00 SigmaAldrich
PPG 1000 PA 500 g 377,70 SigmaAldrich
PPG 2000 PA 500 g 345,90 SigmaAldrich
Dextran 1000 PA 500 ¢ 66370 Fluka
K:HPO O 98 (1Kg 170,50 SigmaAldrich
KHPO, O 99 (1Kg 355,00 SigmaAldrich
KsPQy O 98 (1Kg 210,00 SigmaAldrich
NaeSQu O 99 (1Kg 95,00 SigmaAldrich
K2CO;s 099 % 1 Kg 203,50 SigmaAldrich
(NH24)2SQu O 99 (1Kg 382,00 SigmaAldrich
NaCl O 99 C(1Kg 173,00 SigmaAldrich
HEPES O 99, t25¢g 162,00 Sigma Aldrich
Etanol O 99, !500mL 50,00 SIAL
Metanol O 99, 1L 164,30 Sigma Aldrich
n-propanol O 99, 1L 162,20 ACS reagent
THF PA 1L 67,00 SIAL
[C2mim][CHsCO,] O 90 ¢100¢g 740,00 BASF
[Comim][BF4] O 98 ©100¢g 620.00 BASF
[Camim][CHsCO,] O 95 €100¢g 705,50 BASF
[Camim]CI O 8% 509 57800 SigmaAldrich
[Campip][BF4] O 99 (50¢g 985.00 SigmaAldrich
[Campy]Cl, O %7 59 126,50 SigmaAldrich
[Campyr]Cl, O 99 (50¢g 720.50 Fluka
[Ch]CI 098 % 1 Kg 510,00 SigmaAldrich
[Ch][BIt] 098 % 500 g 504,00 SigmaAldrich
[Ch][DHCIt] 098 % 1 Kg 509,00 SigmaAldrich

* todos estes compostimram cotadoso dia 25/08/2014 pelSigma Aldrich.
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Polimercs e sais

A maioria dos processae extracd@xploraram sistemas de duas fadesipopolimerc
sal, polimerepolimero esatsal, chamados de SABs convencionais (ou tradicionblis}.
sistemagde polimeresal, o polietilenalicol (PEG)é o mais utilizadpembora ha relatode
SABs com dextrana, maltodextrana entre outRera a classe dos sais, os fosfato®saumis
comumente utilizados, seguidde sulfato de sodio, citrato de sodio ou stdfale magnésio
(ZASLAVSKY, 1995 RUIZ-RUIZ et al.,2012).

O polietil en eCiO), cCHACH.OH), 4 Om golketdr neutro, solavel em
agua e na maioria dos solventes orgéanicos, de grande importancia co(iéial et al.,
1992, e produzido em grandes quantidades e com massas molares variando de poucas centenas
a milhares de Bltons. Estamolécula, apesar de simples, é foco de grande interesse para a
comunidade cientifica, biotécnica e biomédica. Isto porque o polietilenoglicol (PEG) é eficiente
na excluséo de outros polimeros quando presente em ambientes aquosos. AlétRGisdo
€ toxco eem certas concentracdes de massa molelucar mais bam@pdesnatura proteinas
ou células ativas, embora interaja com membranas cel@tdsN et al., 1992. Dentre as
principais propriedades tése que o PEG é solivel em agua, tolueno, cloreto de metileno, e
Mmuitos outros solventes organicos; € insollivel em etiléter, hexano, e etilenoglicol; insolivel em
agua a elevadas temperatsir forma complexos com céations metalicos; facilmente sujeito a
modificagdes quimicas; possui um grande volume de exclusdo em agua; pode ser usado para
precipitar proteinas e acidos nucléicos; e € atqbQRCINITI et al.,1991h LI et al.,2003.

A composicao dos sams SAB € deggranderelevancigpara o sucesso @geparacéo da
biomoléculasUsualmente sdo utilizadas solu¢cdes tampao com a finalidade de manter o pH no
valor desejadouma vez que o pH altera o comportamento decpar Entretanto, quando é
desejavel a pticdo de determinados compostos presentes, outros tipos de sais podem ser
adicionados visando uma boa particdo, sem a necessidade de utilizacdo de um ligante especifico
(RITO-PALOMARES, 2004. Sistemas condiferentes sais podem apreserg@nificativas
mudancashos coeficientes de particgmmra um mesmo solutlsso significa que os ions tém
diferentes afinidades pelas duas f488&ANCOet al.,1990. Os sais dedsfato possuem maior
afinidade pela fase inferior do SABbase de polimero + sgl osal ddlitio tem maior afinidade
pela fase superior e o NaCl tem afinidade similar entre as duas fases. Pértiatgrande
importancia a selecao ideal g aser aicionado ao sistem@ois eles terdo grande influéncia
na diferenca de pencial elétrico entre as fasgd . BERTSSON, 199
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Normalmente a escolha do sal é auxiliada p&ie de Hofmeistefou série liotropica
gue classifica os ior{sations e aniong)om a capacidademinduzir salting-in ou salting-out
de proteinasou seja, a posicdo de um ion na série Hofmeister é determinada essencialmente
pelo seu grau de hidratac#iéigura9) (HOFMEISTERet al., 1988. Entretanto, estes sais
tambémpodeminteragirdiretamente cona estruturgroteica alterando o equilibrio quimico
das proteinas. Desta fornsgismais caotrépicos p@in desnaturar as proteinas passo que
sais mais cosmotrépicgmdem estabilizaasproteinagZHOU, 2005 ZHANG et al.,20086.
Assim a série de Hofmeister é geralmente utilizada para explicar a capacidade dos ions em
formar duas fases aquosas, resulidelsua capacidade de hidrata(@h.VERIO et al, 2013.
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Figura 9: Estabilizacdo daproteind com base na série de Holfmeister. Adaptado de:

http://tinyurl.com/ed5gj

Portanto SABs convencionaisformads pela mistura de polimeros e saifio
reconhecidos desde 1980mo sistemas biocompativeis as células, orgamekubstancias
biologicamente tvas, por apresentapropriedadefisico-quimicasggue os tornabons sistemas
a serem aplicamb na recuperacao e purificacdo de biomoléc{BaJRESSONet al., 199Q
ANDREWS et al.,2005. As vantagens associalao uso dstesconstituintesncluem baixa
tensadnterfacial, taxa de separacéo rapmdaaixo cust¢ASENJO e ANDREWS, 201 RUIZ-
RUIZ et al., 2012. Foram plicados para a extracdo e purificacdo diferentesenzimas
incluindo celulase$HERCULANO et al, 2019, colagenase(ROSSCOet al, 2012 LIMA et
al., 2013, poligalacturonase@VACIEL et al, 2019, -gdlactosidase(NAGANAGOUDA et

46


http://tinyurl.com/ed5gj

al., 2009, lacass (SILVERIO et al, 2013 PRINZet al, 2014, pectinase$éLIMA et al, 2002
MACIEL et al, 2019, fitases (NEVESet al, 2012, protease¢DE MEDEIROS E 8 VA et
al., 2013 e tanas§RODRIGUEZDURAN et al, 2013 e lipaseSBRADOO et al, 1999
BASSANI et al, 2010 SOUZAet al, 2010 BARBOSAet al, 2011 ZHOU et al, 2013.

SABs formadcs por PEG dediferentesmassas moleculares (46Q0000g.motl?) e sal
fosfato de potéssiftoramaplicadogpara aseparacéde enzimagpectinoliticasapos etapas de
otimizacag considerando o efeito da massa molecular do polinesrégtores deurificacéo
forammais elevadopara os sistemas com PEGalevag massa moleculaPEG6000 @ara a
exo-poligalacturonase (5,49 vezes) e de PE@O0O0 paraa endepoligalacturonase (16,28
vezes), pectinesterase (16,64 vezesg¢aina lias€14,27 vezesjLIMA et al.,2002. BIM e
FRANCO (2000 observaram que o melhor sistema para a purificacdo de xilanase foi PEG
6000/fosfato de potassio (22.3%, m/m), com incorporacéo de 22 de NaCl. Os valores dos
coeficientes de particata enzima e das proteinas totais foram de 47, egsfectivamenté
fator de purificacd e rendimento da enzima nadale topdoi de 33 e 98%, respectivamente.
BRANDO et al., (1999 aplicaram o sistema aquoso bifasico na separagdo de uma mistura de
lipases em sistemas PBQ)/fosfato de potassio (7480%, m/m) com utilizacdo de 36 (m/m)
de NaCl a pH 7,0 e obtiveram rendinerde 5,27 e 15,35 para gdse acida e neutra,
respectivamenteOOI et al., (20093, estudou ocomportamento de particada lipase de
Burkholderiapseudomalleem SABs convencionaisas melhores condi¢cdes para a purificacao
de lipase foram obta& emum sistema com PEG 60@@fato de potassio utilizandonaTLL
de 422% (vv) com adicdo del% (v/v) de NaCl, a pH 7. Nestas condicdesfaor de

purificacdodalipase foiaumentad para 12,42 vezespm um elevado rendimento de 93%

Nosso grupo de pesquisaalizou umtrabalho pioneiro na separacéo e purificacdo de
uma enzima lipolitica extracelular produzido facillus sp. ITP-001 a partir do caldo de
fermentacaputilizando SAB formado pdPEG 8000+ fosfato depotassio201 18 % m/m) e
ondea lipase foi purificad201,3 vezes(BARBOSA et al.,201]). AnteriormenteSOUZA et
al., (2010 avalioua influénciada massanolecular eda concentracdo deEG,na purificacao
da lipasepancreatica suingcomercia). A enzima foi purificad de forma mais eficientem
PEG 8000 20 % (m/m) com um fator de purificacdo de 3,88zes 0s autores consideraram
0s SABs extremamente efitites por se tratar da purificacdo de uma lipase cormeréa
purificada.Pesquisas mais recentes também demaastira capacidade dos SAB a base de
polimerose saispara apurificacdode outras enzimasA tanase deAspergillus nigerfoi
purificada em sistemas aquosos em duas fases coogpst PEGcom diversas massas
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moleculareg400, 600 e 100@.mol?) e fosfato de potassie, ondefoi encontradoum bom
desempenhaima vez que a recuperacao da enzima sa iffferior do sistema composto por
PEG D00 foicerca de 96% com um aumento de 7,0 vezesuapureza(RODRIGUEZ
DURAN et al., 2013. SAB a 25°C e pH 7formado por PEG 3008 fosfato de sédiofoi
utilizado com sucesso para a purificacédo e separag@zanalaca®, resultando em um fator
de purificagdoe rendimento na recuperacdo de atividadenzimaticade 2,74 e 96%
respectivament@PRINZ et al.,2014.

Padillhaet al., (2012 estudou a particada lipaseproduzida poBurkholderia cepacia
em sistemas PE@kfatode potassipe o fatar de purificacdo foi de 20@zeautilizando o PEG
1500. Sistema convencionais de PEG/fosfato de potddsidl3 % m/m) também foram
aplicadosapurificacdo da lipaspancreatica suina (PPLyma eficiéncia de extracao de 9%7
e um fdor de purificagdo de cercavkzesdemonstrangue SABé um métodaltamente
eficiente para a purificacdo de PPAHOU et al., 2013. SALES et al., (2013 estudaram a
melhor condicdo para a extracao da lipas®aigllus sp. UFPEDA 485 utilizandam SAB
formado por PEG 8000/N8Ox (1813 %, m/m). A particdo da enzima foi para a fase de fundo
(rica em sal) comalor do coeficientele particidale0.3. A lipase deRhodotorula glutinidoi
purificada em SAB a base &&G4000oxalato de potasskl7.512.5%,m/m), com um f&or
de purificacaale 13,9 eendimento d&nzimapara a fase d®pode71.2%(KHAYATI et al.,
2013.

Apesar das vantagens intrinsecasafesistemas mostrada por diversos pesquisadores,
o seu desempenhacéntudosignificativamente afetado pela limitada faixa de polaridades das
fases coexistentes, qu& uma questdo importante quando o objetivo é a extracdo de
biomoléculagnaishidrofébicas(LIl et al.,2005a DREYERet al.,2008 NEVESet al.,2009
VENTURA et al.,, 2009. Algumas abordagens foram desenvolvidas para superar esta
limitac&o,taiscomo afuncionalizacéo de polietilegticol (PEG)(ZALIPSKY, 1995 WU et
al., 2008 ou a inclusdo de sgHACHEM et al.,1996 FERREIRAEet al.,201]). A primeira
abordagem é focada na modificacdoedaruturaquimicado PEG, enquanto que a segueéda
baseado na inclusdo de um sal inorganico adigiarmatipulandoa particdado soluto entre as
duas fases aquosa. No entanto, devese observaro elevado custo associado com a

funcionalizacao do polimeréimitando assimsua aplicacdo em escala industrial

Outra dificuldade na utilizacdo de sistemas convencicgraigescala industriabsta

relacionado a uso depolimeros de alta vissidade ocasionalmenté formadouma solucao
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opacainterferindo na andlise do composto extral@®LLINS, 1997 SELBERet al., 2001
ESPITIA-SALOMA et al.,2014. Com uma abordagem interessantegntementam grande
namero de pesquis&sramdesenvolvidas com o objetivo de meklluoa eficiéncia catalitica de
biocatalisadores utilizando liquidos i6nicKRAGL et al., 2002 KLEMBT, 2007
NAUSHAD et al., 2012 SINTRA et al., 2014 e/ou solventes organicesn reacdoesom
enzimagBOSEket al., 2013 SHARMA e KANWAR, 2014).

Solventes organicos

A extracdode compostositilizando SABs a base de solventes orgéanicos hidrofilicos
(soluveis emAgua) pode ser uma alternativa vantajbsaa razdo importante para isto esta
relacionada as propriedades fisicas, comaticaviscosidade dos sistemas a base de polimeros
(COLLINS, 1997 SELBERet al., 200L ESPITIAASALOMA et al., 2014. Atualmente na
literatura, os trabalhos que envolvem solventes organicos para a formagcdo de SABs incluem
principalmente o etanah-propanol e acetonitrilarabelad). A Figural0, ilustra a capacidade
de SABs a base de solventes organicos em concentrposte organicos para a fase de topo
(rico em solvente organic@gJ AHA et al.,20123.

L —

Figura 10: Sistemas ternarios formados gampéaobiolégico HEPES +diferentes solventes
organicos: THF, 1;8lioxolano, 1,4dioxano, tpropanol, 2propanol, terdoutanol, acetonitrila

e acetona da esquerda para a direita, respectivameiaigtado de TAH/Aet al. (2012a).
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Tabelad: Sistemas aquosos bifsicos a bassadeentes organicos.

SAB Extracdo Referéncia
Glicirrizina de
Etanol; 2propanol KoHPQy; NaeSOy Glycyrrhiza uralensis (TAN et al.,2002

Etanol;n-propanol

Etanol; Xpropanol; 2
propanol

Etanol;1-propanoj 2-
propanol

Metanol; etanol; 1
propanol; 2propanol

1-propanol

Etanol

Etanol;

Acetonitrila

Acetonitrila

Acetonitrila

Acetonitrila

THF; 1,3-dioxolaro;
1,4-dioxarp; 1-
propanol; 2propanol;
Tercbutanol
acetonitrila;acetora

Acetonitrila; Acetona

1-propanol; 2
propanol; Tereoutanol

(NH4)2SQy; NaCl;
NaHPQ,

(NH4)2SQy; citratode
sodio; kPO
(NH4)2SOy

K3PQy; KoHPGy,
KH2PQ/KHPOy

(NH4):SQy

(NH4):SQy

(NH4)2SQs; NaH2PO4;
KsPOy

D-glicose; sacarose;-D
frutose

D-glicose; Dmanose; b
galactose; Exilose; D-

frutose; Ll-arabinose; B
maltose; Sacarose

Glicerol; Eritritol; Xilitol;
Sorbitol; Maltitol

Dextranas (Dx100; Dx
40; Dx6)

HEPES

EPPS

EPPS

Fisch
(Glicosidm)

Acido B de Salvianolic
Lipase deBurkholderia
pseudomallei
Antraquinonas déloe
vera L.

Vanilina; Rutina

Allin de alho em pé
Lignanade Schisandra
chinensis

Acido clorogénico
(ACG)

Acido fertlico; Acido
siringicg Acido p
cumarico

Vanilina;

Vanilina

Vanilina

(ZHI et al, 2009
(OOl et al., 20090

(TAN et al.,2013

(REISet al.,2012 REIS
et al.,2013

(JIANG et al.,2019
(GUOet al.,2013

(TAN etal., 2014

(WANG et al.,2008

(CARDOSOEet al, 2013

(CARDOSOet al,
20143

(CARDOSOet al,
2014h

(TAHA et al.,20123

(TAHA et al.,20129

(TAHA et al.,2012h

Recentemente, o solvente tetrahidrofurano (THF) foi mostrado capaz de formar SABs
com adicaado tampadiolégico HEPES(TAHA et al.,20123. Cabe ressaltar que esta foi a
primeira vez que o THF foi utilizado para formar SAB. Mais recentemente, HIRAY AMA
al., (20149 avaliou a capacidade do THF em induzir SAB com o Lhjith]Cl aplicado para a

separacao e extracdo de metais Fe (lll) e Zn (Il). O THF ganhou destaque nos ultimos anos,
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sendo amplamente utilizado pela industria na fabricacdo de materiais para embalagem,
transporte e armazenamento de alimeiddgLLER, 2000. O THF € um éter ciclico que
apresenta excelente poder de solvatagdo para numerosas substancias organicas, também
utilizado para a extragdo de bimapostos horticolas, incluindmmercialmente valiosos como

os carotendide€SU et al.,2002. Possui prétons atoresde oxigénio que formam pontes de
hidrogénio com agua, como resultado, este compostompletamente miscivel em agua a
qgualquer composicaURKAYASTHA et al.,2013.

SABs formados por solventes organicos hidrofilicos conjugado com uma sdiigab
tém sido propostee utilizades para o estudo de particdo diéerentes biomoléculas, como
proteinas, aminoacidos e outros produtos nat(t@&JWRIER, 1998 TAN et al,, 2002 ZHI
e DENG, 200600I et al, 2009h REIS et al, 2013 TAN et al, 2013 CARDOSOet al,
20143. A Tabela4 apresenta alguns outros solventes organicos conjugados doms ou
compostos para formar SAB, e em alguns casos, também é mostrado sua aplicacdo para

extracao de biomoléculas.

Por vezes, estes SABpresentanvantagens que incluem a rapida separacao de fases,
alta eficiéncia de extracéo, baixa viscosidade, alta idal#®, baixo custo e facil reciclagem
(OOl et al., 2009h LI et al., 2011). No entanto, para o desenvolvimento de um processo
eficiente de extracdo, € necessario encontrar uma combirgiiuada entre o solvente
organico e a biomolécula alvo, uma vez que estes compostos organicos podem causar tanto a
desnaturacéo de uma proteina, como a ativacio em QLEENSON, 1986MARTINEZ-
ARAGON et al., 2009 SHARMA e KANWAR, 2014.

A partir de estudos de proteinas em siseem@nofasicos (por exemplo, catélis
enzimatica em meios N&mKUOSOS e em agua com misturas de solventes), como regra geral, 0s
solventes mais polares podem causar maior desnaturacdo. O indicador de polaridade mais
indicado é o lod® (LAANE et al.,1987 KHMELNITSKY et al.,1991, GUPTA, 1992. O log
P é um logaritmo com base no coeficiente de distribuiBdal¢é um soluto entrenu solvente e
a agua em um sistema bifasico. O mais comum € Bd@dhaseiase no solvente-tictanol, o
gual indica a medida da hidrofobicidade de um so{fidMELNITSKY et al., 199]). De
acordo com KLIBANOV (2001, sdventes menos hidrofébicos (Idg < 2) causam maior
desnaturacdo em enzimas, devido as fortes ligagdes com agua, que retira as moléculas de aguz
essenciais para as enzimas. E bem conhecido que a 4gua atua como um lubrificante que permite

uma elevada flexibdade conformacional das moléculas proteicas. Por outro lado, quando os
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solventes com valores de I&elevados (lod® > 4) sio utilizados, ha menos impacobre a
atividade da protein@dARTINEZ-ARAGON et al.,2009. Entretanteem alguns caspsomo

o demonstrado pdRAHMAN et al., (2005 ao avaliar a estabilidade da lipd3seudomonas
sp. cepa S5, observou que 0s solventes organicos nao seguiram as tendéncidd de log
atividade mais elevadfoi obtida com cicldhexano (lodP 3,2), benzeno (lo@ 2,0), n-hexano

(log P 3,6), Xdecanol (log? 4,0) e ndecano (lod® 5,6), com o0 aumento das atividades relativa
de 31,8, 30,6, 18,9, 3,48 e 4,51 %, respectivamente, apam 3@ incubacdo. OGINét al.,
(2000 relataram que a proteaseReudomonas aeruginobk01 € muito estavel na presenca
de etanol ou metanol com valor de B@ferior a 2,0. Atividade da lipase &reptomycesp.
CS133 foi significativamente aumentadapnesenca de solventes organic@2g %, v/v) com
logPO 0,87 (exceto para o caso de decano, em
0s casos particulares @ter etilico (logP 0,87), diclorometano (lo§ 1,25) ehexano (logP

3,9), as éividades relativas foram 123, 129 e 179r&spectivamenttMANDER et al.,2012).

De uma forma geral é possivel encontrar varios relatos na literatura relaciooadas
estabilicade de proteinas em meios aguosantend solventes organicos, como o demonstrado
por QOI et al., (2009) em que a lipase dBurkholderiapode manter a atividade catalitica
altamente estavel em solventes orgéanicos, como o ethpogpanol e Zoropanol, com
atividade relativa superior a 999%, em solu¢cbes 40 % (v/v). A estabilidade da lipase de
Pseudomonas aeruginos&T-03 em meios aquosos dalecanoh-octano, dimetilsulféxido
(DMSO) e N,Ndimetilformamida (DMF), mostraranme média atividade relativa da lipase
superior a 90 %OGINO et al.,2000. As lipases dBacillustambém foram reportadas com
tolerantesa alguns solventes organicos. SULONGal., (2006, observou uma boa tolerancia
da lipase ddacillus sphaericu205y em 25% (v/v) de DMSO, metanol, etanokxieno, n-
hexano er-decano, com valores de atividade relativa sempre superiores a 96 %. BARBBOSA
al., (2012, verificou que a atividade relativa dipase deBacillus sp. ITR001 foi sempre

superior 94,5 %&m isopropanol, piridinatanol, metanol, acetona e acetoni@i&0 % (v/v).

Portanto, devido a grande variedade de solventes organicos hidrofilicos é essencial avaliar
sua capacidade de intenagdm as proteinas, visto que o efeito de solventes organicos sobre a
atividade da enzima é unico para cada protéRAHMAN et al., 2005 SHARMA e
KANWAR, 2014). Qutrossim, € mostrado que os SABouma técnica de extracao eficiente
para uma grade variedade de solutogue a compreensao dos fenbmenos de interacdo entre
os constituintes das fases e as biomoléculas de interesse séo 0s principais desafios para ume
boa extragao.
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LiquidoslOnicos(LIs)

Os liquidosdnicos (Is) sdo solventes organicos inteiramente compostos por ions, sendo
definidos como sais de cétions organicos de grandes dimensdes baixo ponto de fusédo
(geralmente inferiores a 100 °@)ma grandequantidade dé.ls sdo liquidos aemperatura
ambiente pamitindo combinac6emutuas das propriedades apresentatdago dossais como
dossolventes organicaSVILKES, 2003. Os Lisganharam uma grande atéo da academia
e da industria desde a década de 1€80ido auma série de@ropriedadednteressanteque
incluem baixgressao de vapor, ndo inflamabilidadea estabilidade quimica e térmiedoa
capacidade de solvatacBOULKARNI et al.,2007). O custo € o principal fator negativo na
utilizacdo dos liquidos i6nicos, emboraspam ser reciclados e reutilizadtependendo do
processo aplicadBATCHELOR et al.,2009 ALVAREZ-GUERRAEet al.,2014 CLAUDIO
et al.,2014.

Suas propriedadédssico-quimicagpodemserajustaveis para uma determinada aplicacao
pela variacdo da combinacdo dos cations enaniu pela juncdo de grupos funcionais na
constituicdo dsions. O niumero estimado de combinagdes disponige&niors ecatiors é
maior do ge 1 milhaoROGERSet al, 2003. A Figura 11 mostra alguns exemplos détions
e anions utilizados para formar os LEm virtude destas propriedades, os LIs cobrem
praticamente todo o intervalo de hidrofilicidade e hidrofobiciddUSHAD et al.,2012.
Entre eles, os céations mais comuns gaanidazolics, piridinios, piperidinios, pirrolidhios,
amonios, fosfoniose colinasque poden ser combinads com uma grande variedade de anions
organicos ou inorganicos. Na maioria dos catioegrupos substituintes sdo cadeias atps|
de tamanho variavebue também pode adcionadas (HUDDLESTON et al., 200%,
HOLBREY et al.,2002.

Os LIs vém sendo pesquisad@ara uma variedade de aplicacbes biotecnologicas
incluindo reacde® biocatalise,em biossensoreg em tecnologid de separa@i como por
exemplo na purificacdo deminoacidos enzimas do tipo alcool desidrogeng$ARK et al.,

2003 VAN RANTWIJK et al., 2003 DREYER e KRAGL, 2008 KAPOOR et al., 2012
NAUSHAD et al.,2012. Além disso, ouso de liquidos idnicos como solvesiparareacfes
guimicas também revela suaxcelents propriedades fisicguimicas, como elevada
solubilidade em solventes organicos polares e apolares, solventes inorganicos e materiais
poliméricos(WILKES, 2002 FUKAYA et al, 2007 FREIRE et al, 2010 GARCIA et al,

201Q HALLETT etal, 2011 FREIREet al, 2012 STEPANKOVAet al, 2013.
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Figurall: Estrutura quimica dos cations e anions utilizados para formar LlIs.

Neste sentidodROGERSe colaboradore@003 foram os primeiros a mostrar que uma
mistura de umaolucdo aquosa de cloreto ddtil-3-metilimidazlio ([Camim]Cl 1 Figura
12) e KsPOQy poderia formar SAB com uma fase superior rica emuuina fase inferior rica em
sal. Em sistemas aquososmpostos de Llssal inorganico e agua, a forca motriz para a
separacao de fases € a competicdo estraoléculas del e sal para as moléculas de agua. A
maior afinidade deal inorganico com aguainduza mi gr a- «o da 8gua par
do IL, diminuindo sua hidratac&o e reduzindo a solubilidade do LI em(&RI®GESet al,
2007 NEVESet al, 2009 VENTURA et al, 2009 FREIREet al, 2012. Os sais inorganicos
mais utilizados e classificados como fortes indutores sa@dting-out com anionsde carga
multiplascomofosfatcs, sulfatcs, @arbonats ou citrato§BRIDGESet al.,2007 ZAFARANI -
MOATTAR et al.,2009 VENTURA et al.,2011 MARQUES et al.,2013.
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Figura 12. Estrutura molecular do primeiro liquido iénico utilizado para formar SAB

[Camim][CI], cloreto de 1butil-3-metilimidazdlia

A grande variedade derodutos extraidos utilizand8ABs a base de LIgdo desde
simples compostos como os anac@os(PEREIRAet al, 2013 acompostos mais complexos
como é o caso dgwoteinase enzimas(PEI et al.,, 2010; VENTURAet al., 2012a)Outros
exemplosde compostosncluem a extracdo dedrogas, compostos fendlicos, alcaloides,
antbidticos compostos aninhflamatériose corantes naturaidl et al, 2005h DREYER e
KRAGL, 2008 FREIRE et al, 2012 SHIRI et al, 2013 YUE et al, 2019. A elevada
seletividade das fases e os altos rendimentagageracdo doproduts sdo possiveis em
funcéo das diferentes combinac@esre cations e anionsapazes de controlar as priepiades
fisico-quimicas das fases coexistes(ldEVESet al.,2009; VENTURA et al.,2009. O grande
namerotrabalhos utilizandd&SABs a base de LIs para extracdo de diferentes biomoléculas,
revebu ser umaestratégiainteressante para superar as limitagdes relacionadaSARs
convencionaigormadas por polimeras ou saigLI et al, 2005a DREYER e KRAGL, 2008
NEVESet al, 2009 VENTURA et al, 2009 FREIREet al, 20129. Ao contrario dos SABs a
basede polimerg e saisgles ndo sofrem de alta viscosidade e exibem uma faixa muito mais
ampla de polaridad@COLLINS, 1997 SELBERet al.,2001, NAUSHAD et al.,2012.

PEI et al., (2010 estudaram o comportamento de particdo da albumina de soro bovino
(BSA) adiferentes temperaturas em sisésnde [Gmim]Br + Ko2HPQy e [CGimim][N(CN)2] +
K2HPQ;, o fator de purificacdo foi de 6,9&€emuma eficiéncia de extracae 82,71 100,7%,
respectivamenteDU et al., (2007 mostrou que o fatode purificacdo daBSA em SAB
composto dg¢C.smim]Cl + K:HPQO;, foi de 20 vezes, ecom eficiéncia de extg@io superior a
90%. A proteina penicilina G foi utilizada pddU et al, (2005 2006, em dois diferentes
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trabalhos, com rendimentos de extracdo na ordem dé 3BF% utilizando SAB composto
de[Csmim][BFs] e NabPQs.2H20 (pH 45).

Para tentar descraves fenbmenos que governam a migragcado das proteinas esSAB
base de LI de cation imidazoli@QREYER et al. (2009 e DU et al., (2007 indicaramque
interacdes eletrostéaticgsie ocorem entre e residuos aminoacidos carregados negativamente
na supeficie das proteinasom ocation imidazolio ddiquido ibnico é a principal forca motriz
para a extracdo de proteinak®m dissoPElet al.,(2009 sugeriu que a migracéo das proteinas
em sistemas com liquidaénicos é favorecida por interagdes hidrofébioas, funcdo de
interda->2smdre os res2duos arom8t i c dsliquido s a mi
ionico. LIN et al., (2013 investigou sistematicamenb coeficiente de particdo e a eficiéncia
de extracdo de quatro proteinatbgminaséricabovina (BSA), hemoglobina (Hb), tripsina
(Try) e lisozima (Lys) em SAB formado pord@im]Br + Kz2HPQy, Os autoregoncluiram que
0 processo denigracdo das proteiadoi determinadopor interacdeshidrofébicas (efeito
salting-out), mas que a interacdo eletrostatica também desempemhquapel importante

relacionadacoma eficiéncia de extracao

RUIZ-ANGEL et al., (2007 compararana eficiéncia de extracdo de quatro proteinas
(citocromo ¢, mioglobina, ovalbumina e hemoglobina) usando &#dse ent.ls com 0SSAB
abasedePEG Os coeficientes de partic@lossistemas compostos ks foramde 2 a 3 ordens
de grandeza maior do que os obtidos com sistemas baseados em PEQ estiebresultados
de particadhadiferenca de polaridade entre as duas fdeeSABs a base dels. CAO et al.,
(2008 descreveram a eficacia de extrac&apgriora 80 %) da peroxidase de raiz forte
utilizando o sistema [Gmim]CI + K:HPQs. Além disso,0s autores concluiram quem
comparacao coBABsconvencionais sistema a base fflesamim]Cl possuviscosidade muito

mais baixa

Especialmente para as lipases, que representam a maioria das enzimas utilizadas na
sintese organica, é essencial quetisidade cataliticadeva ser preservada, ou ab@smo
aumentadapara uma melhor eficiéncido biocatalizadqr portanto € importante que as
interac@es entre as solucdes aquosas de déerzimas sejam equilibradas, o suficiente para
interagir comas enzimase extrailas mas nao forte suficienteparadesconfigurara sua
estrutura e/ou interagir com seu sitio a(WREIREet al, 2012. Para isto, o uso de SABs com
LIs mais hdrofilicos sdo susceptiveis a serem mais adequados para o isolamento de proteinas
(LIU et al.,2005 DU et al.,2007 RUIZ-ANGEL et al.,2007 CAO et al.,2008 DREYER e
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KRAGL, 2008 DREYER et al., 2009 PEI et al., 2009 PEIl et al., 2010, uma vez que a
toxicidade dsetesLlIs esta diretamente relacionada com a sueoftflicidade(COULING et

al.,, 2006 VENTURA et al., 2012h VENTURA et al., 2013. O que significa queLls
hidrofilicos possuenpelo menos, toxicidades mais baixas do que os seus homdlogos mais
hidrofébicos(WEBACESSO, 201} Além disto, o uso de Lls hidrofébicos em processos de
extracdo em grande escala sera limitado devido aos custos financeiros e ambientais, uma vez
que geralmente contém anionsofladoscom elevado custe ndo estaveis. Diante dessa
ressalva, o potencial para aplicar liquidos ibnicos hidrofilicos em gsosale separacdo é

muito maiordevido a disponib| i dade de ©On (FBEIREetala201d). Aver de s

Assim, Lls hdrofilicos foram aplicadoem SABspara a separacdoadipase de
Thermomyces lanuginos(EL), lipase A deCandida antarctic§CalLA), lipase B deCandida
antarctica (CalLB), e lipase deéBacillus sp. ITRO01 (DEIVE et al.,2011, VENTURA et al.,
2011 DEIVE et al.,,2012 VENTURA et al.,20123. DEIVE et al., (2011) estudou SABs
formadas por Lis de diferentes céations e ams para aseparacao da lipase A d@andida
antarcticg a eficiéncia de extracao da lipase foi qugise completamente alcancadaiE 99
%) utilizandoo sistema de [&@nim][C4SO4] combinado consalK>COs. Estudos posteriores de
DEIVE et al. (2012, para a extracdo da lipa€aLA em SABs formadcs por Lls a base de
cations imidazdlios e envolvendo diferentes anions (alquilsulfato e alquilsulfonato) foram
avaliadose os melhoesresultads de recuperacada enzimgEE = 99 %)foram conseguidos
como sistema [Gmim][C4sSQy] + (NH4)2SQu. A lipasecomercialCalLB foi tambén purificada
emSAB a base de Lisvaliandadiferentes cations, anions e o comprimento da cadeia alquilica
lateral do cétion imidazoéli@ melhor fator de purificacdo @& vezes) foi econtrado para o
sistemaformado cono LI [Csmim]Cl (VENTURA et al.,2011). Em todosestescasos, o LI
com cation imidazolio provou ser o mais eficieptga a extracdo ou purificacdo das lipases
Além disso DABIRMANESH et al.,(2012 observouwjue apresenca d anion Cli, conjugado
com cation imidazélio [mim] levou a umamaior estabilidade da enzima desidrogenase
Thermoanaerobacter brock{(iTBADH). Os autoresoncluiram quess moléculagrotdcas
desta enzimado eléroforeticamente estaieeem presencde LIs com anion cloret(RAWAT
et al.,2012.

Mais recentemente,08s0 grupode pesquisautilizou SAB a base de Ll/sglara a
purificac® de uma enzima lipolitica extracelular produzido @Bacillus sp. ITROOL
Diferentes LIs foram estudados como o4f@n][N(CN)2], [Campyr]Cl, [Camim]CI e
[Cemim]Cl com adi¢cdo do tapdo fosfato de potassio (pH 7)oAinal do processo de
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otimizacdoa lipase foi purificada 51 vezesilizando o SAB formado poiCsmim]Cl + sal
(VENTURA et al.,20123. A lipase deBacillussp. ITR001 vem sendo estudada pdsdesde

0 ano de 208, e a primeira etapdo estudo foi direcionada @asndicbesde estabilidade a
capacidade do microrganismo em produzir lipasefescritas poCARVALHO et al.,(2008.
Em 2011 a lipase dBacillus sp. ITROOL foi pela primeira vez purificada utilizando SABs
convencionais PEG/sal, com um fator de purificacd20déb3vezeSBARBOSAet al.,2011).

Apesar da maior capacidade de extracdo dos SABs formados poonymadcs aos
SABs convencionais a base de polimeros, como relatadBpa-ANGEL et al., (2007, a
casosem que estverdade ndo € absolutzomo omostiado por néssobre a purificacdo da
lipase deBacillus sp. ITRO01 Em condi¢cfes otimizadas a purificagdo foaior utilizando
SAB convencionais a base de polimef®k & 201 vezes)(BARBOSA et al.,2011), queem
SABs a base de LIPFa 51 vezes\VENTURA et al.,20123. Portanto, é evidente que as
vantagens oferecidas pelos sistemas convencionais para processos de purificacdo de
biomoléculas apresentadaso topicoanterior sdo importantes a nivel de intebag solute

solvente e devem també&marconsideradas.

LI comoadjuvante

Umanovaabordagenpara processos de extracao e/ou purificacéo utilizands & ABse
de polimerose sais foi a introducdo dicional de um composto ibnico, demonstrado pela
primeira vez porPEREIRA et al., (2010. Estessistemasquaternariossao formadospor
polimero, sal, agua tambénpor liquidos ibnicosno entantceem quantidaderelativamente
menoes[5 %(m/m) da massa total dAB] que os outros constituintes do sistéo@mumente
entre 2660 %, m/m) A utilizacdo dos SABcomLIs comoadjuvantes uma alternativa aos
problemas relacionados ao uso de LI hidrofilicessto que sdo necessarias grandes
concentracfedos constituintes|(ls, polimeros e/ou sgipara promover a formacao de fases,
tornando o processo de extragdaisdispendios@® menos sustentavellém dissocomo visto
anteriormentgesistemas base dpolimeros apresentam uma limitada faixa de polaridaglee
impede a extracao de determinadas biomoléculas para a fase rica em galireeah,2005a
DREYER e KRAGL, 2008NEVESet al.,2009 VENTURA et al.,2009.

Sistemas PEG/sal utilizando diferentes LIs como adjusaiesentaraem sua grande
maioriacoeficiente de particdo acima deTapelab), indicando uma preferencial migragdo

LI paraafase rica em PE@esta formaa adicado de LI no SAB forma um complexo PEG +
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LI alterando aspropriedades fisicguimicasda fase, podendo ser ajustgo@a se ofer
elevados rendimentake extragcd¢WuU et al.,2008 JIANG et al.,2009 PEREIRAet al.,2010.

Tabelab: Coeficiente de particdo dos Lls utilizados como adjuvantes em sistemas PEG/sal.

Sistema PEG/sal LI (5 %, m/m) Kui Referéncia
[im]Cl 0,48
[Cimim]CI 2,23
[Comim]CI 4,80
[Camim]CI 7,04
[C7H/mim]Cl 15,02
PEG 600N&SQ;  [C4C1mim]CI 13,80 (PEREIRAEt al.,2010
[amim]CI 291
[OHCmim]CI 2,21
[Camim][HSOy] 6,64
[Camim][CHsCO2] 7,34
[Camim][MeSQy] 8,74
[Camim][TOS] 94+05
[C4mim][SCN] 7,6 +02
[Camim][N(CN)2] 4,6 +£03
PEG 300N&,SQ;  [Csmim][CH:CO,] 44+04  (ALMEIDA et al.,2014
[Camim]CI 7,1+£0.9
[Campyr]CI 09+02
[Campip]CI 19+01

Os LIs que apresentar@nionsaromaticos adicionais, como[G@smim][TOS], ou que
apresentem ~ el ®trons do c8tion imidaz-1io,
PEG comparadaosLIs ndoaromaticofALMEIDA et al.,2014). SARKAR et al.,(2008 ao
estudar um sistemdinario composto portetraetilenglicol (TEG) e o LI 21-butil-3-
metilimidazolio ([Gmim][PFe]) propésai hi per pol ar i maevidooaformaca p ol 2
de complexos envolvendo o catiomim®] e o atomo de oxigénido TEG, assim como
interacbesentre o anion [P e os gruposhidroxilas terminais, desta formaxileindo
polaridadesparentes acinaas propria fases puragd\lém dissop aumento da cadeadquilica
lateral do Llaumenta seu caréater hidrofohigsomovendo maior misciliilade corma fasemais
hidrofobica rica enPEG.
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Atualmente apenasoistrabalhos demonstram a aplicacéo destes SABs para a extracao
de biomoléculasapesar de seresompostos mais simplesomo aminoécidose compostos
fenolicos(PEREIRAet al., 2010 ALMEIDA et al.,2014. PEREIRAet al, (2010 demonstou
que aadicdo de5% (m/m) em SAB formado por polimera sal € capaz de modificar as
polaridades das duas fasegiosasgconduando a processos de sepa@odo L-triptofanomais
vantajososcom a melhoria dos parametros de extracao (coeficiente de particao e eficiéncia de
extracdo) SABs & base d&EG+ NaSOQy utilizando ILs como adjuvanteg5 ou 10% m/m)
foram estudadogara a extracdo d@cidcs galico, vanilico esiringico.Os melhores resultados
foram observadosomadi¢céo deapena$% de IL, comeficiéncias de extragdo que variaram
entre 80% e 99%ALMEIDA et al.,, 2014. Estes redtados demonstram claramente a
capacidade do IL em ajustaipalaridade da fase rica em PES@ndo o principal responsével
por controlara extracdo dos antioxidant¢aLMEIDA et al.,2014. Qutrossim a adicdo de
pequenas queidades de Lfoi favoravelaformacao de sistemas liquidiguido de duas fases
ou seja, o LI como adjuvante minimiza a concentracédo dos constituintes necessario para formar
duas fases aquos@BEREIRAet al.,201Q ALMEIDA et al.,2014).

Lls a base de colinas

Tradicionalmente SABsao formadogor combinacdesle solu¢cdes aquosas de dois
polimeros hidrofilicos ou, em alternativa, um polimero e um sal inorg@a&RSLAVSKY,
1995 RUIZ-RUIZ et al., 2012. Recentementegomo visto anteriormenteutras espécies
tambémganharandestaque @mo € o casaoos LIs(GUTOWSKI et al.,2003. Emborabons
resultados tenham sidelatadosutiizando SABsa base de.ls paraextracdo de diferentes
compostos,por outro lado a maioridls utilizados nestedgrabalhosapresentanmagumas
limitacBes no que diz respeisuaestabilidadeérmica e quhica, custdinanceirq toxicidade
e biodegradabilidadgrU et al.,2008 LI et al.,2009 THUY PHAM et al.,201Q STOLTEet
al., 2012 VENTURA et al.,2013.

Parasuperar estes dafios a buscagor LIs de baixo custo enaissegurs, do ponto de
vista toxicolégico e ambientalmente sustentaaiida € uma questdo fundamenRdra este
propdésitoosLls a base deolinas ém ganhado destaqgpara aplicacdes e®ABs Estaclasse
de Us é deriva a partir de saiguaternarios de anio, descritos como estruturas importantes
nos processdsioldgicose utilizados como precurses para a sintese de vitaminatafnina B

- tiamina) eenzimas que participado metabolismaleglicidios(MECK et al.,1999. O cloreto
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de colina foi dicialmente reconhecid@m 1998pelo Instituto de Medicinalrfstitute of
Medicene- IOM) como um nutriente essencial devido a sua ampla gsnfancbes o
metabolismo human@FOOD AND NUTRITION BOARD, 1998 E encontrad numagrande
variedade de alimentosntre as fontes mais concentradestdo 00vos, carnese samao
(ZEISEL et al.,2009.

Dadasua importanciarecentenentealguns trabalhos tém demonstrado a sintese de novos

LIs com o cationcolina ([Ch]) combinado com diferentes anio(BUKAYA et al., 2007,
NOCKEMANN et al.,2007 PERNAKet al.,2007 COSTAet al.,20123. A Figural3 mostra
algumas das possiveis combinacdes de anions com o cationge€tal classeeall| apresenta
excepcionais propriedades compartilhadas disstradicionais por exemplo contations
imidazélios, piridinie e pirrolidinios), apresentando rpssdo de vapor despred em
condi¢cbes ambientais e nadlamabilidade entretantséo considerdos de baixo custaifa
vez que podma ser obtide a partir de matériggrimas mais baratgscom baixa toxidade e
ainda com excelente capacidadede biodegradacdo (FUKAYA et al., 2007
VIJAYARAGHAVAN et al.,201Q COSTAet al.,2012a SEKAR et al.,2012 VENTURA et
al., 20149.
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Figural3: Principais anions utilizados para formar liquidos ibnicos com o cétion de colina.
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Portanto, ndo surpreendentementeso de LIs & base de colinas como alternativa para
substituir os LlIs tradicionais tem atraido o interesse cientifico para diferentes aplicacdes como,
solvente para a absor¢éo de amdnia g @Oprétratamento de material lignocelulésico, como
co-substato para micraprganismos na degradacgao de corantes, e no isolamento de suberina da
cortica(PALOMAR et al.,2011, APARICIO et al.,2012 BEDIA et al.,2012 FERREIRAet
al., 2012 HOU et al.,2012 SEKAR et al.,2012. Além disso, contrari@ alguns liquidos
ibnicos tradicionais que podem sau a desnaturacao de proteinas, eéompreensdo destes
efeitos ainda é limitadgKUMAR et al., 20143, estudos demonstram que LIs a base de
colinas mostram boa capacidade em manter a estrutura catalitica ativa, € em alguns casos até
melholam a atividade de enzim@SUJITA et al.,2005 WEAVER et al.,201Q LI et al.,2012.

O interesse por estes compostgdicadosa processos de extracdo bemoléculas
utilizando SABs é visto como uma alternativa promisserainda pouco exploradal et al.,
2012 PEREIRAEet al.,2013 SHARIARI et al.,2013 PEREIRAEet al.,2014. Além disso,
misturasde LI a base de colin@®m agua ou solventes organicos aiégaouco caracterizad
0 que dificultaa compreensao destes sistef@ONSTANTINESCUet al., 2007 ZHOU et
al.,, 2009 COSTA et al.,, 2012h KHAN et al., 2014. Recentemente foi demonstrado a
possibilidade de formé&ABspela combinacdo de Lésbase deolinas conpolimerosou sais

inorganicog Tabelab).

Tabela6: Sistemas aquosos bifasicos formador Lisa base de colinas.

Componente 1 Liquido ibnico Componente 2 Referéncia

[TCh][Cit] > [DCh][Oxe]
> [Ch][GIy] > [Ch] [P PPG400 (Ll etal., 2012
[Ch[Ac] > [Ch][But]

[Chl[Lac] O [Ch][GIy PPG1000 (LIU et al., 2013

[Ch][Lac] PPG 400 < PPG 1000 < POy
[Ch][Sal] > [BCh] CI (SHARIARI et al.,
[Ch][Suc] & [Ch][Ac] KFPO 2013

[Ch][DHph] > [Ch][Bit] > [Ch][Bic] >

[Ch] [ DHci t ][ Gh][[Chd d]A PEG 400; PEG 600 e PEG 1000 (" EREIRAetal,

[Chl[Gly] > [Ch]CI 2019
_ K2COs; KH2POJ/KHPOy; (SINTRAet al.,
[Chi[Sal}; [BChICI CsHsK 307/CsHsOy7 20149

62



Assim, fara avaliar ecapacidadeale extragdo destes novos sistenhdset al., (2012
estudou SABformados poPPG 400 LI & base de colina conjugado com diferentes anions
Osresultados deficiéncia de extragaseguirama seguintéendéncia paras proteinasBSA
< tripsina< papaina < lisozimagps valoresde recuperacatoram entre86.47 99.9%. Um
estudo complementar sobre o efeito da atividade da tripsina & aquosocom [Ch]
conjugado com diferentes anions ([A¢Prof, [But]’, [Gly], [Lac], [Oxe], [Cit]") foi também
investigado. Os resultados demonstraram que ndo houve perda da atividade enzimatica,
provavelmente devida capacidadelestes LIs emealizarligacbespor pontes de hidrogénio
com as proteina@.l et al.,2012. Estes resultadasioimportaritestambém para comparar a
estabilidade da tripsin@m solucdes aquosas de Lls a base de cétions imidaEdlicistemas
IL+ saisapenas 8®0% de atividade enzimatica é recupergelal et al.,2009. PEREIRAet
al.,, (2013 comparou SAB formads por PEG 600/NeéSQi, PEG 600/[CHTI, PEG
600/[Ch][Bic] e [ChICI/K3sPQu. A maior capacidade em extrair a tetraciclina a partir do caldo
de fermentacdocorreucom o sistema [CIJI/KzPQs, com umaeficiéncia de extracdo de 92
%. Os autores ainda sugam uma etapa de prgurificacéo utilizando o sistema com PEG
600/NaSQs, por se considera econgnicamente viavel, uma vez que a recuperacdo da
tetraciclina para a fase rica em PEG foi d&BPEREIRAet al.,2013.

A aplicacdo destes novos sistemasensiderados nao toxicos, de baixo custo,
biodegradaveis e biocompativeis paraseparacapurificacdo de compostos de ietesse
industrial ainda ndo faotalmente exploraa E apossibilidade de combina¢cdes com outros
compostos paranduzir duas fases aquosa®mo por exemplo @cares, solventes organicos,
ou até mesmo outros sais inorganicos, polimeros e LIs, é uma possibilidade parasjustar
propriedades das fases a fim deaudtima separacao e/ou purificacdo de um composto de

interesse.
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Capitulo 1l

INTRODUCAO AO CAPITULO IlI

O capitulo lllseraapresentdo em forma de artigos cientificos (ARTIGO |, 11, 11l e 1V)
0s quais correspondenos resultados referentes aos 3 anoekuisa associada trés
diferentes abordagepsira a formacéo de SABs aplicag@ara aseparacéo e/ou pficacédo de
enzimas lipoliticas. Oartigosforamorganizados conforme as normas propostas pelo periédico
de publicacdpdos quai®s materiais de apoio e as referéncias bibliografarasnadicionadas
ao final dos respectivagtigos

ARTIGO | T Novel aqueous twphase systems based on tetrahydrofuran and potassium
phosphate buffer for purification of lipaséArtigo submetido ao periddicd’rocess
Biochemistry

ARTIGO Il i Agueous twgphase systems based on cholingatisand tetrahydrofuran
and their use for lipase purificatiorArtigo serd submetido ao peridédiceparation and

Purification Technology

ARTIGO Il T Effect of ionic liquids as adjuvants on PEH@sed ABS formation and the
extraction of two probe dyeArtigo publicado no periddicBluid Phase Equilibria375 (2014)
30i 36.

ARTIGO IV T Lipase purification using ionic liquids as adjuvants in aqudaausphase

systemsArtigo serasubmetido ageriédicoBiotechnology and Bioengineering

Estes trabalhos foram direcionados para a aplicacéo de novos SABsegeaieagao e/ou
purificacdo de diferentes lipas&sn especialpara a lipase produzida a pade uma cepa de
Bacillus sp. ITP-001 isolada por nosso grupde pesquise&m umsolo, com histérico de
contaminacdo competréleq localizado no municipio de CarmépolisSE. Esta lipase foi
avaliada quanto aua estabilidadeem processos de imobilizac@em reacdes de interesse
industrial BARBOSA et al.,2012 SOUZAet al.,2012 CABRERA-PADILLA et al.,2013
CARVALHO et al.,2013 CARVALHO et al.,2014. Com o objetivo de melhorar a eficiéncia
cataliticadestadipases deBacillussp. ITR001 por meio de sa purificaca@, foram estudadas
por nés diferentes estratégias utilizando SABRARBOSA et al., (2011 pela primeira vez

utilizou SABs formade por PEGsal. Neste trabalhdoram avaliados PEGs com diferentes
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massas mlares,e osmelhoresresultados foram associadossd&EGs mais viscoSO0S como 0
PEG 8000 e 2000 (g.mof). Posteriormente, a purificacdo destas lipases foi avaliada
utilizando SABs a base de fdrmado por derentes anions e cétion®s melhores results
foram com Lls a base de céations imidazdélios conjugados com o anion ¢MENGT URA et

al., 2012a.

Os resultados destas investigacOes foraotivadorespara o desenvolvimentdo
presente estudayma vez que a homogeneidade destas lipases nao foi completa e que estes
sistemas podem servir como plataforma para a purificacdo de outros compostos. R@santo,
novas abordagens foram aplicadéa) formacdo de SAB a base de solvente orgéanico
(tetrahidofuranoi THF) + salcom o objetivo desubstituir a fase rica em polimero por um
composto de facil recuperacéo e de baixo custo (apresentado no ARTIGO I). Alémedisto,
abordagena fase salina € composta por tampéao fosfato de pot@gdi7. Estes sis sao
comumente utilizados contampéopara formar SABs e foram empregados com sucesso para
a purificacédo de diferentes lipasédém disso o pH 7 foi escolhido devidcestabilidade da
lipase deBacillus sp. ITRO01 investigado anteriormente por nossopgr(BARBOSA et al,
2012; (b) No ARTIGO II é apresentado SABs formados por THF + LI a base de colinas, uma
vez que estes LIs sdo considerados biocompativeis, de baixo custo e toxidatdintcSABS
a base de polietilenoglicol (PEG) + sal + LI condguaante (5 %, m/mjoram estudadosom
0 objetivo deajustar a polaridade dase rica em polimero e diminuir a dependépoiaggrandes
concentracdes de constituintes que sao necessarias para promover fases em SAB a base de L
+ sal ou polimero (ARTIGO lle 1V). Portanto, este trabalho completa uma série de estudos
desenvolvido pelo nosso grupo de pesquisa envolvendo a aplicacdo de SABs para a purificacéo
da lipase d8acillussp.ITP-001.
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Abstract

Aqueoustwo-phasesystemqATPS) based on tetrahydrofurdifHF) + potassium phosphate
buffer (pH 7) were used in this work for thmurification of lipaseproduced by fermentation
Binodal curvetie linesand cr i ti cal point wer ATP®ar2584. ne d
To optimize tle extraction capability ofthese ATPS theeffects of the concentration of
components and temperature of equilibrium the partition coefficiens and extraction
efficiencies were investigated usiligase fromBurkholderiacepacia(commercially obtained)
as a model compound he optimum conditions wetbenappliedto the purification of lipase
extracellulafrom Bacillussp. ITR001 produced by submerged fermentation. rEiselltsshow
thatthe experimental binodal data weseccessfully correlated with theampirical nonlinear
equation proposed by Merchuok Hu. The best extractiopoint was 20 wt% of THF and 20
wt% of potassium phosphate buffer (pHf@) which apurification factor of 103.9 £ 0.9 and a

enzyme recovergf 95.2 £ 1.1 % were achieved usirnistprocess.

Keywords aqueous biphasic systems, tetrahydrofuran, phosphate buffer, purification, lipase
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1. Introduction

Lipases, triacylglycerol ester hydrolases (EC 3.1.1.3), occupy a place of prominence among
biocatalysts because of their potential applications in various industries such as food, dairy,
pharmaceutical, detergents, textile, biodiesald cosmetic, besidegarticipating in the
synthesis of fine chemicalnd agrochemicalg1-5]. The demand for these biocatalysiss

been increasing, anthe advantages include lagh degreeof specificity, mild reaction
conditionsanda lower probabilityof occurringside reaction§6]. However lipases especially

of microbid origin, are producedthrougha fermentation process that, besidés desired
components, alsgeneratesecondaryor intermediateproductsthat frequently hindethe use

of fermentedorothin industrialprocedure$7, 8].

Efficient downstreamprocessingtechniquesare essentialfor the successof commercial
production of engmes and proteins When theseprocessesare applied to biological or
pharmaceuticamaterials,thesepurification stepsmust bedelicate enougho preservethe
activity of these biomolecule®]. The mostcommontechniquesised for purificationarethe
ammonium sulphaterecipitation[10], dialysis, filtration, electrophoresi§11-14], reverse
micelles[15, 16] and, ionic and affinity chromatographyf17, 18]. Nevertheless, the main
constraints to the production of highly pure enzgraee the several steps necessary for
purification, thatin general, cause losses of enzyme activity and require high consumption of
energy and chemicalgl9, 20]. In this senseaqueous twiphase systemsATPS) can be
foreseen as an alternatitechnique for extraction aral/ purification of biocompoundsince

they have dow cost andead to a high product purity, while maintaining the biological activity

of the molecules due to their watgch environmenf21]. ConventionbATPS are formed by

two watersoluble polymeérpolymer, polymeisalt or saltsalt combinations that phase
separate above given concentratif2d. These systentzave been used to the separation and
purification of a great numbeof biological products suchas proteins, genetic material,
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bionanoparticles, cells and organell28, 24]. Despite all these advantages, the limited range
of polarity of the polymebased systems, limits their applicability in the purification of
biomoleculeg25]. Currently,the number o$ystems capable of forming tvagueouphases is
increasingand some alternatives include the use oftad/salt[26-29], acetonitrile/sugarns0-

32], acetonitrile/polyol$33] and ionic liquids (ILs)]34, 35.

ATPS compaed ofa hydrophilic organic solvent and anorganic salt solution have many
advantages, which include rapid phasparation, high extraction efficiency, low viscosity,
high polaritydifferences between the phasegente aqueousnvironmentand may be formed

by inexpensive chemicalsasy torecycle [27, 36]. These systemdormedby adding a salt
solutionto an aqueous solution of an organic compobasle beemecentlyproposed and used
for the partition of dferent biomolecules, such as proteins, amino acids and other natural
productqd27-29, 37-39|.

For being widely used by industry in the fabrication of materials for packaging, transporting,
and storing foods, the tetrahydrofur@fHF) gained prominence in recent yed§)]. This
cyclic eter, with excellergolvent power for numerous substances, is also used for the extracti
of biocompounds from plantgicluding commerciallyaluablecompounds such as carotenoids
[41]. Taha et al[42] have demonstrated the ability THF to form ATPS with the biological
buffer 4-(2-hydroxyethyl)piperazind-ethanesulfonic acid (HEPElore recently Hirayama

et al.[43] evaluated the ability of THF tlorm ATPS withthe IL [C4mim]CI). To the best of
our knowledgehese are the only works availablghe literature that useHF intheformation

of ATPS

In the present work, the phase diagsashnovel ATPS formed byetrahydrofuran(THF) +
potassium phosphate buffggH 7) werestudied at 25 °CThe binodal curve tie-lines and
critical points were determined fothe studied systemAdditionally, the binodal data were

correlated using the Merchyik4] or Hu [45] equationsAiming at exploringthe applicability
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of those novelATPS for the purification of lipasehe enzyme produced bBurkholderia
cepacia(commercially obtainedyvas here used as a model to evaluate the profile of the
enzymatic partition, namely consideritige overall system coposition and temperature of
equilibrium, optimizing the conditions for its extractioBubsequentlythe best extraction
conditions selected based on the model lipaserevemployed with t@ objective to

purify/separatdipase fromBacillussp. ITR0O01 prodiced by submerged fermentation.

2. Materials and methods
2.1 Materials

The chemicals used in the present studirahydrofuran (THF 99.9 wt% purity) andhe
potassium phosphasalts thatompog the buffer K:HPQW/KHPQx (099.9 wt% purity) were
purchasedrom SigmaAldrich. The lipase fronBurkholderia cepacia BCL( O 30,0 00
pH 7.0, 50 °C- optimum pH and temperature) wparchasedrom SigmaAldrich, andthe
extracellular lipolytic enzymefrom Bacillus sp. ITP-001 was producedby submerged
fermeration in this work The ammonium sulphate (P.A.) was obtained from Synth (Brazil)
and coconut oil was purchased at a local maiKet bovine serum albumin (BSA)97 wt%

purity) wasobtained from Merck

2.2 Production oflipase by Bacillus sp.ITH01
2.2.1 Fermentation conditions

The mcroorganism oBacillussp.ITP-001 was isolated from petrolesoontaminated soil by
thelnstituto de Tecnologia e Pesquisél'P (AracajuSergipe, Brazil)Thebacteriaktrainwas

maintainecon nutrient agar slants &8€. The strain was cultivated in 500 mL erlenmeyer flasks
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containing 200 mL medium with the following composition (%, w/v): 2Ry (0.1),
MgSQs-7H20 (0.05), NaN@ (0.3), yeast extract (0.6), peptone (0.13), and starch (2.0) as the
carbon source. The fermiation conditions were: initial pH 7; incubation temperature of 37 °C,
and stirring speed of 170 rpm. After 72 h of cultivation, coconut oil (4%, v/v) and Tr#b®0X

were added as inductors as described by Feitosa[46l.

2.2.2 Prepurification steps

The fermented broth was centrifuged3g000 rpmfor 15 min, so thathe bottomphase was
discharged (biomass) and the supernatant was used to determine the enzymatic activity and the
total protein. Proteirtontaminarg in the celifree fermented broth were precipitated using
ammonium sulphate at 80% (w/saturation. fie solutionwas prepared at room temperature

and the broth wasubsequently centrifuged ad@0 rpm for 30 min, separating the aqueous
solution and precipitate. The agueous phase was dialyzed using MD -2%f(&2t000-16,000

Da) against ut-pure water for 24 htat °C. The dialyzed solution containing the enzyme was

then used to prepare tAGPS. These prepurification steps were previously described by our

group[8g].

2.3 Phase diagrams and tienes

The binodal curves of the ATPS were determined through the cloud point titration method at
25+ 1°C and at atmospheric pressure. In a test vial, a THF solution of known concentration
was added, and a potassiyghosphate buffer (KIPQW/KH2PQy) solution of known mass
fraction was then added dropwise until the mixture became turbid, then a known mass of water
was added to make the mixture clear again. The potassium phosphate buffer was a mixture of
potassium phoslte monobasic and bibasic at a ratio of 1.087 (w/w) and pH 7. This procedure
was repeated to obtain sufficient data for the construction of ailiggué equilibrium binodal

curve. The compositions were determined by the weight quantification of albcemis added
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within an uncertainty of + 1®g. The experimental titnes (TLs), were measured with the
procedure outlined in our previous wdB3d] and their respective length (tie line lengthLL)
were determined through the application of Eq. (1), based on the concentrations of THF and

salt (KKHPQW/KH2PQy, at pH 7) in the two phases.

4, 4(& 4(& OAl Oi ®ao (1)
where the indexe® andB are of top and bottom phases, respectively.

The location of the critical point of the ternary systems was estimated by extrapolation of the

TLs compositions applying E§2) [35].

4(& Q COAI O (2)

wheref andg are fitting parameters.
2.4 Preparation of théATPS and Lipaspartition studies

The biphasic systems were prepared in graduated centrifuge tubes (15 mL) by weighing the
appropriate amounts of THF (1020 wt%) and salt (10 25 wt%) All systems contained
approximately 2 wt% oBCL (& 20 mg.mLY). For the partition stdies of lipase fronBacillus

sp. ITROO1 the THF and salt gkPQW/KH2PQs at pH 7) aqueous solutions were prepared with

the dialysate solution obtained from the-pmncentration of the lipase froBacillussp. ITR

001.

Each mixture was prepared gravimeditly within +10° g. After 2 min of gentle stirring, the
systems were centrifuged at 3,000 rpm for 20 min. The tubes were brought to equilibrium in a
thermostatic bath at 25 + 1°C and local atmospheric pressure (1 atm) overnight (for at least 12
h). Afterthis treatment, the two phases became clear and transparent and the interface was well
defined. The phases were carefully withdrawn using a pipette for the top phase and a syringe

with a long needle for the bottom phase. During the equilibration pevi@dpid contamination
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and/or evaporation of THF (boiling point at 66 °C) the vials were kept closed. The volumes and
weights were determined in graduated test tubes (the total mass of the extraction systems
prepared is 5.0 g). At least three independeplicages were made and the average partition

coefficients and associated standard deviations were therefore determined.

The partition coefficient was defined as the protein concentrafigrof enzyme activityKe)

in the top phase, divided by the corresging value in the bottom phase, as describe of by Eqs.

(3) and (4).
o 2_ 3)
o 8_2 (4)

whereC is the total protein concentration (mg.m}, EAis the enzyme activity (U.niL), and
the subscripT andB are top and bottom phases, respectively. SelectBitwés defined as the

ratio of the lipase enzyme partition coefficielg) to the protein partition coefficienkg).

In order to evaluate the purification process, the enzyme specific acBty)(md protein)
was calculated using Eq. (5), the volume ratio between the volumes of top and bottom phases
(Rv), the contaminant proteins recovered in the top plRse%), the enzyme recovered in the

bottom phaseRes, %), and the purification factoPF - fold) were calculated according to Egs.
(6)-(8).

00

Yo — (5)
. pT1T
Y
(6)

P Py
. PTT
Y W (7)
- . YO
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The purification factor®RF) was calculated as the ratio between3hen the bottom phase and

the initial specific activity $A).

2.5 Enzymatic activity

Lipolytic activity was assayed using the modified oil emulsion method proposed by Sbares

al. [47]. The substrate was prepared byimg 50 mL of olive oil with 50 mL of Arabic gum

solution (7%, w/v). The reaction mixture containing 5 mL of the oil emulsion, 2 mL of 200 mM
sodium phosphate buffer (pH 7) and enzyme extract (1 mL) was incubated in a thermostated
batch reactor for 5 mint &7 °C. A blank titration was done on a sample where the enzyme was
replaced with distilled water. The reaction was stopped by the addition of approximately 0.33

g of sample in 2 mL of acetonethanol water solution (1:1:1). The liberated fatty acids were
titrated with 40 mM potassium hydroxide solution in presence of phenolphthalein as indicator.
One wunit (U) of enzyme activity was defineoc

free fatty ac ifunderehe assay conditiensn(@7 9H m,i120 rpm).

2.6 Protein Assay

The total concentration of protein @ach aqueous phasewasi ant i fi ed t hroug
method [48], using a Varian Qg 50 Bio UV-Vis Spectrophotometer at 595 nm, and a

calibration curve previously established for the standard protein bovine serum albumin (BSA).

2.7 SDSPAGE electrophoresis

Electrophoresis was performed with the MRROTEANTetraSystem (BioRadBrazil) using
12 % resolving gels an®% stacking gelsas describedby Laemmli[49]. Proteins were
visualized by staining with silver sta[®, 50]. Protein markers used wengpsin inhibitor
(21.5kDa), carbonic anhydrase (31 kDa), ovalburdif KDa), bovinealbumin66.2 kDa), and

phosphorylase9.4 kDa) purchasedrom BioRad (Brazil)
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3. Resultsand Discussion

3.1.Binodal curve andarrelation

The development afovel, moreperformantandeconomicATPS, with low viscosity and high
polarity difference between the two phasesecovery or punf enzymes is a priority issua

this work, the choice of salpétassium phosphate buffggH 7) was dueheir ability to form

ATPS with less polar compoundsiue to its hydration capacitypl] and because fwvas
prevouslyusedwith succes$or thepurification of lipases by ATPEB, 9, 50, 52, 53]. AqQueous
solutions of THF (8 wt%) and of salt(40 wt%) were initially prepared and used for the
determination ofhebinodal curve at 25 + 1 °C and atmospheric presklsiagthe cloud point
titration method25], it was p@sible to observe the ability of TH& form two phases with the

salt. This is a direct consequence the formation of hydration complexes between the water and
salt, reducing the ability to hydrogen bond between the salting water andThelbinodal

curve shown inFig. 1, wasfitted using theMerchukequation(Eq. (9)) [44].

0 5 10 15 20 25 30 35 40
wt%, [K,HPO,/KH,PO,]
Fig. 1: Binodal curve for the ternary system composed of THF + potassium phosphate buffer
(pH 7) + waterat 25+ 1 °Cand atmospheric pressuee., calculated bjnoda

experimental solubility data; , tie-line data;z , tie-lines; /. , auxiliary curve data@®, critical

point.
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4(& 060 Ao OAIBO 6 OAI O 9)
In order to geamore accurate fitting, we alsseda non liner empirical expression (Eq. (10))
[45], with four fitting parameters to correlate the binodal dathis equation hadeen

successfully used for the correlation of binodal data of alcohols AFRIE [54, 55].

4(& Ag® & OAIBOS | ®dad | dao (10)
The regression parameters were estimateddsgdguares regssion using Eq® and10, and
their values with the respective standard deviatistty &nd correlation factorsf) along with
the weight fraction experimental data) (for the system are given Table 1 On the basis of
the obtainedR? and std in Table 1 in general, good correlation were obtained tfog two
equations used, indicating that these fittings can be used to predict data in a given region of the
phase diagram where no experimental results are available.
A series oftie-lines in the twephase region of the binodal curve were investigated and are
reportedn Table 2 and shown in Fid, together with the overall composition, TLL, agritical
point. The tielines areapproximatelyparallel to each other, thus allowiegsilyto estimate
the coexisting phase compositions for any sysiidma.critical point €p) for the studied systems
was estimated by extrapolation frahe TLs compositions applyirgg. (2).
After the complete characterization of the studied ATPS by the deteioniraf the phase
diagram, TLs, TLLs and critical point, the effect of THF on the stability of the lipase and the

ability of the system composed of THF + salt to purify the enzyme was investigated.
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Table 1. Parameters obtained through Equations 9 abdwvith the respective standard
deviations §td) and correlation factorsRf) along with the weight fraction experimental data
(w) for the systems composed of THF (I)atassium phosphate buff@) + HO, at 25+ 1°C.

Binodal parameters

Eqg. (9) Eq. (10)
A 97.7+0.8 4.48% 0.06
B -0.545 £ 0.004 -0.456+ 0.053
C w8y 10°+1.1 10° -0.0198+ p& 10?2
D pB 108 +¢8t 10*
R2 0.9997 0.9995

Experimental data
100wy 100w, 100wy 100w, 100wy 100w

39.84 2.66 23.42 6.63 9.39 17.87
38.44 2.89 22.72 7.07 9.16 18.19
36.91 3.36 21.97 7.29 8.56 18.58
35.11 3.50 21.56 7.46 8.35 19.09
34.15 3.72 21.15 7.61 8.06 19.49
33.41 3.89 19.82 8.66 7.50 20.38
32.51 4.21 19.49 8.77 5.78 24.64
31.33 4.45 19.06 8.99 5.51 25.19
30.36 4.60 18.69 9.24 5.22 26.23
29.78 4.75 18.29 9.47 4.83 26.69
28.78 4.96 17.92 9.70 4.52 27.32
28.08 5.16 17.35 9.97 4.22 28.05

27.50 5.40 17.02 10.17 3.99 29.32
27.01 5.54 16.68 10.34 3.70 30.65
26.52 5.80 16.36 10.54 2.75 33.51
25.55 6.04 16.03 10.79 2.20 35.54
25.11 6.17 15.74 10.98
24.71 6.25 14.25 12.68
24.16 6.45 13.54 13.13
23.79 6.53 9.80 17.49
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Table 2: Experimental data of TLs, TLLs and critical point values of the coexisting phases for
the THF + potassium phosphate buffer (pH 7) system at 28t 1

Weight fraction/(wt%)

[THF]w [saltly [THF]+ [salt]r [THF]s [salt]s TLL Ycitca  [X] critical

13.22 19.98 53.34 1.23 6.23 23.24 51.99
20.14 1998 ©64.76 0.57 487  26.62 65.32
29.99 1797 75.44 0.23 441  27.95 76.52
19.99 23.96 83.53 0.08 3.76  30.06 85.22

11.23 14.15

* in the critical point: f = 52.84; g = 4:53; and R= 0.9877.

3.2. Effect of THF in lipase activity

In the traditional purification processes of proteins, several steps of manip@egioequired

and the enzyme activity unavoidably decrease each step of the purification. In order to
examine the effect of composition in THIEh phase on the lipasability, solutions were
prepared at different concentrations by dissolving the pure THF in distillezt,veand then
crudeBCL was mixed with THF solutions. For this study a wide rarfg@acentrations of the
THF (107 80 wt%), and timg of the incubation (upo 24 hours)were consideredlhe study

was carriedat 25 +(0.1) °C.

The results are shown Fig. 2, from which it is surprising to find that the activity of lipase was
not decreased up 18 hoursn contact with THF.m general there is an increase of enzymatic
activity with the use of THF, regardless of its concentrafidve THF is an organic sant of
hydrophilic character (lod® = 0.53) [56]. Although it is known that hydrophobic organic
solvents (lod®? > 4) may improve the stability of enzymes by stimulating the open conformation
of the active site of the lipa§g7], some studies have also reported increased stability of lipases
using hydrophilic organic solvents. Activity of lipase fra&treptomycesp. CS133 was

significantly increased ipresence of organic solvents with IBg 0.87 (diethyl ether), o

78



=1.25 (dichloromethane) and I&g= 2.0 (benzene) while the relative activities were 123, 129
and 161 %, respectivel}s8]. In addition, pevious studies have shown that lipase from
Burkholderiacan maintain highly stable catalytic activity in organic solvesiish as thanol,
1-propanol and propanol, allleading to arelative activity above 99.% in organic solvent
solutions at 40%v/v) [27, 59]. Lipasefrom Aspergillus carneuswas also investigated in
various organic solvents, aitdvas foundstable in iseoctane, benzene, toluene and xylpfje

It is believed that the organic solvent contributes to maintain the enzymes open conformation
by exposing its active site and thereby stimulating lipase actiMigrefore, at the present stage

it is appropriate tadmitthat theATPSformed with THF are promising systems for the efficient

and high activity extraction and purification lgfases

I 3 Hours 18 Hours M 24 Hours
150

%, Relative activity

10 20 40 60 80
%, THF (w/w)

Fig. 2: Effect of concentratiomf THF on the stability of lipaserdm Burkholderia cepacia.
The crude lipase feedstock was incubated at room temperature up to 24 h. The relative activity

was measured using a lipase assay. The lipase activity of phosphate buffer (pH 7.0) was used

as the control. The THF concentrations &vekpressed as (wt%).

3.3. Partition of the model lipase

To optimize the lipase partition in a THF + potassium phosphate buffer (pH 7), eight systems

(each in triplicatpwere evaluated using tB€L as model lipase. These systems systematically

79



variedthe THF and potassium phosphate concentrations and temperature of formation of the
system. It should be remarked that for the systems tested, the bottom phase isithepdaise
whereas the top phase corresponds to the-fi¢tFphase. These systems weelected so that

the liquid liquid systems could be formed taking into account their phase diagram.

According toFig. 3, the optimal condition for partitioning lipase was observed in the THF 20
wt% and potassium phosphate buffer 20 wt% system, which Ka®of 0.42+ 0.01. For the
extraction efficiencyt was observetbr THF 10 wt% and potassium phosphate bu#@rwt%

(Res = 91.8+ 0.3 %).

i

100.0 15

ing- 3
80.0 Salting-out et @ L

=5
y i

sy 1.0

60.0 -
%o, Ry 5 i Ky

40.0 -

& N
&
20.0 | 03

0.0 + T T T 0.0
10 15 18 20 25
%, [K;PO/KH,PO,] (w/w)
ii
100.0 1.0
80.0 F 0.8
60.0 o1 : F 0.6
%, Ren ¢ e K,
40.0 9 F 0.4
20.0 L 02
0.0 0.0
10 15 20
%, THF (w/w)

Fig. 3: Enzyme recovered in the bottom phase R4s - represented by bars) and partition
coefficients Ke - represented by symbols) of lipase frduorkholderia cepaciafor systems
based in THF + potassium phosphate buffer (pH 7) + wat&5+ (0.1) °Cand atmospheric
pressureas a function of concentration),(20 wt% THF + wt% salt;ii(), wt% THF + 20 wt%

salt.
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In Fig. 3 (i), theeffectof potassiunphosphat@tconcentrationsanging betweeh0and20wt%
wasinvestigatedThe concentration oT HF wasfixed at 20 wt% andhe systemwas operated

at 25°C andpH7. A gradual increase in salt concentrationjoiged the partitioning and the
enzyme recovery for the bottom phase (sah) as the value oKe decreased from 0.73 to
0.42, and the value dReg increase from 56.8 to 65.8 %his trend is observed up to
concentratiosof 20 wt%, after this optimaloncentration othegffects leado the migration of
lipase forthe opposite phase, THfch (Ke> 1). According to Babu et §0], increasing the
concentration of salt decreases the solubility of biomolednléise salrich phase (bottom),
which results in increased partitioning of biomolecules to the top phase, dualtmg cut
effect. Souza etal. [9] observed the same trend, where the partition efficiencyoofine
pancreatidipase is negativelgffected,for phosphate concentratisabove of 18vt% in ATPS

with PEG 1500 gnol* and above 2Wt% in ATPSwith PEG 8000 gnol™. In all these works,
the lipase preferentially migrated to the sah phase. This fact is due to the pH of the saline
phase(pH = 7.0) being above the isoelectric poirfpl = 6.0) of the enzyme, resulting in
increased affinity fothe more hydrophilicsaltrich phasg8, 61].

Following the study of optimization, the concentration of the potassium phospmfexad in

20 wt% and the concentration of THF randexm 10 to D wt% (Fig. 3 (ii)). The increase of
the THF concentration leads to lower partition coefficients of lipase, that is, to a higher ability
of lipase to migrate for the saich phase. The waes ofKe decrease from 0.64 (with 10 wt%
THF) to 0.42 (with 20 wt% THF)This effect is due to the enrichment of the most hydrophobic
region (THFrich phasewith logP 0.53, which favorsthe migration of lipases fahe saltrich
phase. However, thenzyme recovery in the bottom phdses a tendencgppositeto the
partition coefficient. The maximum value dcoveryis achieved with 10 wt% THRREs =
918+ 0.3%). At low concentrations of THF in the top phase, the volume ratio of the phases is

muchsmaller Ry = 0.14) than in higher concentrations, for example with 20 wt% of THE (
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= 1.25). This is a result of the gradual increase in the ability of THF to conduct interactions
with water via hydrogen bondg2]. For the following step®f this work data of enzyme
partition(Ke) are taken into account due to the higher selectivity of lipase for thectglthase,
which may allow the increase of the purification factor when the objective is to apply these
conditions for the purification ofdase fromBacillussp. ITP-001.Data ofenzyme recovery in

the bottom phaséRes), partition coefficientse) and volumetric ratioRy) for ATPS with
different compositions of THFral potassiunphosphatéuffer in (wt%) are shown ifmrable

Al.

To assess the effect of temperature on lipase partitioning, the system composed of THF at 20
wt% and potassium phosphate buffer atwa@, was chosen because it represents the best
condition of partitioning of the lipas&@he themodynamic functions calculated for the transfer

of lipase namely the molar Gibbs energy'Q ), the molar enthalpyO ) and the molar

entropy of transferX'Y ), Egs. (10} (12) were used according to,

. Yo p YY

7 i A 10
) N~ v Ty (10)
Yo YO VY (11)
y'O YUY 10 (12)

Fig. 4 shows the profile dfe as a function of equilibrium temperature, adjusted from 5 to
25°C. An increase in temperature slightly favors the extraction of lipase for thi&€balhase.
The partitoning of lipase from the THFch phase to the salich phase is spontaneous, as
shown by the calculated negative value#® (-1.67 KJ/mol) and endothermi¥"© = 10.80
KJ/mol). The main forces that govern the migration of biomolecules ampan(y"Y = 43.51

J/mol.K), sinceT x Y'Y >Y'O .
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In summary, the optimal condition for partitioning of €L was obtained in ATPS
composed of THF at 20 wt% and potassium phosphate buffer at 20 wt%, at an equilibrium
temperature of 25 °C. There® these conditions were chosen for the purification of lipase

from fermented broth.

& T=5°C % {T=10°C" S T=15C" "T 25 C'

< i :

= 5 ?
0.8
0.6
0.4
0.2
0.0 _ : ; : ; : : i

i_,.‘o 00360 i__._o 00353 %_ _‘0 00347 '._,_‘0 00335
1T (K)

Fig. 4: Effect of temperature on partition coefficieii=] of lipase fromBurkholderia cepacia

for the ATPS based on THFpobtassium phosphate buffer (pH 7)

3.4. Purification lipase from Bacillus sp.IT-B01

Before assessing the ability of this n&WPS in purifyingextracellular lipase frorBacillus

sp. ITROO1, the steps of production apde-purificationmust be considered he fermentation

was 144 hourkng, then was appliedhe salfNH4).SQifor the precipitation of lipase, followed

by a dialysis step to remove low molecular weight compounds, including inorganic salts of the
precipitation process, all this procasslescribedn detail elsewherg8, 50]. Table 3reports

the enzymatic activityHA i U.mL™?), total protein concentrationC(i mg.mL?), specific
activity (SAT U.mg?) and purification factor PF - fold) in thefermented broth and dialyzed.

The purification factor foundn thedialysate wad.2.7+ 0.2fold.
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Table 3: Purification factor, enzymatic activity, specific activity, and protein concentration at
the end of each step of the production andunefication of lipase produced bBacillus sp.
ITP-001.

EA C SA PF
Steps Process
(UmL?Y  (mg.mL?) (U.mg?) (fold)
Production Fermentatior 6,167.3 1.15 5,365.7 i
Prepurification Dialyse 6,135.4 0.09 68,171.1 12.7+£0.2
Purification ATPS 36,210.4 0.06 557,846.9 103.9+0.9

After the production and prpurification step of extracellular lipase frddacillussp. ITR001,

the purification was assessed employing representative conditions of this new ATPS previously
studied. The extraction systems were prepared by adding 20 wt% of THF + 20 wt% of
potassium phosphate buffer (pH 7) + 60 wt% of dialysate solutmitaming the lipolytic
enzyme produced. The systems were held at equilibrium for 18 hours at 25 °C. These optimized

conditions were based on the partitionind3@fL to the bottom phase (rich in salt).

The proposed application of this ATPS revealed a gmstbrmance in the purification of the
lipolytic lipase produced froBacillussp. ITR0O01. The data suggest that #ieof the enzyme

was increased from 12.7 to 103.9 + 0.9 fold, comparing the steps-ptipfieation (by use of
dialysis) with the puriftation step using ATPS (Table 3). The increase of the purification factor
achieved by the use of the ATPS is related to the selectivity of the phases constituting the
system, resulting mainly from the removal of the contaminants which act as inHiB&pEhe

results show a lower selectivity of contaminating proteins to the bottom p8ase.69),
compared with the enzymeés & 20.0). This is probably because the enzymes are almost
completely recovered in the bottom phaRes(= 95.2 +1.1 %), due to theiewy low isoelectric

point (d = 3.0)[8] and negatively charged at pH 73D, 52], whichresults in the increase of
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its hydrophilic character, creating a higher affinity of the enzyme for theicalphase.
Furthermore, the migration of enzymes to bottom phasée £ 0.12 +0.02) and the
contaminating proteins to the top phake £ 1.45 +0.B) indicate an increase in the specific

activity of the enzyme in the salch phase (bottom phase), increasing the purification factor.

Previous studies by us, focused on the purification of enzymes, including lipasBdoitus

sp. ITROO1 using IL/slh ATPS, 25 wt% of [@mim]Cl and 30 wt% of phosphate buffer
potassium (pH 7), showed lower purification valueB € 51 * 2 fold) than those obtained here

[50]. However, the use of conventional ATPS (polyethylene glycBEG 8000 g.mot +
phosphate buffer potassium) show higher values purificaér=(201.53 fold)[8]. Although

the system here reported shows a lower performance than the ATPS of PEG/salt, it is less
expensive and the visabsof the phases is reduced when compared with the PEG/salt system,
enhancing the mass transfer, and simplifying the fluid flow problems when one considers the

scaling up of the process.

To support our interpretation of the results concerning the purifitaapacity of the ATPS

based in THF/potassium phosphate buffer, an electrophoresis analysis was performed using
samples of the bottom phase (system 20 wt% of THF + 20 wt% of potassium phosphate buffer
at pH 71 considered in this work the best purificat system) and crude fermentation broth.

The three lanes shown in Fig. 5 correspond to the molecular mass standard (lane P), the crude

fermentation broth (Lane 1) and bottom phase obtained from theb@sd ATPS (Lane 2).

The presence of multiple lighahds in Lane 1 confirms the presence of some contaminant
proteins. In Lane 2, it is possible to see the presence of the target enzyme with a molecular
weight of around 54 kDB, 50] (here abbreviated &n2 and the presence of few other protein
bands (contaminants) which were not completely removed. The results from the electrophoresis

are consistent with purification factor values reported.
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Fig. 5: SDS PAGE analysis of purified lipase frofacillus sp. ITR0O01. The purity of
partitioned lipase was assessed by 12 % acrylamide gel stained with silver nitrate solution. The
molecular weights of the standard protein marker ranged betweeii 2¥.8 kDa. Lane P:
protein molecular markers; Lane 1: fermeghbroth; Lane 2: bottom phase obtained from the
THF-based ATPS.

4. Conclusions

In this article, the binodal curve, {imes and critical point were obtained for the new
THFT potassium phosphate buffer ATPS at 25
succeshullly correlated with the empirical nonlinear equations proposed by Merchuck or Hu.
The ability of this new system to purify the lipase produced by the bactBagitiussp. ITR

001 was demonstrated to be effective. The optimal condition for purificatipase from a

real matrix was optimized based on the partitioning of a commercial lipasafuddholderia

cepaciag used as model. The best extraction system was identified to be 20 wt% of THF and 20
wt% of potassium phosphate buffer (pH 7) at 25 °@G &hzyme partitioning is spontaneous

and governed by entropic effects P& of 103.9 £ 0.9 andReg of 95.2 + 1.1 % were achieved
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for the lipase fronBacillussp. ITP-001 using this recovery process from a fermentation broth.

The THF/salt ATPS proved to tedfective for the purification of solvent tolerant lipase and it
was shown that the | ipaseds enzymatic actiyv
of the ease of organic solvent recovery, lower viscosity and theetfestiveness of the
process, the THF/salt ATPS could be potentially developed as a commercial recovery process

for lipase derived from microbial sources.
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Table A.1: Data ofenzyme recovery in the bottom phaBeg), partition coefficientske) and
ratio volumetric Ry) of lipase from Burkholderia cepacia for ATPS with different
compositions of THF (wt%) and potassium phosphate buffer, pH 7 (wt%5,#a{0.1) °C

ATPS . . o
Wt%, THF Wt%, salt RN KeN U ResN U (
20 10 1.05£0.2  0.73%0.03 56.8+ 1.0
20 15 1.05£0.1  0.64+0.05 59.7+ 1.7
20 18 1.09£0.2  0.60+0.01 60.4+ 0.4
20 20 1.25£0.2  0.42+0.01 65.8+ 0.3
20 25 1.37£0.1  1.18+0.18 413+ 1.9
10 20 0.14+0.1  0.64% 0.02 91.8+ 0.3
15 20 0.29+0.1  0.53%0.03 87.0£ 0.5
20 20 1.25£0.2  0.42+0.01 65.8+ 0.3
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ATPSTRACT: Aqueous twephase systems (ATPS) formed with cholinibasedionic
liquid i ILs (or salts)are a novel, low cost, and high efficient technique for the recovery of
biomolecules.This study examines the formation of ATPS basectlomiiniumbased salts
(chdinium chloride, cholinium bitartrate and cholinium dihydrogencitrate) and
tetrahydrofuran (THF) for the purification of lipase fra@acillus sp. ITR001, produced by
submerged fermentation. The optimum conditions for this purification were determined to b
40 wt% of THF and 30 wt% afholinium bitartrate at 25°C. A purification factor of 130.1 +
11.7 fold, a lipase yield of 90.0 £ 0.7% and a partition coefficient of enzyme Hfachlphase

(Ke = 0.11£ 0.01) and protein contaminants for TH#Eh phase Kp = 1.16+ 0.1) were

achieved.

KEYWORDS: aqueous twgphase systems, lipasgholiniumbased ionic liquidpurification
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1. Introduction

Lipases are glycerol ester hydrolases (EC 3.1.1.3), and those from microbial origin, occupy
a place of prominence amomgpcatalysts in several sectors like in oleochemistry, organic
synthesis, detergent formulation, nutrition, biosensbiaremediationamong otherg1-4].
Lipase preparations with agh degree of purity are used the fine chemical industries, for
example in the biocaligic production of the pharmaceuticals and cosmd8¢8]. The main
problem with the production of high purity enzymes is the purification process. In general it
has a poor efficiency, causes loss of enzyme activity, and requires high consumption of energy
and chemicalg6, 7]. To overcome these limitations, a significant effort has beade to
develop novel techniques in order to reduce the costs related to the purifi6agpn

Aqueoustwo-phase sysims (ATPS) have been usex the separation and purification of
a great numberof biological products as amiracids[9, 10|, proteing[11] and enzyme§8,
12-16] as their two phases having a rich water environment are favorable to the preservation
of activity of biomolecules. Conventional ATPS are formed by two wsa&rble polymer
polymer, polymeisalt or saltsat combinations that phase separate above given
concentration§l7]. Despite the wie-known advantages offered by these systems, such as low
interfacial tension, good biocompatibility, fast and high phase separation rates and I8y cost
12], their performance is however significantly affected due to the small difference in polarity
between the coexisting pha4és]. Currently, the numbesf systems capable of forming two
agueous phases is increasing and the alternatives include the use of alcdidVaHlf
acetonitrile/carbohydratgg2, 23], polymers(polyvinyl alcohal PVA)/dextran24] and other
combinations including ionic liquids (IL$25, 26]. The numerous combinations of casamd
aniors that brm ILs lead to a variety of physical properties, allowing the tailoring of their
polarities, and for this reason have been regarded as important constituents qR&APRS

Although good results have been achieved using ATPS formed by lltkefextraction of
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amino acids, proteins, enzymes, pharmaceuticals and phenolic comfi2fyrafs 31], the use
of these compounds may raise some issues concerning their water stability, price, and
biodegradability{32-36]. Their toxicity has been shown to be at least equivalent to those of
common organic solvenf87].

To overcome these issues, the search for safer and cheaper tihs formation ofATPS
is still an imperativassueand n this context, the choliniurhased ionic liquids are a good
option. This family is derived from quaternary ammonium salts described as important
structures in living processes, used as precursors for the synthesis of vieginsamin B
complexes andhiamine) and enzymes that participate in the carbohydrate metalj8Bsm
39]. Recent works have reported the synthesis of novel cholibasad ILs with the cholinium
cation combined with a variety of different anidd§-43]. Besides the exceptional properties
shared with the ionic liquids, such as, ftammability and negligible vapour pressure at
ambient caditions, and high solvation ability, the cholinium ILs also have low toxicity,
excellent biodegradability anthn be produced at low cost since they can be obtained from
cheap raw materialg!2-46]. The nterest in these compounds has increased in the past few
years, with applications ranging from crosslinking agents for collagen based materialsssolvent
in the pretreatment andlissolution of biomass, antse as ceubstrates for microorganisms
in the degradation of dyelgl5-48]. Moreover, a number of works hawescribed novel
choliniumbased Ils in which protein structure and the enzyme function can be maintained or
even increasef#7, 49]. This fact, coupled witlother advantages citdwerein, motivated the
application of these ILs to the formation of alternative ATPS, which served as a platform for
the purification/separation of antibioti¢s0, 51] and protein$47].

Taking into account the abilitpf choliniumbased ILs to promotphase separatiom
ATPS, their low cost and the capacity to maintain the activity of the target comgpotinay

will be here exploredombined with tetrahydrofuran.efrahydrofuran (THF) is anrganic
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solvent with excellensolvent power for numerous organic substances, and employed for the
extraction of compounds from vegetables, including commercially important cowhpsuch

as carotenoid$52, 53]. The formation of aqueous twmhase systemssing THF anda
biological buffer, 4(2-hydroxyethyl)piperazind-ethanesulfonic acid (HEPES), was first
reported by Taha et a[54]. Moreover, THF + potasum phosphate buffer based ATPS, was
show to beeffective forthe purification of extracellular lipase froBacillussp. ITR001[55].

This work focuss in the design of ATPS based tetrahydrofuran (THF) and cholinium
based ionic liquids (cholinium chloride, cholinium bitartrate and cholinium dihydrogencitrate).
Aiming at exploring the applicability of those novel ATPS, the lipase fEurkholderia
cepacia (commercially obtained) is here used as a model to evaluate the profile of the
enzymatic partition and efficiency of extraction, namely considering cholibased ILs with
different anions, overall system composition and temperatuegwlibrium. Subsequently,
representative conditions are employed with the objective of evaluating the possibility of
applying these systems for the separation and purification of lipaseBfagittus sp.ITR001

produced by submerged fermentation.

2. Materials and methods
2.1Materials

The organic solvent tetrahydrofuran (puri§9.9%), cholinium chloride (purity >98%);
cholinium dihydrogencitrate (purity >98%); and cholinium bitartrate (pur@3%) were

purchased from Sigmaldrich. Their chemical structures are shown in Fig. 1.
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Fig. 1: Chemical structure and abbreviation name of the choli¥based ILs and THF studied

in this work.

The lipase fronBurkholderia cepaciaBCL( © 30, 000 U/ goptinmuipH7 . 0, 5
and temperature) was also obtained from Sigyaaich, and the lipase fromacillussp. ITR
001 was obtained by submerged fermentation, using MGegd ( pur ity O 98 %)
from Panreac, Triton X.00 purchaseffom Fisher Scientifc, and NaN@ pur ity O 99.
yeast extract, peptone, and starch purchased from Himedia. The ammonium sulphate (P.A.)
was obtained from Synth (Brazil) and coconut oil was purchased at a local market. The protein

bovine serum albumin B A , purity O 97%) was obtained froc

2.2 Production of the lipase by Bacillus sp.{001
2.2.1 Fermentation conditions

The lipase was obtained by the fermentation Baaillussp. ITR001, isolated from an oil
contaminated soil, stored at the Ihstd de Tecnologia e PesquisélP (Aracaju- Sergipe,
Brazil). The strain was cultivated in 500 mL erlenmeyer flasks containing 200 mL medium
with the following composition (%, w/v): KiPQy (0.1), MgSQ-7H.0 (0.05), NaN@ (0.3),

yeast extract (0.6), peptone (0.13), and starch (2.0) as the carbon source. The fermentation
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conditions were: initial pH 7; incubation temperature 37 °C, and stirring speed 170 rpm. After
72 h of cultivation, coconut oil (4%, w/v) and Triton-200 were added as inducteras

described by Feitosa et §h6].

2.2.2 Prepurification steps

The prepurification steps were performed according to the methodology proposed by
Barbosa et a[8]. The fermented broth was centrifuged at 3,000 rpm for 30 min, so that bottom
phase was discharged (biomass) and the suertnaas used to determine the enzymatic
activity and the total protein content. Protein contaminants in théreelfermented broth were
precipitated using ammonium sulphate at 80% (w/v) saturation, the solution was prepared at
room temperature and thH@oth was subsequently centrifuged at 3,000 rpm for 30 min,
separating the aqueous solution and precipitate. The aqueous phase was dialyzed using MD 25
(cut-off: 10,00612,000 Da) against ultpure water for 24 h at 4 °C. The dialyzed solution

containingthe enzyme was then used to prepare the ATPS.
2.3 Binodal curves and tiknes

The binodal curves were determined by the clpadaht titration method at 251 °C and at
atmospheric pressure. In a test tube, a HdBeoussolution of known concentration wa
added, andhen acholiniumbased ILs solution of known mass fraction was added dropwise
until the mixture became turbid or cloudiien a known mass of water was added to make the
mixture clear again. This procedure was repeated to obtain sufficient data for the construction
of a liquid liquid equilibrium binodal curve. The systems composition were determined by the
weight quantificatiorof all components added within an uncertainty of £ §§0 The binodal

curves data were correlated using the Merchuk equigign

4(& 06 Ag® ).,8 6 ), (1)
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The determination of thge-lines (TLs) was then accomplished by solvitige following

system of four equations (Egs. i{(&)) for thefour unknown values ofl[HF]+, [THF]s, [IL]T

and [L]e,

4( & 0Ag® ) .,®8 8 ), (2)
4 (& 0Ag® ) .,®8 8 ), (3)
4(& 4(&T p I T 4(& (4)
). )7 P ), (5)

where the subscriptd, TandB denote, respectively, the initiaixture, and the top and bottom
phases. The value bfis the ratiobetween the mass of the top phase and the total weight of the
mixture. The system solution results in TidF and choliniurrbased ILsoncentrationn the
top and bottom phases, and thus, TLs casitbely represented.

The tie linelength (TLLs) were determined through the application of Bg.which uses

the concentrations of THF and ILs in the two phases.

4, , 4(& 4(& ) ) (6)
Thelocation of the critical point of the ternary systems was estimated by extrapolation from

the TLs compositions applying the E@) [25].

4(8&QC), ()
wheref andg are fitting parameters.
2.4 Preparation of the ATPS

The biphasic systems were prepared in graduated centrifuge tubes (15 mL) by weighing the
appropriate amounts of THF (250 wt%) and choliniurbased ILs (1635 wt%). All systems

contained approximately 2 wt% BICL (& 20 mg.mL?). For the lipase frorBacillussp. ITR
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001, the THF and cholinium solutions were prepared with the dialysate solution (where the
lipolytic lipase fromBacillussp. ITRO01 is concentrated).

Each mixture was prepared gravimetrically within 21§ vigorously stirred and left to
equilibrate for at least 12 h (a time period established in previous optimizing experiments) and
at 25 £(0.1) °C. Atfter this treatment, the two phases became clear and transparent and the
interface was well defined. The phases were carefully separated ugipgtte for the top
phase and a syringe with a long needle for the bottom phase. The volumes and weights were
determined in graduated test tubes (the total mass of the extraction systems prepared is 5.0 g).

The partition coefficient was defined as the piotconcentrationp) or enzyme activity

(Ke) in the top phase, divided by the corresponding value in the bottom phase, as describe by

Egs. 8) and Q).

6
b 2 (8
o
06 ®
00

whereCr and Cs are, respectively, the total protein concentration (mg.jnin the top and
bottom phases, anBAr and EAg are the enzyme activity (U.ml of the top and bottom
phases, respectively.

In order to evaluate the purification process, the enzyme specificity (SA U.md !
protein) was calculated using EQ.QJ, the volume ratio between volumes of top and bottom
phasesR,), the contaminant protein recovered in the top pHase %), the enzyme recovered
in the bottom phasd=gs, %),and the purificatiofactor (PF - fold) were calculated using Egs.

(11)i (13).
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where C is the total protein concentration (mg.fL The purification factor RF) was
calculated by the ratio between Bain the top or bottom phase ati initialspecific activity

(SA).

2.5 Enzyme assay

Lipolytic activity was assayed using the modified oil emulsion method proposed by Soares
et al. [58]. The substrate was prepared by mixing 50 mL of olive oil with 50 mL of Arabic gum
solution (7%, w/v). The reaction mixture containing 5 mL of the oil emulsion, 2 mL of 100
mM sodium phosphate buffer (pH 7) and enzyme extract (1 mL) was indulbata
thermostated batch reactor for 5 min at 37 °C. A blank titration was done on a sample where
the enzyme was replaced with distilled water. The reaction was stopped by the addition of
approximately 0.33 g of sample to a 2 mL of acetetiganol water ®lution (1:1:1). The
liberated fatty acids were titrated with 40 mM potassium hydroxide solution in presence of
phenolphthalein as indicator. One unit (U) of enzyme activity was defined as the amount of
enzyme that | iberatedid ¢smobuhderithe dissagoendifions t y

(37 °C, pH 7, 120 rpm).
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2.6 Protein Assay

Tot al protein concentration w §58], usingtaer mi ne

SHIMADZU UV-1700, Pharm&pec Spectrometer UVis Spectrophotometer at 595 nm,
and a calibration curve previously established for the standard protein bovine serum albumin

(BSA).

2.7 SDSPAGE electrophoresis

Electrophoresis was performed with the MRROTEANII System (BioRadBrazil) using
12 % resolving gels an®% stacking gelsas described by Laemm|60]. Proteins were
visualized by staining with silver stain procedure. Protein markers used were trypsin inhibitor
(21.5 kDa), carbonic anhydrase (31 kDa), ovalbumin (45 kDa), bovine albumin (66.2 kDa),

and phosphorylase (97.4 kDa) all purchased from BioRad (Brazil).

3. Results and discussion

3.1 Bnodal curvesand tielines

The ability of the various cholinium compounds to induce ATPS formation in presence of
THF was evaluated. Aqueous solutions of each cholinium (from 20 wt% to 60 wt%) and of
THF (from 80 wt% to pure TH) were initially prepared and used for the determination of the
binodal curves at 25 £°C and atmospheric pressure, through the cloud point titration method
[18], and the results are shown in Fig. 2. The data of the binodal curves in mass fraction units,
as well as the respective regression paraméte® and C) obtained by applying Eq[37],
standard deviationssfd) and correlation coefficientsRf) are provided in Supporting

Information (Table A.1).
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Fig. 2: Binodal curves for the ternary systems composed of TldRotiniumbased ILst+
water,at 25+ 1 °Cand atmospheric pressure [Ch]CI; A [Ch][Bit]; p [Ch][DHCit].

The phase diagrams provide information aboitthe concentration of pha$erming
components required to form two phases (total mixture compositions above the binodal curve
fall into the bighasic regime, whereas mixture compositions below the solubility curve are
homogeneous)jif the concentration of phase components in the top and bottom phases; and
(ii) the ratio of phase volumdg5]. In addition, as shown in Fi§, the critical points for the
studied systems were alsgtimated by extrapolation dii¢ TLs compositions applyingqg.

(3). In thecritical point, where the two binodal nodes meet, the compositions of the two
coexisting phases become equal, and the biphasic system ceases [([5eXEhe tieline
length (TLL) corresponds to the length of eawdtline and indicates the difference in

composition of the two phases. The values of the TLLs are presented in Table A.2.
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, experimental solubility data; , tie-line data;Z , tie-lines; " , auxiliary curve data; , critical point by Eq. (3).
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Of the ATPS studied, [Ch][Bit] showed the highest abilibyinduceATPS as shown in
Fig. 2. The ability of thecholiniumsalts to promote the formation of ATPS with THF follows
the trend: [Ch][Bit] > [Ch]CI > [Ch][DHCIit]. Considering that these ILs have the same cation
but different anions, the phagaming ability of these ILsnustbe determinetdy the nature of
the anions. The ability tmducephaseseparatiorof these choliniunsaltsis determined by the
capacity of the anioto form hydration complexe#nions with higher charge densities have a
strong hydration capacity than those with adowharge density6l], leading to the exclusion
of the more &66hydr ophobiicdaéecand lioppdplaseteshiglf T HF
polarity due to thehargeof the carboxyhtegroups in both [Ch][Bit] and [Ch][DHCIit], and the
hydrogen bond acceptor ability tife chloride anion increases their affinity for water inducing
a saltingout effect in THF leading to the formation of ATP&lditionally, the ability of the
[Ch][Bit] to promote the phase separation is affected by the pH of the system bottom phase (pH
3.8 Table A3). In this system a portion of thetditrate ions are completely deprotonated
(presentingdivalent charges), and therefqueesent ayreater capacity to form two phases
seen in Fig. the speciation curves for [Ch][Bit] is reported in Supporting Informatieg

A.1).

3.2 Studies of partition of Burkholderia cepacia lipase

In order to optimize the purification procesipase fromBurkholderia cepacigdBCL) was
used. The initial mixtte compositions were selected so that the ligigdid systems could be
formed taking into account their phase diagrams. The volumetric Rl H, partition
coefficients Kg), andenzyme recovery in the bottom phd&es) of BCL of the systems are
presented in Table A.3.

It should be remarked that for the systems based on [Ch][Bit], [Ch][DHCIit] and [Ch]CI, the

bottom phase is the itich phase whereas the top phase corresponds to theidiHphase.

107



This first optimization step aimed at understanding dependence &z and Reg with the
different choliniumbased ILsstudied. The values d€e shown in Fig.4 suggest thalipase
preferentially migrates for the itich phase Ke always < 0.41). This preference was also
observed by Li et §47] using proteins of different moleculaveights (lysozyme, papain,
trypsin and BSA) in systems basaucholiniumbased ILs andhe lipase partitions into the 4L
rich phase in the following order: [Ch][Bit] > [Ch][DHCit] > [Ch]CI. This tendency seems to
be dominated by the hydrophobicity oétanions since the highest value&ef were attained
for systems composed of the most hydrophobic ionic liquids, namely [Ch][Bd] a
[Ch][DHCIt], reflected by theioctanoi water partition coefficients (Id¢w =-1.43 and-1.32,
respectively while for [Ch]CI it is -3.70)[62]). The pH values of the bottom phases range
between 3.5 and 4.5, and seem toehaw significant influence on the preferential migration of

the lipase for the Ikrich phase (Table R).
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Fig. 4: Comparison of thenzyme recoverin the bottondata (% Res represented by tHzarg,
and partition coefficient dat&Kg - represented by theymbol3 for lipase fromBurkholderia
cepcaiausing different choliniumbased ILs ATPS with THFAIl ATPS are composed of
40wt% THF and 25 wt%L, at 25+ (0.1) °G and atmospheric pressure.

Although we can say that the beRts of lipase was achieved with [Ch][Bit], the

concentrations of the phases, i.e. the tie line length may also be optimized to maximize the
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extraction. In order to infer the effect of the composition of the ATPS on the partitioning of
lipase, several experiment®re carried out with varying concentrations of THF and [Ch][Bit]

in the total mixture. In Fig5 are shown the effects caused by changing the concentration of
THF (Fig.5 (1)) and [Ch][Bit] (Fig.5 (ii)) in therecoveryand the partition coefficient &CL,
which is used as model for tHerther implementation witlhe real system. In addition, the
effect of the THF solution on the lipolytic activity of lipase shows no deleterious effect when
considering up to 18 hours of incubation (Figure A.2). The hairdance of lipase from

Burkholderiaagainst organic solvent was previously repof&kl 63].
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Fig. 5: Enzyme recovery in the bottom phg8é, Res - represented by the bars) and partition
coefficients Ke - represented by threymbol3 of lipase fromBurkholderia cepaciafor systems
based in THF + [Ch][Bit] + watemt 25 (0.1) °Cand atmospheric pressues a function of
concentration:if, wt% THF + 25 wt% [Ch][Bit]; (i) 40 wt% THF + wt% [Ch][Bit].
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For the first analysis, the concentration of [Ch][Bit] was fixed in 25 wt% and the
concentration of THF ranged from 25 to 50 wt%. An increase in the concentration of THF in
the top phase (up to 40%) enhanceghe migration ofthe enzymeo the bottom phase (rich
in IL) as seen in Figh (i) when analyzing the partition coefficients dRa for lipase in the IE
rich phase Ke = 0.24+ 0.05 to 0.07+ 0.02 andReg = 91.2+ 1.06 % to 95.5+ 0.75 %,
respectively for ATPS with 25 wt% and 40 wt% of THF). At concentrations above 4®t%
THF, the migration of lipase appears to increase slightly for the top phase, this fact, coupled
with the increase ithe volumetric proportions betwedhe phases Rv = 1.30), dramatically
lowers theenzyme recovergf the systenwith 50 wt% of THF Res = 88.5+ 0.7%). Clearly
we can observe that 4086 THF is the concentration limit at which we have the lbesbvery
of lipasein the bottom phas&he phenomena of intermolecular interactions between THF and
water are keyssues to understaritlese results. At low concentrat®of THF the hydrogen
bond between the watdHF has little effect on the watewater hydrogen bonded network.
However, theaddition of THF in water reduces the strength of hydrogen bonding, the
tetrahedral structure of water breaks dpamd a hydrogen bond is formed between water and
THF[64]. In this case, the increase of thdéwnetric ratio between phases and the migration of
enzymes for THHich phase is expected.

Following the study of opthization, the concentration §THF] was fixed in 40 wt% and
the concentration of [Ch][Bit] ranged from 15 to 35 wt% (FHdii)). The ircrease of the IL
concentration leads to lower partition coefficients of lipase, that is, to a higher ability of lipase
to migrate for the Ikrich phase. In accordance, teezyme recoveryn the bottom phasef
lipase increased from 79.@81.4%to 97.61+ 0.5%, respectively for ATPS with 15 wt% and
30 wt% of IL. Lipase was almost completecoveed in the ll-rich phase with the higher
amount of IL (30r 35 wt% of IL). This is a result of the saltiig effect of the IL over lipase

which forces the biomektule migration for the satich phase. The lipases, due its hydrophilic
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character tend to partition away from the solwach phase. This preference is reported by
several previous studies and corroborates our observgfpB8g, 65]. Data for theenzyme
recovery(Reg), partition coefficients of enzymd&g€) and volumetric ratioRv) for ATPS with
different compositions of THF and [Ch][Bit] in (wt%) are shown in Table A.4.

The influence of temperature on the lipase extraction was also studied using ATPS composed
of THF at 40 wt% and [Ch][Bit] at 30 wt% (Fig). The temperature of equilibrium was
changed from 5 to 25 °C. An increase in temperature slightly favorsigination of lipase for
the IL-rich phase. The thermodynamic functions calculated for the transfer of lipase, namely
the molar Gibbs energy{0O ) the molar enthalpyXO ) and the molar entropy of transfer

(YY), Egs. (10) (12) were used.

. Yo p YY
7 P 10
b v~ Yy v (10)
Yo YO "¥Y (11)
YO YUY 10 (12)
T rosec FT=10°C ! STo1sec {Tasec
. 404 g 3 : : i :
53]
]
E=
3.0 1
2.0
1.0
0.0 i : j i : s i 4 1
L 0.00360 L 0.00353 L 0.00347 £, 0.00335

Fig. 6: Effect of temperature on partition coefficier€d) of lipase fromBurkholderia cepacia
for the ATPS based on THF and [Ch][Bit].

The calculated value fo’'O (-5.72 KJ/mol) is negative, reflecting therefore the

spontaneous and preferential partitioning of lipase for thich.phase{e< 1). The migration
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process of lipase from the THieh phase to the Hrich phase is endothermi¥Q = 76.82
KJ/mol) and mainly governed by entropic forc88Y = 287.7 J/mol.K), sinc&xY"Y >YO .

In summary, the optimization tests using the lipase f®@L indicate that improved
partition coefficients andecoveryare obtained with ATPS composed of THF atwt® and
[Ch][Bit] at 30 wt%. Therefore, this choliniwbased IL was chosen, along with the THF, to

conduct the purification of lipase frothefermented broth, whicls described below.

3.3 Patrtition of lipasdrom Bacillus sp.ITFO01
3.31 Production and prepurification of lipase

The process, from production to thejmarification step of extracellular lipase frddacillus
sp. ITROO1, considering the application of the salt gM3Q: for the precipitation process of
lipase, followed by a dialysis step to remove low molecular weight compounds, including
inorganic salts of the precipitation process, was previously described by oul grolable 1
reports the enzymatic activityEQA 7 U.mL™), total protein concentrationC(i mg.mL?),
specific activity BAT U.mL™?) and purification factorRF i fold) in the fermented broth and
dialyzed. The purification factor of the dialysate was found to be 12.7 + 0.2 fold, confirming
the values previously reported by our group at the stage gdysifcation by dialysig8, 30,
55].

Table 1: Purification factor, enzymatic activity, specific activity, and protein concentration
at the end of each step of the production anepprédication of lipase produced tBacillussp.
ITP-001.

Steps Process EA 1 ¢ 1 SA 1 PF
(U.mL™) (mg.mL™) (U.mg-) (fold)
Production Fermentation 6,167.3 1.15 5,365.7 T
Prepurification Dialyse 6,135.4 0.09 68,171.1 12.7 +0.2
Purification ATPS 64,483.3 0.09 726,548.4 136.8+0.5
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3.3.2 Purification of lipase using ATPS

The extracellular lipase frorBacillus sp. ITR0O01 was then purified pursuing the best
conditions of composition and temperature of the systems, previously optimized. The extraction
systems were prepared by adding 40 wt% of THF + 30 wt% of [Ch][Bit] + 30 wt% of dialysate
solution containing th lipolytic enzyme produced.

The proposed application of this ATPS revealed a great performance in the purification of
the lipolytic lipase produced fromacillus sp. ITRO01. The data suggest that tRE of the
enzyme was increased from 12.7 to 13685 fold, comparing the steps of pperification
(by use of dialysis) with th@roposedpurification step (using ATPS). The increase of the
purification factor achieved byé use of the ATPS is related withe large selectivity of the
phases constitutinthe system, resulting mainly from the removal of the contaminants which
act as inhibitor$31]. In this case, we can observe the increased recovery of the enzymes to the
bottom phase, the ttich phase Res = 90.0 £ 0.7 %), in opposition to the contaminating
proteins which migrate for the THfich phaseRer = 54.5 £+ 2.5 %) by following the partition
coefficients of the enzymeKg = 0.11 + 0.01) and protein contaminanks € 1.16 + 0.11).
Previous studiesdm our group focused on the purification of lipases, including lipase from
Bacillussp. ITR0O01 using IL/salt ATPS with 25 wt% of g&im]CIl and 30 wt% of potassium
phosphate buffer (pH 7ghowed lower purification factors than those here achieR&d=(51
+ 2 fold) [30]. ATPS based in THF with the of potassium phosphate buffer (pH 7) were also
tested and the results of purificatid®{= 103.9 + 0.9 fold) were again beldathose described
in this work[55]. All of these studies were reported the lipase purification frorBacillussp.
ITP-001.

The highest purification factor of lipase from fermented broth was achieved in ATPS with a
composition of 40 wt% THF, 30 wt% [Ch][Bit] at 25 °C. The purity of the partitioned lipase

was assessed with an SIPFAGE [60]. The SD$SPAGE analysis is shown in Fig. The
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fermented broth contains multiple bands (Lane 1), which represent impurities present in the
culture. In Lan&, it is possible to see the presence of the target enzyme with a molecular weight
of around 54 kDa (here abbreviatedEas). The molecular weight of microbial lipase from
Bacillus sp. ITR0O01 was previously found tby 54 kDa [8, 30]. The results from the
electrophoresis show the excellent purification ability of the THF/[Ch][Bit] based ATPS that

made possible the separation of the enzyme from the contaminant compounds.

97.4

66.2

45.0

31.0

21.5

Fig. 7. SDS PAGE analysis of purified lipase fromacillus sp. ITRO01. The purity of
partitioned lipase was assessed by 12 % acrylamide gel stained with silver nitrate solution. The
molecular weights of the standard protein marker ranged betweeii 2¥.8 kDa.Lane P:

protein molecular markers; Lane 1: fermented broth; Lane 2: bottom phase obtained from the
THF/[Ch][Bit]-based ATPS

4. Conclusion
Choliniumbased ATPS were here successfully applied to the purification of lipase produced

by the bacteriurBacillussp. ITR001, from a fermentation broth. For that purpose, novel ATPS
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composed of tetrahydrofuran (THF) and three different cholirbased ionic liquid were
studied. The phas®rming ability of these ILs is determiddoy the nature of their anions

The prtition of lipase fronBurkholderia cepacigdBCL) on these ATPS was studied and the
operating conditions optimized, to be later applied to the purificaBarg areal matrix. In the
optimization study it was observed the preferential migration of lipa$ke choliniurarich
phase, with the best partition being obtained for the [Ch][Bit]. The partition could be
manipulated by the use of different tie line lengths to achieve the best extractentafget
biomolecule. The best recovery of enzywees abieved usinghe ATPS composed of 40 wt%
of THF and 30 wt% of [Ch][Bit] Ree = 90 + 0.7 %) at 25 °Cin the bottom phase ([Ch][Bit
rich phase)After the optimization step, the best ATPS was applied to the purification of lipase,

produced by the bacteriuBecillussp. ITR0O01 and aRF = 136.8 £ 0.5) was achieved.
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Table A.1. Parameters obtained through the Merchuk equation (Eg. 1) with the respective
standard deviationsid) and correlation factors @Ralong with the weight fraction dataj)(for
the systems composed of THF (1) + cholinibased IL (2) + HO, at 25+ 1 °C

[Ch]CI [Ch][Bit] [Ch][DCif]
A 123.6 £ 5.4 164.9 + 6.2 108.1+1.3
B -0.483 + 0.020 -0.493 + 0.016 -0.234 + 0.005
C 7.4 10%+4.3 10° 1.4 10%+53 10° 7.1 10°+6.0 107
R? 0.9949 0.9969 0.9992
100wy, 100w, 100w 100w 100wy 100w
66.49 2.05 75.28 2.82 7779 174
58.41 2.67 68.13  3.33 7436  2.84
51.72 3.23 58.51 4.05 66.62  4.33
47.45 3.75 54.53 5.01 60.00  6.41
44.89 3.96 50.09  5.77 57.46  7.75
42.71 4.57 46.38 6.41 54.38  8.35

40.32 4.98 4373 710 5253  9.24
38.03 5.29 41.39 7.69 50.89  9.99
36.33 5.99 3941  8.22 49.25  10.76
35.18 6.31 3758  8.69 47.00  12.30
33.29 7.03 3553  9.60 4418 1354
31.77 7.69 34.00 9.99 4239  14.82
30.62 8.45 32.25  10.79  40.65  16.12
28.87 9.46 3040  11.82  39.12  17.25
27.06 1065 2767 1366  33.87 22.35
2557 1193 2476 1567 18.87  36.05
22.15 1369 1653 2329  17.47  37.83

17.54 17.25 15.84 2465 1512  40.40
14.93 20.26 14.99 25093

13.24 22.68 9.30 38.97
11.23 26.22 8.43 41.31
10.08 28.69

9.47 30.16
8.71 32.19
8.05 34.16
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Table A.2. Experimental data of TLs, TLLs and critical point values of the coexisting phases
for the THF + choliniunrbased IL systems @5+ (0.1) °C.

Weight fraction/(wt%)

[THF]m [IL]m [THF]T [IL]+ [THF]s [IL]e  TLL  [Ylcitca [X]critica

30.16 1598 78.20 2.19 18.84 20.20 60.34

[Ch][Bit] 3173 1964 81.70 193 1420 2585 7162 ggg6 285
30.35 25.02 87.66 154 10.28 33.24 83.62
29.85 30.09 89.34 144 7.76 40.85 90.70

3256 2486 59.95 6.29 2413 30.57 43.27

[Ch][DHCIit] 30.67 29.65 73.20 2.76 16.96 38.31 66.53 36.44 18.71
25.12 3478 80.00 1.65 14.66 41.09 76.32
50.00 2431 91.63 0.50 10.33 47.00 93.67

30.18 1251 88.74 0.39 1451 20.52 69.66

[Ch]CI 3020 2495 9285 0.28 823 33.61 9095 g,g4 0.48
50.08 19.99 94.42 0.24 6.61 3935 096.12
40.02 29.98 97.60 0.17 4.86 48.19 104.43
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Table A.3: Enzyme recovery in the bottom pha@é, Res), partition coefficients Kg),
volumetric ratio Rv) and pH ofthe bottom phastr the ATPS composed of 40 wt% of THF
+ 25 wt% of IL,for partition of thelipase fromBurkholderia cepaciat 25+ (0.1) °C

" THF
o + RN & pHRN @ KeN 0@ ResN & (%
<
IL
[Ch][Bit] 0.79+0.03 3.8+02 0.07 +0.02 94.2+1.0
[Ch][DHCit] 0.67+0.02 4.1+0.1 0.21+0.05 86.5+ 0.3
[Ch]CI 0.72+0.01 4.4+0.1 0.41+0.06 76.5+ 1.3
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Table A.4: Enzyme recovery in the bottom phal#, Res), partition coefficients Kg),
volumetric ratio Rv) for ATPS withdifferent compositions of THF (wt%) and [Ch][Bit] (wt%),
for lipase fromBurkholderia cepacia at25 = (0.1) °C.

ATPS

W%, THF Wt%, [Ch][Bit] RN KeN 0 EEN & (
25 25 0.36+0.02  0.24 £0.05 91.2+1.1
30 25 0.37£0.02  0.21+0.01 92.8 +0.4
40 25 0.80+0.03  0.07+0.02 95.5+0.7
50 25 1.30+0.01  0.10+0.01 88.5+0.7
40 15 0.75+0.10 0.32+0.04 79.1+1.4
40 20 0.85+0.08 0.17+0.01 87.7+0.8
40 25 0.80+ 0.03 0.07+0.02 95.5+0.7
40 30 1.00+ 0.02 0.02+0.01 97.6 +0.5
40 35 1.09+ 0.34 0.02+0.02 97.0+0.9
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Fig. A.1: Speciation curve of [Ch][Bit] as a function of pH. This content was adapted from
the Chemspider chemical database [1].
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Figure. A.1l: Effect of concentratiorof THF on the stability of lipase frorBurkholderia
cepacia.The crude lipase feedstock was incubated at room temperature up to 24 h. The relative
activity was measured using a lipase assay. The lipase activity of phosphatepbuifed)(was

used as the control. The THF congatibns were expressed as (wt%). [2]
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Abstract

Aqueous biphasic systems (ABS) are relevant for the development of environmentally
friendly and fAbiocompatibled separation pro
(PEG) polymers present a limited range of applicability, due to the low poldrihe PEG
rich phase. To overcome this limitation, a new approach was recently proposed based on the
use of ionic liquids (ILs) as adjuvants in ABS, enlarging the polarity range of these systems.
This work addresses the use of imidazolbased ILs as ioniadjuvant compounds in the
formation of ABS, namelyotassium salts water + PEG 1500, 4000, 6000 and 8000). To
explore the differences induced by the presence of the IL as adjuvant the partition behavior of
two dyes, Chloranilic Acid and Rhodamine 6i&,analyzed and correlated with the phase

behavior and the IL distribution on the ABS under study.

Keywords:Aqueous Biphasic Systems, lonic Liquids, Adjuvant, Partition, Dyes
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1. Introduction

The applicatiorof aqueous biphasic systems (ABS) for ligligliid extraction processes
was originally proposed by Albertsson in 1988. These systems form two aqueous phases
that coexist in equilibrium due to the dissolution, at appropriate concentrations, of pairs of
solutes in watef2]. ABS composed of polymers (namely polyrpedtymer, @ polymersalt),
were recognized as Abi ocompati bl ed systems
substances, properties that make them well known as good systems to be applied in the recovery
and purification of biomoleculeg3]. Despite the welknown advantages offered by these
systems, such as low interfacial tension, good biocompatibility, fast and high phase separation
rates and low cod#, 5], their performance is however significantly affected by the limited
range of polarities of the coexisting phases, that can be an important issue to take into account
when the goal is to appthese systems in the extraction of biomolecules.

Since 20036], alternative ABS constituted by ionic liquids (ILs) have been proposed to
replace ABS based on polymeric matrices. Contrarily to the common pebased AES, they
do not suffer from high viscosity7, 8], formation of opaque aqueous solutions, and display a
much broader range of polaritig 9] since ILs cover the whole hydrophilicity/hydrophobicity
range[10, 11]. One of the main advantages of the application of ILs in ABS is the possibility
of manpulating their physicochemical propertigl®?] by a proper combination/manipulation
of the cation, anion and alkyl chains of the [1§]. Due to their advatages, these systems
have been extensively studigd4-16] and applied in the extraction of wide variety of
compounds such as amiagids[17-21], drugs[22], phenolic compound®1], alkaloids[23-
27], antibioticg 24, 28] and antiinflammatory compound®9], proteing30-33], enzymef30,
34, 35 and natural colorantg36]. When dealing with ILs very miscible in water at room
temperature, large concentrations of salts are necessary to promote the ABS formation, making

the extraction process more expersand less sustainable. The use of small quantities of ILs
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as adjuvant$20] appears as an alternative to overcome this difficulty. Pereira[@0hhave
demonstrated that the incorporation ov® of an IL in a polymer + salt ABS is capable of
modifying the polarities of both phases leading to more advantageous separation processes,
with improved extraction parametersi.€. higher partition coefficients and extraction
efficiencies).

This work focuses in the design of several quaternary systems, based in four polymers (PEG
1500, PEG 4000, PEG 6000 and PEG 8000), three potassium sf4KHPOQ: and the
potassium phosphate buffebHPQW/KH2PQy) and four imidazoliunbased ILs as adjuvants
([Comim]ClI, [Camim]ClI, [Cemim]Cl and [Gmim]CI) at 5 wt%. Thus, various parameters were
investigated in terms of their effect on the characteristics of the AB®ely the ILs cation
alkyl chain length, the polymers molecular weights, different potasbased salts and finally,
different pH values associated with the salt type applied. To evaluate this effect upon the
separation potential, the partition of twoedy Rhodamine 6G (R6G) and Chloranillic Acid
(CA), was investigated, and the results discussed based on the paftsmm IL in the various

ABS.

2. Experimental section

2.1. Materials

The present study was carried out using different polyethylene ghpdginers (average
molecular weight of 1500, 4000, 6000 and 8000 glnalbbreviated as PEG 1500, PEG 4000,
PEG 6000 and PEG 8000, respectively. These polymers were supplied by/Aiyiola and
were used as received. The inorganic salts used in thetfonméthe phase diagrams were the
potassium phosphate tribasic:f@Qs), the potassium phosphate dibasicHRQ:) and the

potassium phosphate buffer composed efiRQW/KH2PQOy at pH 7[37]. These salts were
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purchased from Sigmaldrich®, with purities higher than 98 wt%. The ILs studied were 1
ethyl3-methylimidazolium chloride ([@nim]Cl), 1-butyl-3-methylimidazolium chloride
([Camim]Cl),  1-hexyl3-methylimidazoliumchloride  ([@nim]Cl) and  Xmethylt3-
octylimidazolium chloride ([@mim]CI). All ILs were purchased from lolitec (lonic Liquid
Technologies, Germany). The Chloranilic Acid [CA, purity > 99 wt%] was purchased from
Merck and the Rhaaimine 6G (R6G, conteét95 wt%) was supplied by Sigrfddrich®. The
chemical structures of the ILs and dyes are presented in Fig. 1 (A and B) along with the

abbreviations used.

cr
fﬁ
_.\,_i/hj = A A
N u\_\/ ol Nj \/ \j

1-ethyl-3- limi li lori
sy -t iles gV R 1-methyl-3-octylimidazolium chloride

C,mim]Cl
L) [Cemim]Cl
cr ﬁ a ==
| -
—N | f_JrJ_Q \
NN T W, Y S
1-butyl-3-methylimidazolium chloride 1-hexyl-3-methylimidazolium chloride
[C,mim]Cl [Csmim]Cl

B

CI\ /OH
¢ / F = N s
= \ S N A Z NN W
o—( )=o [ T L]
\.\ _«'P " 2 ‘1,’,' S .‘_‘V{;.’ -\“CH,
/ \ . I E
HO' o Py ) -
= N H\‘o/ g “CH,
Chloranilic acid (CA) x Rhodamine 6G (R6G)

Q,/'

Fig. 1: Chemical structure, full name and abbreviation of the ILs (A) and dyes (B)

2.2. Phase Diagrams
The quaternary phase diagrams were determined at 29&(arfj at atmospheric pressure,

by the cloud point titration methd@0]. The quaternary systems were prepared considering
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stock solutions of each salt at 25 wt% plus 5 wt% of each IL, PEG at%Qlus 5 wt% of
each IL and finally, water solutions with 5 wt% of each IL studied. The systems composition
was determined by the weight quantification of all components added waithincertainty of
+ 10* g. The binodal curves data were correlated using the Merchuk eq[@8Jpdescribed

as follows:

0= Ax exp[(BX®) (CX¥)] (1)
where Y and X are respectively, the PEG and inorganic salt weight percentages.

2.3. Dyes partition

A mixture point into the bipasic region was selected, composed of PEG ait%g salt at
15 wt% and IL at 5 wt%, being used to evaluate the partition of both dyes, the Chloranilic Acid
(CA) and the Rhodamine 6G (R6G), by the combination of four imidazebased ILs
([C2mim]Cl, [Camim]ClI, [Csmim]Cl and [Gmim]CI), two polymers PEG 1500 and PEG 8000,
and by the application of the potassium phosphate buffer.

In the preparation of each extraction system, circa 0.30 mg of eastedyroduced into
the glass tubes already containinptl mass of the quaternary system of 5 g. The ABS was
then allowed to equilibrate at 298 {) K and atmospheric pressure conditions during 12 h to
reach equilibrium. The top and bottom phases were then carefully separated, and the partition
coefficiens of each dye and the IL were evaluated. Thus, the ILs (211 nm) and the dyes (332
nm for CA and 527 nm for R6G) were quantified in both phases, througWit)spectroscopy
using a SHIMADZU U\Z1700 Pharmespec spectrometer. The possible interferences fnem t
phase promoters (salt, IL and polymer) were taken into account and found to be of no
significance at the dilution levels used. Moreover, at least three samples of each extraction

system were prepared, being the IL and dyes precisely quantified induethus phases. Thus,
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the partition coefficients of both IL&( ) and dyesKaye) Were determined, in accordance with

Eq. 2 and 3:
, 0d-g,
0= wm— x Q
Yo G g, (2)
0al qio
D = T x 00
OGl i, (3)

where Abs : and Abg , are the absorbance data of IL in the top (RieB) and bottom (salt
rich) phases, Alge and Abgye represent the dye absorbance data in the top and bottom phases,

respectivelyanddf represents the dilution factor.

3. Results and Discussion

One of themajor drawbacks in the application of conventional polys@t based ABS is
their limited polarity window between both aqueous phases. In this context, the number of
studies describing new ABS and their application as extraction techniques is increasing.
Initially, this work studies the phase behavior of different quaternary ABS formed by different
combinations of PEG + potassium salts + water + imidazebased ILs, being ILs here
applied as adjuvants. In this work several parameters were investigateelythe salt, their
pH, the PEG molecular weight and the IL alkyl chain length.

The mass fraction solubility data of all systems are presented in Supporting Information
(Tables A.1 to A.6). The set of solubility curves obtained is discussed in thisewikg into
account two criteria(a) The effect of the various salts in the ABS formation of PEG 41500
based systems with and without IL{&) The effect of the PEG molecular weight in the
formation of ABS, using the potassium buffer solutionHRQy/KH2-PQy) at pH 7 and ILs as
adjuvants. All phase diagrams are presented in molality units to avoid discrepancies in the phase

diagrams behavior, which could be a result of the differences between the PEG, salt and IL
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molecular weightsAll binodal curves weradetermined at 298 (x 1) K and atmospheric
pressure. The data was correlated using Eq. 1 with the regression parameters reported in Tables
A.7 and A.8 Furthermore, the partition of two different dyes (here utilized as probe molecules)

is discussed based dhe information collected about the phase diagrams, since our main
objective is to evaluate the differences in the extraction capacity of these ABS induced by the

addition of ILs as adjuvants.

3.1. Analysis of the Phase Diagrams

3.1.1. Effect of Salts

The effect ofusing ILs as additives upon the formation of ABS composed by PEG 1500,
potassium phosphate salts [phosphate bufietfRQW/KH2POy (pH 7), KkHPOs or KsPQy] was
analyzed in this study (Fig. 2 and Figs. A.1 and A.2, Supporting Information). The results
depicta in Fig. 2 show that the presence of 5 wt% aoiniin]Cl-based ILs produce a small
effect in the ABS formation. In general, it seems that ILs with smaller chains, namely the
[C2mim]Cl, tend to increase the two phase region when compared with the rembag)ittgus
following the tendency: [@nim]Cl > [Camim]Cl > [Csmim]CI. This behavior is independent
of the salt used (KPQy/KH2PQs, Ko2HPOw and KPQy are depicted in Figs. 2, A.1 and A.2)
and it is in close agreement with the increase in the ILs hydrophahice, from [Gmim]CI
to [Csmim]CI. The analysis of the phase diagrams should start by the less complex ABS, namely
the PEG + salt + water (Fig. A.3, Supporting Information). In this Figure, the PEG 1500 + salt
+ water systems were depicted and the resuigygest that the ability of the various potassium
phosphate salts to form ABS follows the trenePRy> Ko2HPQy> K2HPQy/KH 2P Oy, describing
the weltknown Hofmeister serig@9)and t heo uitstalabinlgity of thes
added, the changes in the binodal carfalow the same trend observed for the PEG + IL +

water system$2], indicating that the ILs are preferentially interacting with the polyriodr
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phase, when the quaternary systems are considered. Because the interaction of the IL as
adjuvant is important to understatise characteristics of these new systems, the partition
coefficient of each IL (IK) tested was determined considering the PEG 1500 and PEG 8000

systems, both with the buffer solution (Fig. 3).
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Fig. 2: Binodal curves for the quaternary systems compo$&EG 1500 + KHPOQW/KH POy
(pH 7) + 5 wt% of ILs (when present) + water, at 298 (+ 1) K.

This salt was used, since it allows the pH to be kept constant during the partition experiments
avoiding changes in the charge of the molecykS 40]. The K. data were calculated
according to Eq. 2, taking into account the Pish phase as reference. Here, it seems that the
various ILs have diierent affinities for the PE@ich phase, which can be explained by their
interactions with each one of the phases. Moreover, when the results obtained fomtbeeK
compared considering both PEG 1500 and PEG 8000, in general, it becomes clearlthat the
migration for the top phase is favored for polymers with lower molecular weight. Meanwhile,
it is observed that the migration of the ILs species increases with the IL' hydrophobicity. The
exception observed for the §@im]Cl, seems to be related withet possible micelle formation
by the IL selfaggregation, which is promoted by the longer alkyl chains of this IL, helped by

the presence of the sabdtit owahgemt i sAacteagn
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phase formation is always the resoiita delicate balance between entropic effects (described

by the decrease in the sobubodliefyeand phen
presence of ILs) and the tendency of ILs to aaggregate when in aqueous mddid|. Their
selfaggregation only happens for ILs containing longkyladhains higher than 6 carbons (not
included) and above their corresponding critical micelle concentration (CMQ).
Furthermore, it is welk nown t hat the -pueédvencneduci ndgisal
responsible for the decrease of the CMC, facilitatingentbe aggregation of ILs, due to the

decreased reduction of the repulsion between the cation core §4dlps
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=
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K, Partition Coefficient
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[C,mim|Cl [C,mim]Cl [Cgmim|Cl [Cgmim]C1

Fig. 3: ILs distribution between the two phases in terms of their partition coefficiantdKd
their respective standard deviations, for systems based in PEG (1500 and 8000) 656 wt%
[Comim]CI + water + KHPOQW/KH2POy (pH 7).
3.1.2. Effect of Polymer

In this work, four PEGs (PEG 1500, PEG 4000, PEG 6000 and PEG 8000) were used to test
the formation of quaternary ABS using the same ILs as adjuvants. In this case, the polymer also
offers acertain level of tunability by the variation of the polymeric chain length and the average
molecular weight. This effect was analyzed by studying ABS formed by théssolution of
the potassium phosphate buffenLklPOQ/KH2PQy at pH 7) and 5 wt% of imidadium-based

ILs. Fig. 4 presents the binodal curves for PEG (1500, 4000, 6000 and 8000) +
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KoHPQWKH2POQw (pH 7) + water + IL. The influence of the PEG molecular weighbt &lkyl
chain length) on the phase diagrams is clear with the two phase megeasing in the order:
PEG 1500 < PEG 4000 < PEG 6000 < PEG 8000. Ttastas well described in literatufd3-

45]. PEGs with a higher molecular weight are more hydrophobic, facilitating the ABS

formation, since these polymers present a lower affinity for the water molebeirg, more
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Fig. 4: Binodal curves for the quaternary systems, at 298 (+ 1) K, composed of PEG (1500,
4000, 6000, and 8000) +:KPQ/KH2PQy (pH 7) + water + 5 wt% of [@nim]Cl (A), or 5
wt% of [Cemim]Cl (B).

Fig. 4 also shows thienpact of the [@mim]CI series on the phase separation. The binodal
curves are depicted in Figs. 4A and 4B fosrf@n]Cl and [Gmim]CI (respectively) for a better

analysis of their effects in the ABS formation. The remaining systems are depicted inAFigs. 5
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and 5B for [Gmim]Cl and [Gmim]Cl, respectively their behaviors being similar to those
reported in Fig. 4The binodal curves of Figs. 4A and 4B indicate that the IL effect upon the
phase separation is stronger for the IL with shorter alkyl che@éa$C.mim]ClI. In this case,

the binodal data of the systems with and without IL are more deviated from each other, and the
biphasic region of the system with IL is, in general, larger for the ternary system, being the only
exception observed for PEG 150Betmore hydrophilic polymer, with pghim]CIl. This
synergistic effect upon ABS formation of the more hydrophilic ILs was previously observed

for other low molecular weight PEG with various I29].
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Fig. 5: Binodal curves for the quaternary systems, at 298 (+ 1) K, composed of PEG (1500,
4000, 6000, an8000) + KkHPQY/KH2PQO, (pH 7) + water + 5wt% of [@nim]Cl (A), or 5wt%
of [Csmim]ClI (B).
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3.2. Dyes partition

It is previously shown that the presence of the IL does not have a significant impact upon
the phase separation. To further understand the nattines® systems, and the impact of the
use of the IL as adjuvant, partition studies of two probe dyes in ABS systems with and without
ILs were carried out. Rhodamine 6G (R6G) and the Chloranilic Acid (CA) (their structures
being presented in Fig. 1B) wereogptied in the partition tests due to their different natures
since at pH 7, the CA is negatively charged and R6G is mainly in its neutral form (the speciation
curves for these molecules are reported in Supporting Information, Figs. A.4 and A.5). The
resultsof the partition experiments are depicted in Figi)&d (i). These were done for the
following ABS: PEG 1500 and PEG 8000 + HPOW/K-HPO, + [Chmim]Cl. In addition, the
mass fraction of the systems, and the partition coefficients of ILs, CA and R&6Gha@wvn
respectively in Tables A.9, A.10 and A.11 (in Supporting Information). The results of Fig. 6
show that both dyes have more affinity for the more hydrophobic pKageX 1), the PEG
rich phase, which is in agreement with their octamaler parition coefficients (logkow > 1),
suggesting the hydrophobic interactions as the controlling forces of the dyes partition. However,
based on th&gyesdata, it seems that more than just the hydrophobic interactions control the
partition, which is modulatebly the ILs presence. The impact of the alkyl chain of the IL cation
upon the partition coefficients is opposite when both dyes are analyzed. While the anionic CA
becomes more concentrated, the neutral R6G follows the opposite trend and becomes less
concetrated in the PE@ich phase, as the additives changeniitn]CI to [Csmim]CI. These
results may be explained by additional interactions between the anionic CA and ILs, in
particular the electrostatic interactions. The more concentrated the IL in thei&Eghase
(according to Fig. 3 this increases with the alkyl chain length), the larger the partition of CA

towards this phase.
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Fig. 6: Partition coefficient results for th@ CA (Kca) and(ii) R6G (Krsc), by applying the
systems based in PEG (1500 &@00) + water + BHPQW/KH2PQy (pH 7) without and with

5 wt% of [Cxmim]Cl, at298 (£ 1) K The visual aspect of the extraction systems for CA and
R6G is depicted for systems based in PEG 8000.

The decrease observed fogf@m]Cl further supports this behawi(Kicsmimicl is the lowest).
Associated with the lowest amount ofgfim]Cl system in the PE®&ch phase (Fig. 3), the
CA partition coefficient is also influenced by the IL saffgregation[46], since this
phenomenon is promoting the alteration of the interactions acting in thaeopactitthe dye
when different ILs with shorter and longer alkyl chains are compared. A decrease in the IL
concentration in the PE@Gch phase has a direct and proportional impact in the CA migration.

The neutral R6G presents a different behavior. Sinsenitt charged, the presence of the IL in
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the PEGrich phase becomes deleterious to the partition of the compound towards this phase,
due to the enhanced polar and Coulombic interactions that would be present on this phase due
to the IL. As the concentrain of the IL in the PE@ich phase increases with the alkyl chain
length then the partition becomes less favorable towards this phase. Meanwhile, when the whole
picture is observed, it seems that, despite the clear affinity of both dyes for thecRpGse,

when the ILs are not present, the partition coefficients of both dyes are higher. This can be
easily explained by the increased hydrophobic nature of the-rikBGpohase[47]. It is

noticeable the huge impact that a small quantity of IL has on the dyes partition.

4. Conclusions

The effect of ILs used as adjuvants in small concentrations (5 wt%), in the ABS ssdanpo
of PEG with some potassium salts is here investigated. It is shown that, while in most cases the
effect is small, it seems that the presence of ILs with smaller chains tend to increase the two
phase region, being this behavior independent of the saiteted. In this specific work, all
ILs have higher interaction with the most hydrophobic phase, the pelyohgohase, which is
shown by the partition coefficients of the ILs investigated. This migration of the adjuvants
seems to be favored when polymmevith lower molecular weights are presented. The results
obtained from a more general analysis suggest that synergistic effects are playing a key role
upon ABS formation.

The performance of the ILs as additives was further investigated through theoEthdy
partition coefficients of Rhodamine 6G and the Chloranilic Acid, being established that while
the presence of a small concentration of additive may have a minor effect upon the ABS
formation it has a major impact in the PEiGh phase characterissicand thus on the partition
coefficients of the dyes studied. Although both dyes have a higher affinity for thei€G
phase, their partition coefficients react differently to the presence of the IL depending on the
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charge of the dye, and thus on theliadnal interactions that the IL induces in the REth

phase.
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Table A.1: Binodal weight fraction data for the systems composed of PEG 1500 (1) +
[K2HPQy] (2) +5 wt% of ILs (when present) H2O at 298 £ 1) K. The uncertainty associated
with the wei g hllcomponenistaddgdcisanithinaftf) o f

no IL [C2mim]ClI [Camim]CI [Cemim]ClI [Csmim]ClI

100wn 100wz 100wa 100w, 100wz 100w, 100wi 100w. 100wa 100w:

68.33 0.44 44.23 2.33 69.28 0.57 66.69 0.16 68.06 0.36
60.02 0.79 41.31 2.62 63.70 0.77 47.40 1.28 62.93 0.75
53.41 1.02 38.84 291 55.31 1.26 44.57 1.73 60.37 0.86
50.00 131 36.73 3.19 42.80 2.05 39.52 2.04 56.35 1.09
47.79 1.34 34.84 3.41 41.33 2.26 37.72 2.38 52.25 1.31
46.78 1.68 33.56 3.67 39.51 241 36.29 2.72 49.23 1.50
43.77 1.95 32.40 3.89 38.42 2.68 35.02 2.86 45.63 1.68
42.08 2.16 31.39 4.07 37.37 2.81 33.74 3.20 44.15 1.88
40.15 2.29 30.32 4.26 36.20 3.03 32.97 3.28 42.61 2.03
38.69 2.47 28.24 4.68 34.93 3.18 32.42 3.41 41.51 2.22
37.72 2.68 27.47 4.81 33.25 3.38 31.57 3.50 39.97 2.40
36.44 2.84 25.02 5.52 32.94 3.46 31.06 3.61 38.80 2.49
35.34 3.00 23.70 5.84 32.46 3.55 30.27 3.68 37.57 2.65
34.30 3.17 22.45 6.22 31.91 3.65 29.85 3.80 36.41 2.76
33.37 3.33 21.14 6.63 31.63 3.77 29.23 4.02 35.85 2.92
32.30 3.45 20.19 6.96 31.22 3.85 28.10 4.22 35.04 3.08
31.77 3.62 19.18 7.33 30.43 411 27.25 4.51 33.84 3.14
30.97 3.73 18.25 7.69 29.62 4.20 26.53 4.66 3265 3.23
30.34  3.89 16.08 8.53 29.08 4.33 26.05 4.81 31.87 3.36
2972 4.01 15.55 8.81 28.62 4.39 25.41 4.96 31.14 3.68
29.53 4.06 14.20 9.37 28.40 451 24.90 5.14 3045  3.77
28.84 4.25 13.12 9.84 28.01 4.56 24.48 5.28 30.11 3.87
28.24 438 1191 10.39 27.68 4.72 24.01 5.48 29.72 4.00
2761 451 10.59 10.99 27.12 4.75 23.42 5.61 29.20 4.08
27.09 461 9.66 11.43 26.87 4.88 22.97 5.76 28.77 4.19
26.42 4.82 8.64 11.97 26.52 4.94 22.51 5.88 28.25 4.29
26.10 4.87 7.57 1253 26.13 5.02 22.11 6.05 27.81 4.35
25.17 5.10 6.45 13.13 25.93 5.10 21.54 6.24 27.43  4.48
24.77 5.20 5.81 13.59 2549 5.20 20.91 6.56 27.01 4.56
24.18 5.38 451 1429 25.04 5.36 20.51 6.63 26.69 4.66
23.57 5.59 3.77 14.87 24.28 5.59 19.88 6.89 26.25 4.73
23.24  5.67 3.08 15.77 23.80 571 19.52 7.00 25.92 4.84
22.92 5.76 2.33 16.92 23.38 5.87 19.25 7.11 25.62 4.94
22.60 5.84 1.54 18.07 23.02 5.98 18.88 7.29 25.29 5.00
22.04 6.07 0.77 19.82 22.80 6.09 18.59 7.43 25.00 5.10

21.73  6.13 22.55 6.17 18.30 7.53 24.75  5.18
21.45  6.20 22.19 6.23 17.93 7.66 24.44 529
20.98 6.38 21.95 6.41 17.62 7.82 24.04 534
2054 6.1 21.73 6.43 17.12 8.05 23.82 5.43
20.32  6.60 21.56 6.49 16.70 8.26 23.34 5.60
19.91 6.76 21.21 6.59 16.30 8.43 22.98 5.66
19.49 6.88 21.03 6.72 15.99 8.60 22.77 5.74
1911  7.03 20.60 6.83 15.69 8.74 2255 5.82
18.78 7.14 20.25 6.98 15.49 8.82 2235 591
18.45  7.27 19.99 7.06 15.21 8.95 21.91 6.04
18.08 7.41 19.63 7.19 14.81 9.15 21.61 6.08
17.95 7.47 19.27 7.39 14.51 9.27 21.33 6.23
17.77  7.53 19.04 7.44 14.06 9.49 21.08 6.27
1746  7.64 18.52 7.63 13.69 9.69 20.75  6.46
17.33 7.70 17.76 7.97 13.43 9.80 20.40 6.56
17.02 7.81 17.37 8.13 13.17 9.98 20.14 6.60
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16.73
16.45
16.18
15.79
15.68
15.40
15.10
14.77
14.41
14.30
14.11
13.81
13.56
13.31
13.13
12.80
12.56
12.34
11.97
11.56
11.40
11.02
10.82
10.38
10.21
9.70
9.47
9.24
8.99
8.41
8.09
7.80
7.58
7.34
6.65
6.39
6.11
5.90
5.28
491
4.66
431
4.01
3.64
3.25
3.18
2.98
2.52
2.25
1.28
1.76
0.70
0.45

7.93
7.91
8.01
8.17
8.22
8.32
8.46
8.58
8.76
8.80
8.87
9.00
9.12
9.23
9.29
9.45
9.54
9.63
9.78
10.24
10.35
10.51
10.62
10.80
10.91
11.10
11.24
11.38
11.53
11.73
11.88
12.02
12.19
12.36
12.60
12.77
12.94
13.09
13.33
13.52
13.70
13.90
14.19
14.38
14.61
14.77
14.98
15.23
15.74
17.00
16.24
18.28
24.50

16.92
16.45
15.72
15.40
14.81
14.23
13.82
13.51
12.83
12.33
11.63
11.13
10.87
10.17
9.31
8.18
7.55
6.70
6.33
5.57
4.68
4.27
3.51
2.69
2.16
1.39

8.36
8.52
8.88
9.06
9.30
9.66
9.80
10.00
10.33
10.60
10.94
11.26
11.42
11.89
12.31
13.03
13.35
13.84
14.17
14.72
15.24
15.62
16.36
17.50
23.01
24.36
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12.71
11.86
11.08
9.93
9.29
8.86
8.17
7.70
7.24
6.85
6.39
5.96
5.47
5.00
4.53
4.07
3.53
3.04
2.43
1.73
0.87

10.27
10.74
11.21
11.86
12.22
12.53
12.92
13.40
13.60
13.91
14.27
14.61
14.96
15.37
15.85
16.25
16.92
17.81
18.85
20.71
22.66

19.97
19.80
19.63
19.48
19.28
19.13
18.91
18.78
18.64
18.49
18.25
18.08
17.92
17.81
17.71
17.58
17.43
17.33
17.11
17.01
16.83
16.73
16.61
16.48
16.18
16.06
15.95
14.75
14.47
14.20
14.06
13.87
13.57
13.34
13.24
13.10
12.92
12.25
11.96
11.56
11.38
11.00
10.66
10.29
10.07
9.68
9.24
9.05
8.67
8.42
7.89
7.62
7.40
7.07
6.88
6.58
6.37
6.21
5.77
5.06

6.65
6.72
6.78
6.86
6.90
6.96
7.05
7.10
7.13
7.18
7.32
7.36
7.41
7.47
7.53
7.57
7.63
7.66
7.77
7.80
7.89
7.91
7.95
8.00
8.16
8.21
8.24
8.87
9.00
9.14
9.19
9.31
9.44
9.56
9.62
9.69
9.79
10.13
10.28
10.47
10.59
10.79
10.98
11.16
11.31
11.49
11.72
11.85
12.07
12.23
12.49
12.69
12.83
12.95
13.10
13.26
13.41
13.57
13.80
14.31



4.86
4.16
3.78
3.63
3.30
3.17
2.66
2.21
1.83
1.36
0.94
0.43

14.58
14.97
15.25
15.43
15.67
16.01
16.51
16.88
17.57
18.81
22.35
24.79
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Table A.2: Binodal weight fraction data for the systems composed of PEG 1500 (3P&4K

(2) +5 wt% of ILs (when present) H>O at 298 £ 1) K. The uncertainty associated with the

weight quantiycation of a'%! components
no IL [Czamim]ClI [Camim]CI [Cemim]ClI [Csmim]ClI
100w:s 100wz  100w: 100wz 100wz 100wz  100wa 100w 100wz 100w
68.08 070 4570 192 67.88 044 6857 036 69.65 0.36
57.62 112 4160 238 6358 084 6170 067 63.12  0.67
51.08 144 4032 242 5821 101 5844 103 5699 1.01
47.62 177 3877 266 5405 122 5362 128 4977 117
4242 221 3723 296  40.75 210 4953 157 4786  1.37
4125 249 3504 319  40.02 231 4559 182 4588 154
39.11 268 3394 330 39.09 239 4262 207 4377 172
3763 284 3259 355 3036 438 4026 222 4135 1.88
36.77 312 3162 366 2932 465 3872 249 4040 2.07
3520 324 3055 3.8 2863 477 37.02 265 3880 259
3449 352 2951 408 2837 480 3584 278 3783 275
3298 369 2851 431 2786 496 3497 294 3690 2.88
31.63 404 2729 445 2745 509 3371 3.06 3611  3.02
30.11 445 2650 461 2685 533 3343 323 3512  3.16
2853 458 2574 477 2636 535 3286 344 3391 342
2810 476 2391 529 2579 564 31.86 358 3285 3.73
2753 493 2256 562 2525 569 31.08 372 3153 3.94
2691 507 2101 613 2482 584 3052 391 3053  3.99
26.24 516 2003 633 2445 595 2993 402 3010 4.12
25,76 531 1889 672 2405 6.07 2916 410 2948  4.23
25.17 541 17.89 7.06 2350 6.19 2874 424 2907 4.34
2459 564 1688 7.39 2325 623 2841 433 2854  4.43
2418 579 1578 7.78 2287 633 28.02 445 2815 454
23.78 589 1503 806 2256 644 2763 460 2765 461
2310 611 1435 829 2227 653 2716 461 27.34 473
2279 611 1340 868 2188 6.68 2670 474  26.66  4.93
2259 623 1251 9.00 21.78 670 2631 489 2620  4.98
2222 632 1141 943 2149 677 2577 498 2581 510
2195 637 1042 9.84 2127 686 2543 510 2534 531
21.76  6.49 1074 9.69 21.04 693 2495 517 2475 534
21.36  6.55 8.62 1057 20.77 7.03 2466 526 2446 545
21.06  6.61 7.02 1135 2067 7.07 2434 536 2409 549
20.65  6.78 544  12.06 2044 7.14 2376 568 2369  5.66
20.36  6.87 440 1274 2007 7.33 2285 592 2346 572
20.16  6.93 348 1346 1982 742 2231 610 2322 579
19.97  6.99 293 1379 1956 7.49 2161 629 2295 587
19.29  7.23 248 1415 1922 7.62 2095 653 2272 594
18.40  7.55 215 1453 1889 7.77 2050 6.66 2247  6.02
17.60  7.85 208 1499 1872 7.82 2011 682 2227 6.08
16.66  8.20 165 1834 1850 7.90 1961 6.96 2189 6.21
15.70  8.57 1.10 19.62 18.16 8.06 1931 7.13 2151  6.43
15.10  8.83 18.01 811 1891 7.28 2110  6.47
14.19  9.19 17.79 818 1854 738  20.88  6.53
13.26  9.57 17.49 831 1827 753 2049  6.67
12.26  9.96 17.35 839 18.02 7.60 20.18 6.80
11.28  10.35 17.11 847 1767 7.74 2001  6.85
10.40  10.74 16.84 860 1751 7.79 1985  6.91
9.34 1115 16.60 870 17.32 7.90 19.69  6.95
8.35  11.58 16.26  8.87 1699  8.02 1954  7.00
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7.32
6.27
5.23
4.77
3.82
3.05
1.16
0.98
0.85
0.71

12.13
12.67
13.18
13.52
14.04
14.75
17.86
18.40
18.90
24.49

16.06
15.83
15.60
15.44
15.17
15.02
14.67
14.46
14.26
14.07
13.85
13.48
13.27
13.06
12.97
12.80
12.66
12.55
12.32
12.16
11.98
11.78
11.55
11.35
11.11
10.95
10.80
10.59
10.47
10.18
10.08
9.76
9.45
9.17
8.86
8.69
8.18
7.51
6.79
6.08
5.66
4.94
3.98
3.52
3.03
2.62
2.10
1.60
1.10
0.68
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8.93

9.03

9.13

9.20

9.33

9.40

9.59

9.69

9.77

9.85

9.95

10.24
10.35
10.45
10.46
10.55
10.61
10.65
10.77
10.84
10.93
11.05
11.16
11.24
11.37
11.45
11.53
11.65
11.70
11.85
11.89
12.07
12.23
12.40
12.56
12.66
12.93
13.31
13.76
14.20
14.50
15.24
15.75
16.18
16.63
17.24
17.67
18.86
22.82
24.61

16.59
16.47
16.29
16.02
15.86
15.65
15.54
15.39
15.06
14.64
14.32
14.06
13.63
13.39
13.16
13.03
12.92
12.67
12.56
12.41
12.31
12.20
11.99
11.88
11.78
11.63
11.45
11.30
11.21
11.08
10.94
10.85
10.74
10.64
10.56
10.40
10.26
10.16
9.99
9.87
9.65
9.50
9.33
9.24
9.13
9.06
9.00
8.92
8.84
8.74
8.68
8.60
8.51
8.39
8.28
8.19
8.13
8.05
7.97
6.57

8.23

8.39

8.48

8.58

8.64

8.77

8.80

8.89

9.07

9.24

9.44

9.58

9.79

9.90

10.02
10.08
10.15
10.28
10.34
10.43
10.48
10.54
10.65
10.71
10.76
10.86
10.95
11.06
11.10
11.16
11.27
11.30
11.37
11.43
11.47
11.59
11.64
11.71
11.81
11.91
12.04
12.12
12.24
12.29
12.37
12.41
12.44
12.49
12.54
12.61
12.63
12.70
12.74
12.84
12.91
13.00
13.01
13.04
13.08
14.32

19.38
19.10
18.92
18.65
18.49
18.34
18.20
18.04
17.82
17.68
17.47
17.35
17.13
16.99
16.88
16.60
16.49
16.29
16.18
16.00
15.52
15.40
15.29
15.23
15.07
14.96
14.80
14.73
14.48
14.38
14.26
14.12
14.05
13.91
13.82
13.71
13.58
13.51
13.24
13.13
12.97
12.89
12.77
12.69
12.54
12.44
12.33
12.25
12.11
12.02
11.95
11.84
11.78
11.66
11.50
11.40
11.27
11.16
11.07
10.89

7.04
7.17
7.22
7.36
7.40
7.45
7.51
7.56
7.67
7.70
7.80
7.84
7.96
8.00
8.05
8.18
8.22
8.32
8.35
8.44
8.84
8.89
8.92
8.96
9.03
9.06
9.13
9.17
9.29
9.32
9.39
9.46
9.50
9.56
9.58
9.64
9.69
9.72
9.84
9.91
10.02
10.04
10.10
10.12
10.21
10.26
10.31
10.34
10.43
10.48
10.49
10.56
10.57
10.66
10.72
10.78
10.86
10.89
10.93
11.02
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6.41
6.12
5.70
5.53
5.37
5.25
5.17
5.05
4.92
4.26
3.63
3.51
3.14
3.09
3.00
2.94
2.85
2.78
2.64
2.54
2.42
2.36
2.26
2.21
2.17
2.12
2.03
1.98
1.90
1.77
1.61
1.47
1.38
1.30

14.30
14.53
14.83
14.99
15.12
15.22
15.25
15.35
15.47
16.59
17.77
17.85
18.55
18.58
18.63
18.68
18.75
18.82
18.94
19.05
19.15
19.18
19.24
19.29
19.33
19.36
19.45
19.50
19.66
19.76
20.03
20.19
20.34
20.49

10.75
10.61
10.42
10.30
10.24
10.17
10.02
9.93
9.86
9.80
9.69
9.57
9.44
9.37
9.30
9.25
9.19
9.13
9.07
9.01
8.95
8.89
8.83
8.80
8.68
8.65
8.60
8.54
8.46
8.41
8.36
8.31
8.28
8.22
8.18
8.13
8.09
8.04
7.98
7.92
7.88
7.83
7.75
7.71
7.66
7.62
7.57
7.55
7.49
7.45
7.41
7.37
7.30
7.28
7.21
7.18
7.10
7.06
7.00
6.96

11.08
11.16
11.25
11.34
11.35
11.38
11.46
11.52
11.57
11.60
11.64
11.71
11.77
11.83
11.85
11.89
11.92
11.95
11.98
12.01
12.05
12.08
12.10
12.11
12.18
12.19
12.22
12.26
12.29
12.32
12.35
12.38
12.39
12.43
12.45
12.47
12.50
12.52
12.57
12.60
12.62
12.65
12.62
12.64
12.67
12.69
12.72
12.72
12.77
12.79
12.82
12.83
12.89
12.89
12.93
12.94
13.01
13.02
13.06
13.08



6.95
6.68
6.18
5.80
5.26
4.83
4.50
4.05
3.62
2.87
2.60
2.39
2.16
1.82
1.24
0.81

13.09
13.10
13.36
13.62
13.94
14.25
14.52
14.90
15.35
15.89
16.07
16.32
16.73
17.40
18.36
24.58
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Table A.3: Binodal weight fraction data for the systems composed of PEG 1500 (1) +

[K2HPQY/KH2PQy] (2) +5 wt% of ILs (when present) H.O at 298 £ 1) K. The uncertainty

associated with the weight quanti*gcation
no IL [C2mim]ClI [Camim]CI [Cemim]ClI [Csmim]ClI
100wa 100wz 100wa 100w, 100wi 100w 100wy 100wz 100w 100w
4550 1.85 43.03 244 5952 1.26 67.11 0.73 44.74 2.23
4316 221 4046 2.74  55.79 1.51 61.69 1.03 43.37 2.35
4164 253 3875 296  53.13 1.70 58.96 1.33 42.44 2.46
39.57 282 3718 320 5014 1.78 54.36 1.49 41.62 2.62
37.82 293 3562 341 4853 2.01 50.90 1.75 40.62 2.76
36.57 3.17 3438 3.66  46.15 2.15 47.39 1.94 39.48 2.89
34.94 354 3296 3.93 4546 2.18 45.15 2.12 38.56 3.00
33.85 3.82 3139 417 4411 2.35 43.54 2.36 37.46 3.22
31.95 417 3036 4.33 4299 2.52 41.47 2.50 36.30 3.41
31.04 435 2885 471 4182 2.67 40.56 2.67 35.64 3.50
30.26 449 28.04 4.83  40.79 2.79 39.22 2.85 35.01 3.60
29.44 466 26.73 515  39.42 2.93 38.42 3.02 34.03 381
28.68 4.82 2558 546  38.38 3.11 37.10 3.18 33.00 4.02
27.88 503 2483 562 3792 3.14 35.68 3.45 32.07 4.20
26.93 534 2380 594 @ 36.62 3.42 34.86 3.57 30.99 4.43
26.10 560 2266 6.29 35.80 3.54 34.23 3.70 30.59 4.52
25,53 577 2133 6.75  34.98 3.65 33.66 3.82 30.20 4.61
25.00 590 2046 7.03 @ 34.21 3.78 33.02 3.94 29.92 4.68
24.16 6.21 19.64 7.27  33.75 3.90 32.36 4.07 29.23 4.84
2342 647 1848 7.74  32.98 4.04 31.84 4.17 28.33 5.06
22,66 6.73 1758 8.07  31.99 4.26 31.28 4.28 27.21 5.36
22,00 6.92 1655 850  30.62 4.57 30.79 4.40 25.74 5.79
21.14 729 1555 8.93  29.52 4.84 30.29 4.51 24.37 6.22
20.26 7.60 14.76 9.28  28.48 5.10 29.56 4.73 22.54 6.85
19.77 7.83 13.80 9.74  27.20 5.47 29.06 4.84 20.26  7.36
19.27 800 13.13 10.04 26.10 5.78 28.61 4.94 18.07 8.14
1858 8.31 1248 10.34 24.38 6.34 28.38 5.05 17.13  8.53
17.94 858 894 1226 21.73 7.34 27.91 5.15 16.40 8.94
17.43 878 7.96 1280 21.40 7.48 27.36 5.32 15.64 9.28
16.72 9.11 6.83 13.43 20.64 7.79 27.01 5.37 15.08  9.50
16.08 9.43 6.22 1392 20.01 8.07 26.51 5.53 14.82 9.64
1547 972 561 1435 19.23 8.39 26.03 5.66 14.68 9.76
1505 994 491 1462 18.60 8.69 25.44 5.87 14.46  9.85
1452 1020 3.82 1529 18.01 8.97 24.83 6.07 14.24  9.97
1391 1053 3.13 16.16 17.44 9.25 24.32 6.24 14.07 10.09
13.45 1075 2.49 17.07 17.23 9.41 23.72 6.46 13.90 10.23
1294 11.01 173 1847 16.81 9.56 23.25 6.62 13.61 10.39
12.62 11.17 16.64 9.69 23.01 6.69 13.30 10.58
12.22  11.38 15.92 10.03 22.55 6.85 13.10 10.74
11.42 11.85 15.41 10.29 21.94 7.09 12.84 10.90
10.92 12.06 14.74  10.67 21.47 7.26 12.47 1111
10.63 12.21 14.19 10.99 21.01 7.52 12.20 11.27
10.26  12.44 13.50 11.38 20.72 7.67 12.02 11.43
9.96 12.60 13.14  11.63 20.01 7.95 11.77 11.59
9.66 12.77 12.89 11.81 19.63 8.14 11.58 11.72
9.40 12.90 12.11 12.25 19.01 8.39 11.19 11.95
9.16 13.04 11.93 12.38 18.64 8.58 10.88 12.13
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8.98
8.75
8.51
8.28
8.09
8.01
7.82
7.60
7.44
7.27
6.76
571
5.20
4.57
4.05
3.64
3.00
2.36
1.86
1.20

13.15
13.26
13.40
13.53
13.64
13.67
13.79
13.92
14.01
14.11
14.25
14.88
15.21
15.80
16.30
16.75
17.39
17.97
18.90
20.88

11.58
11.12
10.36
9.92
9.23
8.24
7.47
6.99
6.40
5.78
5.25
4.65
3.55

12.59
12.92
13.36
13.73
14.16
14.71
15.34
15.80
16.22
16.68
17.05
17.85
18.99

18.22
17.66
17.08
16.50
15.76
15.07
14.84
14.17
13.88
13.63
13.23
12.58
11.94
11.58
10.91
10.53
10.08
9.58
9.09
8.61
8.18
7.57
7.03
6.44
5.83
5.19
4.65

8.81

9.06

9.29

9.56

9.99

10.35
10.56
10.87
11.07
11.30
11.55
11.92
12.30
12.57
12.99
13.29
13.64
14.01
14.45
14.82
15.25
15.71
16.19
16.71
17.26
17.76
18.56

10.63
10.48
10.16
9.85
9.54
9.28
8.88
8.57
8.19
7.82
7.38
6.98
6.67
6.30
5.87
5.39
4.84
4.28
3.70

12.31
12.48
12.69
12.90
13.09
13.28
13.52
13.84
14.13
14.39
14.67
14.95
15.22
15.59
16.03
16.54
17.05
17.87
18.90
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Table A.4: Binodal weight fraction data for the systems composed of PEG 4000 (1) +

[K2HPQY/KH2PQy] (2) +5 wt% of ILs (when present) H.O at 298 £ 1) K. The uncertainty

associated with the weight quanti*gcation
no IL [Czamim]ClI [Camim]CI [Cemim]ClI [Csmim]ClI
100w:s 100wz  100w: 100wz 100wz 100wz  100wa 100w 100wz 100w
4541 176 4485 232 4530 193 4592 186  39.37 247
43.40 193 4168 271 4421 204 4359 203 3758 263
4193 208  40.08 3.02 4320 212 4255 215 36.73  2.68
40.48 237  37.63 3.13 4204 229 4134 241 3605 281
3832 264 3654 331 3993 255 3927 254 3509 2093
36.72 293 3550 348 3821 272 3787 268 3450  3.07
3488 314 3450 367 3715 291 3675 281 3360 3.17
3343 325 3305 378 3565 3.05 3591 298 3274 3.26
3267 337 3206 394 3464 325 3491 310 3187 3.53
32.07 343 3105 423 3303 352 3423 323 3083 3.76
3140 353 2942 451 3178 361 3320 333 2999  3.88
3040 387 2792 472 3104 376 3253 346 2926  3.97
2939 393 2621 516 3027 389 3200 356 2853  4.23
28.63 413 2494 539 2962 401 31.04 368 27.05 4.46
28.04 423 2356 578 2897 413 3041 383 2563 485
2740 439 2234 607 2831 427 2983 395 2427 510
26.62 453 2134 633 2746 453 2930 406 2228 568
25.78 469 2010 6.78 26.85 467 2878 416  21.07  6.02
2545 478  19.06 7.10 2633 476 2827 429 2015 6.32
2483 496 1812 7.40 2584 487 2779 438 1941  6.55
2445 501 1674 790 2534 496 2729 447 1866  6.81
2390 515 1540 840 2466 518 2618 476  17.92  7.05
2332 534 1431 882 2422 525 2576 485 17.37 725
2293 541 1331 926 2355 545 2534 494 1675  7.48
22,61 547 1241 964 2313 551 2477 514 1622  7.69
2220 556 1142 1005 2257 569 2370 539 1576  7.89
21.70 574 1049 1046 2198 588 23.33 548 1525 8.10
21.27  5.85 9.77 1080 2160 596 2300 555 1472 832
20.95  5.89 9.65 10.84 2122 6.06 2278 564 1417 855
20.50  6.03 8.96 1118 2073 622 2250 570 1360  8.80
20.27  6.10 8.05 1161 2023 635 2203 586 1299  9.07
19.85  6.25 578 1273 1965 657 21.63 588 1237 9.36
19.42  6.40 459 1345 19.12 6.82 2123 6.02 1195 9.58
19.11  6.45 376 1404 1887 691 2093 6.09 1158  9.80
18.53  6.74 251 1490 1817 7.15 2050 627  11.13  10.04
17.90  6.89 196 1546 1759 7.36  20.17 637 1042 10.36
17.58  6.98 144 1681 17.17 753  19.78 6.51 9.61  10.80
17.29  7.06 091 2223 1654 7.76 1952  6.58 9.35  10.93
16.94  7.20 16.11  7.95  19.15  6.70 9.05  11.09
16.68  7.27 15.41 822  18.87  6.79 8.78  11.27
16.25  7.50 14.94 843 1844  6.97 8.16  11.58
1255  8.93 1456 858 1829  7.02 7.84 1176
11.75  9.22 14.19 875  18.10 7.06 749  11.94
11.23 945 13.65 898  17.70  7.24 7.14  12.13
10.73  9.68 13.25 920  17.43  7.34 6.45  12.42
10.18  9.92 12.63 946 1720 7.41 6.21  12.70
9.57  10.20 12.16 971 17.05  7.70 543  13.05
8.95  10.49 11.64 9.97 1659  7.88 513  13.24
8.39  10.78 11.44 1010 16.12  8.06 472  13.49
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7.71
6.97
6.63
5.81
5.44
4.55
411
3.68
3.23
2.73
2.28
1.80
1.28
0.90

11.10
11.44
11.59
11.96
12.23
12.63
12.93
13.21
13.53
13.83
14.34
14.91
15.79
21.17

10.89
10.40

9.78
9.15
8.50
7.90
7.61
6.88
6.11
5.67
531
4.90
4.48
3.96
3.49
2.92
2.48
1.93
1.30
0.65

10.34
10.61
10.92
11.25
11.58
11.90
12.14
12.52
12.92
13.15
13.42
13.71
14.02
14.32
14.80
15.17
15.80
16.53
17.82
20.21

15.70
15.39
15.10
14.55
14.22
13.86
13.49
13.14
12.80
12.61
12.20
11.73
11.52
11.14
10.65
10.42
10.19
9.63
9.36
9.04
8.40
8.12
7.73
7.15
6.37
6.00
5.62
5.18
4.78
4.37
3.68
3.22
2.70
2.28
1.76
1.19

8.24
8.39
8.54
8.75
8.92
9.10
9.28
9.44
9.62
9.73
9.94
10.18
10.34
10.53
10.78
10.95
11.08
11.37
11.58
11.80
12.13
12.36
12.62
13.10
13.51
13.79
14.09
14.43
14.74
15.08
15.73
16.10
16.72
17.36
18.33
19.99

4.33
3.93
3.53
3.07
2.80
2.34
1.77
1.24
0.69

13.72
14.06
14.30
14.57
14.89
15.45
16.03
17.12
20.06
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Table A.5: Binodal weight fraction data for the systems composed of PEG 6000 (1) +

[K2HPQW/KH2PQy] (2) +5 wt% of ILs (when present) HoO at 298 £ 1) K. The uncertainty

associated with the weight quanti*gcation
no IL [Czamim]ClI [Camim]CI [Cemim]ClI [Csmim]ClI

100w:s 100wz  100w: 100wz 100wz 100wz  100wa 100w 100wz 100w
51.08 1.03 4581 2.06 4743 170 4591 166 4630 161
47.40 145 4187 258 4450 198 4387 188 4377  1.87
4554 157  39.39 298  43.02 221 4282 199 4244 199
4318 196  36.78 324 3920 261 4176 215 4043 215
40.07 220 3420 350 3810 282 3980 239 39.02 234
37.99 247 3203 381 3647 3.02 3827 256 37.36 247
36.27 275 3026 407 3505 317 3630 279 3627 261
3459 293 2886 431 3384 336 3423 3.07 3523 280
3311 313 2731 451 3300 355 3240 343 3352 3.12
31.88 327 2553 499 3191 360 3093 3.64 3266  3.22
31.22 337 2437 521 3044 392 2972 38 3181 3.32
3051 352 2328 536 2980 407 2788 421 3039  3.60
29.84 366 2205 575 2893 433 2585 470 29.14 381
2891 378 2086 6.07 27.78 457 2526 480 2863 3.1
28.32 394 1981 637 2662 484 2313 532 2732 421
27.72 406  19.07 651 2585 486 2217 557 2453  4.82
26.89 418 1817 6.81 2523 503 2120 583 2199 545
26.38 429 1742 7.01 2471 511 2056 6.01 2052 584
2591 436 1669 723 2380 532 1913 643 17.74  6.63
2525 456 1567 752 2338 540 1880 653 1570  7.28
2477 462 1470 7.85 2275 559 1832 671 1403  7.84
2438 474 1374 824 2162 583 1577 761 1321 833
2391 485 1288 856 2038 619 1375 843 1208 881
2327 494 12115 885 1930 6.47 1235 9.05 11.04  9.28
2289 501 1145 914 1837 6.78 11.06  9.69 9.83 9.84
2248 512 1067 9.44 1766 699 1007 10.17 8.63 1041
22.07 5.24 9.92 9.76 1654  7.34 878 1086 7.72  10.87
21.32 541 9.21  10.08 16.21  7.48 763 1152 675 11.36
20.63  5.60 845 1038 1515  7.82 6.69 1213 542  12.02
19.92  5.82 843 1039 1415  8.22 528 1299 436  12.62
19.26  5.98 6.98  11.02 13.32  8.53 444 1358 330  13.20
18.85  6.02 538 1176 1253  8.84 4.03 13.88 2,67 13.64
1825  6.21 441 1228 11.14  9.44 355 1423 205 14.14
17.64  6.42 263 1333 1088  9.56 319 1463 177  14.40
17.14  6.56 225 1372 1006  9.97 273 1499 140  14.86
16.60  6.58 150 1449 917 1038 215 1566 1.08  15.24
1546  6.95 1.10 1521 7.87 10.96 167 16.16 075 = 15.99
13.85 7.51 6.84 1147 1.38 17.21 041  20.25
10.67  8.75 6.10 1188 0.89  20.02

6.29  10.67 481 1250

496  11.28 3.93  13.00

3.90 1181 345  13.30

2.82  12.39 298  13.67

226  12.84 253  14.04

1.62  13.37 207  14.82
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Table A.6: Binodal weight fraction data for the systems composed of PEG 8000 (1) +

[K2HPQY/KH2PQy] (2) +5 wt% of ILs (when present) H.O at 298 £ 1) K. The uncertainty

associated with the weight quanti*gcation
no IL [Czamim]ClI [Camim]CI [Cemim]ClI [Csmim]ClI

100w:s 100wz  100w: 100wz 100wz 100wz  100wa 100w 100wz 100w
4589 191 4535 229 4597 180 4559 198 4471 235
4288 218 4210 259 4311 213 4298 226 4197 255
39.09 240 3922 287 4145 237 4114 250 3893 275
36.89 263 3674 3.05 3900 263 3900 269 3762 2.94
3542 279 3506 339 3687 282 3740 29 3623 3.11
3459 293 3150 375 3562 3.07 3584 307 3507 3.33
33.22 311 2942 408 3444 332 3459 322 3371 3.8
31.35 333 2763 443 3276 346 3366 348 3280  3.65
29.37 363 2686 458 3101 374 3241 364 3175 3.76
28.74 375 2570 469 3022 388 3125 380 3095 301
2747 402 2509 484 2740 446 3023 393 2962 420
26.01 431 2392 509 2557 470 2960 411  28.89  4.32
2474 448 2333 520 2464 489 2881 422 2753 455
2410 456 2237 544 2292 526 2763 453 27.06 4.69
2284 487 2141 563 2141 561 2674 461 2648 479
2224 497 2057 583 2025 594 2528 503 2510 5.13
2162 510 1982 599 1953 6.03 2467 508 2420 532
2115 521 1910 6.18 1821 645 2391 525 2339 551
2043 539 1843 630 17.11 677 2317 547 2260 572
19.67 552 1749 654 1605 7.12 2282 559 2170  5.99
1894 569 1654 6.84 1474 7.69 2244 571 2133  6.04
1835 582 1603 6.97 1357 812 2195 577 2040 6.28
1753 6.03 1571 7.08 13.06 831 2110 6.05 19.69 6.51
16.93 6.23 1493 730 1253 851 2039 624 19.05 6.71
16.33 631 1402 7.58 1146 892 1981 641 1821  6.98
1564 650 13.09 7.91 1046 941 1925 657 1728 7.26
1476  6.81 1240  8.10 9.56 9.80 1861 6.70 16.07 7.54
1399 7.07 1168 8.38 872  10.00 17.01 722 1512 7.84
1343 727  11.04 8.2 7.22 1064 1610 755  13.36  8.43
12.77  7.47  11.03  8.65 6.06 1116 1524 7.85 1262  8.69
12,12 7.69 9.70 9.17 534 1152 1443 819  11.80  8.99
11.31  7.98 7.09 1010 437  12.04 1367 849 1116  9.23
11.18  8.05 6.17 1051  3.71 1246 12.84 884 1073  9.40
9.94 8.46 538 10.88 3.04 1291 1239 913 1043  9.52
9.11 8.82 421 1141 245 1328 1148  9.53 9.56 9.88
7.39 9.45 334 1183 203 1364 1002 1023 801  10.57
585 10.06 296 1214 130 1463 879  10.88 7.40  10.86
451 1064 258 1241 092 1996 7.22 1168 6.61  11.80
347 1116  1.99  12.99 6.04 1235 510  12.60
249 1170 141 1377 504 1295 339  13.59
1.64 1250 1.03 2219 416 1357 3.06  13.84
121 1297 324 1418 238  14.26
0.87  13.24 270 1477 200 1471
0.83  21.20 221 1528 140  15.39

1.79  16.01 097  15.94
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Table A.7: Correlation parameters used in Eq.1 plus the respective standard deviation data used
to describe the binodal curves &ystems based in the PEG 1500 with different inorganic salts

and imidazoliurAbased ILs, at 298(1) K.

Salt lonic Liquid AxQ B+( C= r2

no IL 108.5+ 1.3  -0.604+0.007 3.0 x10*+ 1.8x10° 0.9990

[C.mim]Cl  1089+22  -0.629+0.011 4.0x10%+2.0x105 0.99%

KsPQy [Camim]Cl  100.2+1.0 -0.564+0.056 2.0x10%*+ 1.0x10°  0.9983
[Cemim]Cl  101.4+0.6  -0.602+0.003 2.0x10%+50x10° 0.9992

[Csmim]Cl ~ 96.04+ 0.7  -0.566+0.004 2.0x10°+6.7x10°  0.9987

no IL 92.8+1.3  -0.532+0.007 4.0x10*+ 1.1x105 0.9991

[C.mim]Cl  1108+25 -0.613+0.010 3.0x10%+1.%105  0.99%

KoHPG, [Camim]Cl  100.2+1.0 -0.564+0.006 2.0x10%+ 1.1x10° 0.9983
[Cemim]Cl  101.4+0.6  -0.602+0.004 2.0x10%+50x10° 0.9992

[Csmim]Cl  96.0+0.7  -0.566+0.004 2.0x10%+ 6.7%10° 0.9987

no IL 92.4+1.0 -0.514+0.006 2.0x10*+5.710° 0.9996

[C.mim]Cl  110.3+15 -0.605+0.007 2.0x10%+8.%10° 0.9998

KHPO/ KHPOs [Ccymim]CI 113.4+1.5  -0.603+0.008 8.4x10°+9.1x10°  0.9990
[Cemim]Cl  113.3+1.0 -0.613+0.005 6.1x10°+ 7.0x10°  0.9990

[Csmim]Cl  110.0+0.8  -0.599+ 0.004 1.0x10%+ 4.1x10°  0.9998
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Table A.8: Correlation parameters used in Eq. 1 plus the respective standard deviation data
used to describe the binodal curvies systems based in the JHPQWKH2PQ4] buffer,

considering different PEGs and ILs, at 298] K.

Polymer lonic Liquid AxQ B+l C+U r2
no IL 92.4+1.0 -0.514+0.006 2.0x10%+57x10° 0.9996
[Comim]Cl 110.3+1.5 -0.605+0.007 2.0x10%+8.%10°  0.9998
PEG 1500 [Csmim]Cl 113.4+15 -0.603+0.008 8.4x10°+9.1x10°  0.9990
[Cemim]Cl 113.3+1.0 -0.613+0.005 6.1x10°+ 7.0<10°  0.9990
[Csmim]Cl 110.0£0.8  -0.599+0.004 1.0x10*+4.1x10°  0.9998
no IL 103.2£1.3 -0.615+0.007 4.0 x10°+ 1.3x10° 0.9995
[Comim]Cl 121.8+3.0 -0.653+0.013 3.0x10*+ 1.9x105  0.9994
PEG 4000 [C4mim]Cl 110.1+#1.1  -0.639+0.005 3.0x10*+ 8.x10°  0.9997
[Cemim]Cl 111.0£0.9 -0.653+0.004 2.0x10*+ 6.1x10°  0.9997
[Csmim]Cl 109.0£0.7 -0.642+0.017 3.0x10°+2.2x10°  0.9982
no IL 96.6+ 1.2  -0.596+0.008 7.0x10%+ 3.1x10° 0.9994
[Comim]CI 124.1+3.4 -0.678+0.015 5.0x10*+2.8&10° 0.9992
PEG 6000 [Csmim]Cl 107.3+1.3  -0.618+0.007 5.0x10%+ 1.4x10°  0.9997
[Cemim]Cl 103.9+1.0 -0.625+0.006 4.0x10*+ 9.6¢<10°  0.9999
[Csmim]Cl 100.8+2.3  -0.618+0.014 5.0x10*+ 2.%105  0.9997
no IL 124.3+2.9 -0.732+0.013  7.0x10*+ 3.7x105  0.9993
[Comim]Cl 138.8+3.2 -0.740+0.013 6.0x10°+2.7x105  0.9995
PEG 8000 [Csmim]Cl 111.7+2.3  -0.648+0.012 5.0x104+2.5x105 0.9995
[Cemim]Cl 118.1+1.2  -0.671+0.005 3.0x10*+1.1x105 0.9998
[Cemim]Cl 114.3+3.7 -0.636+0.017 5.0x10*+3.4x105 0.9988
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Table A.9: Partition coefficients of each IL (K with the respective standard deviations and

mass fraction compositions of the quaternary systems at2B8K.

Mass Fraction

Quaternary System Composition =i / (Wt%) Kie 0
PEG Salt IL
[Cmim]Cl  15.05+0.11 14.98+0.06 5.04+0.12  0.97+014
PEG 1500 [Csmim]Cl  15.05+0.21  14.97+0.05 5.09+0.08  2.04+0.04
[Cemim]Cl  15.10+0.06  15.05+0.06  5.06+0.09  4.91+0.51
[Cmim]Cl  15.04+0.14  15.08+0.02 5.09+0.08  2.77+0.14
[Comim]Cl  15.03+0.05  15.12+0.05 5.10+0.06  0.76+0.04
[Camim]Cl  15.01+0.03  15.11+0.03 5.14+0.31  1.208+ 0.001
PEG 8000 _
[Cemim]Cl  15.06+0.05  15.07+0.09  5.09+0.09  2.49+0.07
[Cemim]Cl  15.03+0.09  15.05+0.06  5.05+0.03  1.19+0.07
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Table A.10: Partition coefficients of each Chloranilicid (Kca) with the respective standard

deviationsand mass fraction compositions of the quaternary systems at 29&(

Mass Fraction

Quaternary System Composition £ / (wt%) Kca 0
PEG Salt IL
no IL 15.02+0.04  15.03+0.01 20.62+ 0.25
[Comim]Cl  15.05:0.03  15.03+0.26 5.05:0.17 7.60+0.60
PEG 1500 [Comim]Cl  15.08+0.31  15.05+0.22 5.10+0.11 8.77+0.11
[Cemim]Cl  15.05:0.05 15.08+0.25 5.09+0.11 16.33+0.16
[Cemim]Cl  15.05:0.10  15.05£0.16 5.13+0.04 4.55+0.33
no IL 15.00+0.08  15.11*0.06 40,65+ 2.55
[Comim]Cl  15.00:0.06  14.98+0.06  5.09+0.09  6.84+ 0.03
PEG 8000 [Comim]Cl  14.98+0.10  14.99+0.05 5.14+0.25 10.42+0.11
[Cemim]Cl  15.05:0.10  14.99+0.10  5.09+0.09 23.05:0.23
[Cemim]Cl  14.99+0.08  15.00+0.07 5.05+0.03 3.02+0.03
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Table A.11: Partition coefficients of Rhodamine 6G Hg&) with the respective standard
deviationsand the mass fraction compositions of the quaternary systems at 2PR.(

Mass Fraction

Quaternary System Composition =i / (Wt%) Krec £ U
PEG Salt IL
no IL 14.92+0.05  15.12+0.21 86.53+ 0.93
[Cmim]Cl  15.16+0.38  14.89+0.15 4.97+0.05  54.78+1.22
PEG 1500 [Camim]Cl  15.22+0.29  14.77+0.15 5.12+0.08  14.73+0.15
[Cemim]Cl  15.06+0.06  15.03+0.21  5.01+0.10  7.81+0.14
[Cmim]Cl  15.00+0.14  15.16+0.02  5.05+0.08  4.53+0.05
no IL 14.97+0.08  15.20+0.06 294.59+ 65.17
[Cmim]Cl  15.10+#0.11  15.20+0.05 5.07+0.06  184.57+ 20.77
PEG 8000 [Csmim]Cl  15.02+0.22  15.23+0.09 5.14+0.05  78.24+10.76
[Cemim]Cl  14.96+0.14  15.19+0.10 5.05+0.04  21.00+0.94
[Csmim]Cl  14.99+0.09  15.13+0.16 5.13+0.09  2.07+0.06
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Fig. A.1: Binodal curves representation for the quaternary systems composed of [PEG 1500] +

[Ko2HPQy] + 5 wt% of ILs (when present) + water, at 298 (+ 1) K.
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Fig. A.2: Binodal curves representation for the quaternary systems composed of [PEG 1500] +

KsPQs + 5 wt%of ILs (when present) + water, at 298 (+ 1) K.
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Fig. A.3: Binodal curves representation for the ternary systems composed of [PEG 1500] + salt

+ water, at 298 (£ 1) K.
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Fig. A.4: Speciation curve of CA as a function of pH. This content was adapted from the

Chemspider chemical database [1].
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Chemspider chemical database [1].
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Abstract

Aqueous twephase systems (ATPS) are an efficient, environmentally friendly, and
Abi ocompati bl ed separ atrecavaryofgmzymesewstts high pulity ¢ h
levels. These systems are usually based on polymers and salts and recently, to overcome the
low polarity difference between the phases of ploé/meric systems, ATPS based wnic

liquids (ILs) have been successfullyad for the separation of various biomolecules, including
enzymes from the fermentation media. However, due to the relatigyphice oflLs with

best extraction performance, they are here applied as additives or adjuvants in the formation of
ATPS. Thiswork discusses the use of imidazolioased ILs as adjuvants (5 wt%) in ATPS of
polyethylene glycol systems (1500, 4000, 6000 and 8000 g)math potassium phosphate

buffer at pH 7, in the extraction and purification of a lipase produced by submerged
fermentation byBacillus sp. ITRO0L. An initial optimization study wasarried with the
commercial lipaseB from Candida antarctica(CaLB). The main results indicate that it is
possible not only to further purify the commercial CalBuiffication Factora 5.2) but
principally, the lipase fronBacillussp. ITR001 for which aPurification Factorof 245 was
achieved with an imidazolium with a hexyl alkyl chain. The purification factor is a consequence

of the favorable interactions between the ILs and theaooineint proteins that migrate for the

opposite phase of enzyme.

Keywords aqueous twegphase systems, ionic liquids, adjuvant, lipase, fermentation broth,

purification

Introduction

Lipases, triacylglycerol ester hydrolases (EC 3.1.1.3), especially of microbial origin, occupy a

place of prominence among biocatalysts owing to their novel and multifold applications in
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organic synthesis, detergent formulatiowtrition, use as biosensdroremediationamong

others (Bjorkling et al., 1991 Hasan et al., 2006Macrae and Hammond, 1985Most
commercial applications do not require lipase preparations; a certain degree of puritsgrhowe
enables efficient and successful usage. Further, purified lipase preparations are required in
industries employing the enzymes for the biocatalytic production of fine chemicals,
pharmaceuticals and cosmet{¢tasan et al., 20Q0axena et al., 2003The main constraints

to the production of highly pure enzymes are the different steps necessary to purify it, which
are in general difficult, because they may induce the deactivation of the enzyme, or they may
require a high consumption of eggrand chemicals. The downstream processing and
purification represent 20 60% of the final cost of the enzyme production, and up to close to
80% in the more demanding scenar(ib&rtinezAragon et al., 200Ruiz-Ruiz et al., 201

In this sense, significant efforts have been focused on the development of new or adapted
technologies to perform the purification of enzymes, with lower costs, but still efficient,
sustainable and biocompatible with the enzyme cordtiomal structuréMartinezAragon et

al., 2009. In this context, aqueous twihases systems (ATPS) have been proposed as
alternative extraction methodologies for the extraction/purification of enzymes and other
molecules, such as proteins, genetic material, biopharmaceuticals, cells and orfaseties

and Andrews, 2012Mazzola et al., 20Q8Violino et al., 2013 Rito-Palomares, 2004 The

ATPS is a very mild method for the pein extraction or even purification, making possible to
avoid the denaturation or loss of biological activity. This characteristic is usually attributed to
the high water content and low interfacial tension of the systems which protects the proteins
(Kula et al., 1982 Despite the welkknown advantages offered by these systems, ATPS are
typically composed of common polymers (namely polyethylene gly&ds (Barbosa et al.,

2011 Maciel et al., 2014Souza et al., 201@hou et al., 2013 dextranGindiz and Korkmaz,

2000 being their application limited to separate a largaetyof molecules (hydrophobic and
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hydrophilic), normally due to the limited range of polarities of the coexistingegh&ecently,

to overcome the demand for more polar solvents, the use of ionic liquids (ILs) in ATPS is
gaining interes{Gutowski et al., 2003 One of the main advantages of the application of ILs

in the formation of ATPS is the possibility of to manipulate their physicochemical properties
(Naushad et al., 201Dy the proper combination/manipulation of the cation/anion/alkyl chain
of the ILs (Perumalsamy et al., 20p7Due to their advantages, these systems have been
extensively studied and applied hetextraction of a wide variety of compounds such as amino
acids (Claudio et al., 201,0Neves et al., 20Q%ereira et al., 2010/entura et al., 2009
ZafaraniMoattar and Hamzehzadeh, 2Q18rugs(Li et al., 2005k, phenolic compounds
(Claudio et al., 2010 alkaloids(Freire et al., 20L,(Li et al., 2009 Li et al., 2005aLouros et

al., 2010 Shiri et al., 2013 antibiotics(Li et al., 2009 Liu et al., 200%, antiinflammatory
compoundge Silva et al., 2014 proteins(Dreyer and Kragl, 2008ppermann et al., 2011

Pei et al., 2010Sheikhian et al., 20)3enzymegCao et al., 2008®eive et al., 2012Dreyer

and Kragl, 2008Ventura et al., 2013and natural colorani®/entura et al., 2013

For enzymes, the capability to keep the catalytic activity is important for the success of the
extraction process and it is therefore essential that the hydrophilic ILs and their aqueous
solutions possess balanceddhzyme interactions, which means a str@apacity to dissolve

the enzyme but not too strong that would disrupt their structure and/or interact with their active
sites, causing the deactivation of the enzy(meeire et al., 20129a Hydrophilic ILs were
previously applied in the preparation of ATPS and their asextraction systems for the
separation of four different lipaséhermomyces lanuginosligase(Deive et al., 201)1 CalLB
(Ventura et al., 2013aCalLA (Deive et al., 201R and theBacillussp. ITR001 lipasgVentura

et al., 2012 In all cases, the imidazolium family presented the best r€féige et al., 2011

Deive et al., 2012Ventura et al., 20%2/entura et al., 201)aThe use oMmore hydrophilic

ILs, including different cation families and anions, is still scarce regarding their application as
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separation agents and solvents. If the application of ILs as phases promoters, when conjugated
with different inorganic or organic salts; even with polymers, to promote the formation of
ATPS, normally requires the use of large concentrations of salts or polymers, making the
extraction process more expensive and less sustainable. The use of small quantities of ILs as
adjuvantgPereira et al., 20)@ppears as an altetne to overcome this difficultyPereira et

al. (2010 have demonstrated that the incorporation of 5 wt% of an IL in a polymer + salt
common ATPS was able to modify the polarity of the aqueous phases, leading to a more
efficient and controllable separation procese®dly, Souza et a20143 have also described

that the presence of a small concentration of different ILs of the typeiff@Cl, although
presenting a minor effect upon the ATPS formation, had a major imp#et PEGrich phase
characteristics and thus, in the extraction parametersh{gher partition coefficients and
extraction efficiencies for two dyes). In additiohimeida et al(2014) used ILs asdjuvants

in convenional PEG + NgSQ: ATPS providing enhanced extraction efficiencies for the
extraction of different antioxidants (vanillic and syringic acids). Currently, there is no report in
literature on the use of ILs as adjuvants in a polymer + salt ATPS in systémgotassium
phosphate, principally to be applied in the purification of enzymes. In this context, this work
concentrates efforts on the application of ATPS based in four polymers (PEG 1500, PEG 4000,
PEG 6000 and PEG 8000) with the potassium phosphater fgkbHPQy/KH.PQy) at pH 7,

using four imidazoliunbased ILs as adjuvants -ékyl-3-methylimidazolium chloride
[Comim]CI, n =2, 4, 6, 8) at 5 wt%. These allowed the study of various conditions, namely the
molecular weight of the polymer, the alkyl chain length of the ILs and the high molecular weight
of the polymer, that were investigated in terms of their effecthenpurification of the
commercial lipase B frol@andida antartica(CaLB) thatis here used as a model enzyme to
evaluate the purification performance of these new ATPS. Subsequently, representative ATPS

using ILs as adjuvants were employed to study thifigation performance dBacillussp. ITR
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001 lipase produced by submerged fermentation. ATPS using ILs as adjuvants have
significantly higher capacity to purify lipases, when compared with the common ATPS based
in polymers + salt§Barbosa et al., 20)hnd ILs + salt§Ventura et al., 2002 These systems

are promising alternative extramm systems to be applied as downstream processes for other

enzymes or biopharmaceuticals.

Materials and methods

Materials

The present study was carried out using different polyethylene glycol (PEG) polymers of
average molecular weights 1500, 4000, 6800 8000 g.mdi (abbreviated as PEG 1500, PEG
4000, PEG 6000, and PEG 8000, respectively), supplied by SKaM#Ach and used as
received. Aqueous solutiomd potassium phosphate buffer pH 7was usedVentura et al.,
20110. The salts used in the preparation of the potassium phosphate hiHROKpurity O

98 wit%) and KHPQu (purity ©99.5 wt%) were purchased from SIGM¥drich. The ILs
studied were the -gthyt3-methylimidazolium chloride ([@nim]Cl), 1-butyl-3-
methylimidazolium  chloride  ([@nim]Cl), 1-hexyl3-methylimidazolium chloride
([Cemim]Cl) and *octyl-3-methylimidazolium chloride ([e@nim]ClI). All ILs were purchased
from lolitec (lonic Liquid Technologies, Germany) with mass fraction purities higher than 98%,
being their chemical structures depicted in Figur&€hk protein bovine serum alimin (BSA,
purity 097%) was obtained from Merck. The model enzyme uSeddida antarcticdipase

B (here abbreviated as CalLB), was kindly offered\lmyozymes A/S, Bagsveerd, Denmark
and the enzyme froBacillus sp. ITR001 was obtained by a submergedfentation using
MgSQy-7H20 (purity O 98%) from Panreac, Triton -X00 from Fisher Scientific, NaNO

(purity ©99.5%), yeast extract, peptone, and starch purchased from Hfnébd@ammonium
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sulphate (P.A.) was obtained from Synth (Brazil) and the cocaonwie purchased at a local
market (Aracaju Sergipe, Brazil). SD¥AGE Molecular Weight Standards and the marker
molecular weight fulfange (VWR) were used as protein standards and were purci&3Ed

Healthcare Life Sciences.
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Figure 1: Chemical structure, full name and abbreviation of all ILs investigated.

Production of lipase byBacillus sp. ITP-001
Fermentation conditions

The lipolytic enzyme was produced Bgcillussp. ITR0O01 by submerged ferentation. The
microorganisms wergsolated from an oil contaminated soil and stored atltiséituto de
Tecnologia e PesquigalTP (Aracaju- Sergipe, Brazil). The strain was cultivated in 500 mL
Erlenmeyer flasks containing 200 mL of a proper medium with the following composition (%,
w/v): KH2PQq (0.1), MgSQ:-7H20 (0.05), NaNQ@(0.3), yeast extract (0.6), peptone (0.13), and
starch (2.0) as the carbon source. The fermentation conditions were an initial pH around 7, the
incubation temperature equal to 37° C, and the stirring speed@ fpm. After 72 h of
cultivation, coconut oil (4 %, w/v) and Triton-X00 were added as inductors as described by

Feitosa et al2010.
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Pre-purification steps

The fermeted broth was centrifuged at 000 rpm for 30 min, the biomass was discharged

and the supernatant was used to determine the enzymatic activittheurtdtal protein
concentration, just in the final step of the fermentation process. The protein contaminants in the
cell-free fermented broth were precipitated using ammonium sulphate at 80 % (w/v) and room
temperature, and then the broth was centrifugedQ000 rpm for 30 min to separate the
agueous solution from the precipitate (mainly composed by the denatured contaminant
proteins). Following the proteins denaturation, the aqueous solution obtained was dialyzed
using a MD 25 dialysis bag (coff: 10,000-12,000 Da) against ultraure water for 24 h at

4 °C. The dialyzed solution (dialysate) containiippse fromBacillus sp. ITR0O01 was then

used in the preparation of the ATPS under study.

Preparation of the ATPS

The composition of the mixture poirgelected for the extraction experiments considering the
model lipase CalLB were: PEG 1500 (15 wt%) + potassium phosphate buffer (15 wt%) +
[Comim]CI (n = 2, 4, 6and8); PEG 4000 (10 wt%) + potassium phosphate buffer (13 wt%) +
[Comim]CI (n = 2, 4, 6 an®); PEG 6000 (10 wt%) + potassium phosphate buffer (12 wt%) +
[Comim]Cl (n =2, 4, 6 an@); and PEG 8000 (10 wt%) + potassium phosphate buffer (12 wt%)
+ [Comim]ClI (n = 2, 4, 6 an®)]. These were chosen to minimize or avoid the denaturation or
unfold of the target enzyme at the interface and during the experiments. Considering the
optimization step, all systems contained approximateig% of CalLB, and, when present, 5
wt% of IL (Table A.1 in Supporting Information). The potassium phosphate buffer solution
(K2HPQWKH2PQ:) was prepared by the addition of dibasic;HIRQ:) and monobasic

(KH2PQy) potassium phosphate at a ratio of 1.087 (w/w) and pH
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Considering the study of extraction of a lipase produced via fermentation (Batiikis sp.
ITP-001) and pufied by applying ATPS, the extraction systems were prepared by adding 15
wt% of PEG (1500, 6000 or 8000), 15 wt% oHPO/KH2PQy (potassium phosphate buffer)

+ 5 wt% of each [@mim]Cl (n = 2, 4, 6, 8) Table A.2 in Supporting Information. In this
particular case, the potassium phosphate buffer was prepared with the dialysate solution, where
the lipolytic lipase fronBacillussp. ITR001 is concentrated. Then, the buffer wasatliyauised

in the preparation of the extraction systems in the proportions previously mentioned. The
mixture points selected form two immiscible aqueous phases which is confirmed by the ternary
phase diagrams published elsewh@&euza et al., 2013a

Each mixture was prepared gravimetrically within £if) vigorously stirred and left to
equilibrate for at least 12 h and at 25.0 (£ 0.1) °C. After this treatment, both phases became
clear and transparent being thdme tinterface well defined. The phases were carefully
withdrawn using a pipette for the top phase and a syringe with a long needle for the bottom
phase. The volumes and weights were determined in graduated test tubes (the total mass of each
extraction syste prepared was 5 Q).

The partition coefficients of the main contaminant protelds) @nd the enzymeKg) are

defined by Eqgs.1) and @).

(D

0

2

where G and G are, respectively, the total protein concentration (md.inin the top and

o“ O oo
Oz O:

bottom phases, arflAr and EAg represent the enzyme activity (U.1 in the top and bottom
phases, respectively.
In order to evaluate the purification process, the specific enzyme activity (8%, &protein)

calculated by Eq.3), thevolume ratio between the top and bottom phaRef (he contaminant
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protein recovery having into account the top ph&se (6), the enzyme recovery in the bottom

phase Reg, %), and the purification factoPFE - fold) were calculated accordingly to Eqg8) (

to (6).

g OO (3
0

v p 1T (4)
PPy

" p T ©)
p Yuv

x e YO (6)

" O Ve

where C is the total protein concentration (mg.MLThe purification factor RF) was
calculated by the ratio between tB&in the top or bottom phases (which is dependent of the
phase in which the enzyme is concentrated) and the specific activity ¢6Apase from

Bacillussp. ITROO01 after the centrifugantion

Enzyme assay

The ipolytic activity was measured according to a method proposetbhyes et al1999.

The substrate was prepared by mixing 50 mL of olive oil with 50 mL of Arabic gum solution

(7 %, wlv). The reactio mixture, containing 5 mL of the oil emulsion, 2 mL of sodium
phosphate buffer (100 mM and pAH and 1 mL of enzyme extract was incubated in a
thermostated bath reactor for 5 min at 37 °C. A blank/control titration was done on a sample
where theenzymewa r epl aced by distilled water. Aft
g was taken and added to 2 mL of a solution composed of atetbharol water (1:1:1). The

exact weight of each aliquot was determined at the end of the addition proceduretylhe fa
acids produced were titrated with a potassium hydroxide solution (40 mM) in presence of

phenolphthalein as indicator. One unit (U) of enzyme activity is defined as the amount of
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enzyme that produces 1 ¢ mol of) urfder the asshya t t y

conditions (37 °C, pH 7 and 100 rpm).

Protein Assay

Total protein concentration wBradlford,d378usimgi n e d
bovine serum albumin (BSA) as standard, using a Shimadzu PharmaSAa®O\of 595 nm,

and a calibration curve previously established for the standard protein BSA. To eliminate the

i npuence of the I Ls pr esenceneaontrolsystemfaeasch ei n

extraction point but without enzyme was prepared under the same process conditions.

SDSPAGE electrophoresis

Electrophoresis was performed with the MRRROTEAN Il System (BioRad, USA) using
polyacrylamide gels (stacking: 4 &nd resolving: 20 %) with a running buffer consisting in
250 mM Tris HCI, 1.92 M glycine, 1 % SDS as describetldgmmli(1970. Gels were stained

with Coomassie blue 250. SDSPAGE Molecular Weight Standards, Marker molecular
weight fullFrange (VWR), were used as protein standards. All gels were analyzed using the

Image Lab 3.0 (BIEGRAD) analysis tob

Results and discussion

Optimization Approach

This work studies the use of ATPS with ILs as adjuvants for the purification of a lipolytic
enzyme from the fermentation broth, a lipase produced by submerged fermentation from
Bacillussp. ITR0OO0L. The initial optimization was carried using the commercial CaLB with a

high purity level, aiming at understanding the most important mechanisms behind the migration
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of the enzyme between the two aqueous phases. The success of the appfisiiBs @s
extraction processes is largely dependent on the ability to manipulate the properties of the
agueous phases to obtain the appropriate migration of the (bio)molecules of interest, aiming at
the specific selectivity in the migration of both targezyme and contaminant proteins. In this
work, several ATPS in the form PEG +tHPQy/KH2PQ, + water + [Gmim]CIl; n = 2, 4, 6 and

8 (when present) were investigated. The buffer was used in all experiments, because it made
possible to keep the pH constantidg the entire experiments, allowing to keep the enzyme
structure anatharge(e Silva et al., 201 4Pereira et al., 2033To control the migration of the
biomolecules in ATPS based in |Ldifferent parameters can be considered, from the simpler:
different ILs chemical structures, the amount of IL, salt, and polymer and several molecular
weights of thepolymer (for polymeric systems); to the more complex such as the temperature
and pH and the addition of additives, electrolytes or in the particular case of this work,
adjuvants. Thus, in the first section of results, this work illustrates the prindpetsgfromoted

by the presence/absence of several ILs and different polymer molecular weights in the

migration of the commercial CaLB.

Effect of the ionic liquid and its chemical structure

The partition of CaLB was analyzed considering different ATPS coasePEG 1500 +
KoHPQWKH2POs (pH 7) + 5 wt% [Gmim]CI; n= 2, 4, 6, 8 (when present) + water + 5 wt% of

CalLB aqueous solution. Since this commercial enzyme from Novozymes is already pure
(Ventura et al.,, 201da t he expectable puriycation in t
limited. However, and following the same approatVentura et al(20113, the purification

factor was also calculateigure 2shows the results of the partition coefficients for the enzyme

(Ke) and the contaminant proteir§d], and the purification factoP§) for CaLB (details about
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the recovery of CaLB and the contaminant proteins are descrieabia A.3in Supporting

Information).
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Figure 2: Results found for the purification factor (PF), partition coefficient of the contaminant
proteins Kp) and CalLB Kg) by applying systembased in PEG 1500 + 5 wt% of J@im]ClI
(n=2, 4, 6 and 8) + water +2KPQJ/KH2PQy, at pH 7 and 25 (+ 0.1) °C and atmospheric

pressure.

The results depicted in Figure 2 show the partition of CaLB and the contaminant proteins for
opposite phaseKE < 1 andKp > 1). CalLB is thus more concentrated in the-gah phase.

This can be easily justified by the fact that at pH 7, CalLB is negatively charged, isoelectric
point d = 6 (Forciniti et al., 1991Shang et al., 2004resulting in the increase of its affinity

for the more hydrophilic phag@arbosa et al., 201Ventura et al., 201)aHowever, tle
contaminant proteins (as evidenced in a previous work of (Manstura et al., 201)aby an
eletrophoresis analysis dorethe commercial lipase), are preferentially migrating to the-PEG

rich phase{r > 1). In fact, the contaminant proteins are migrating for the PEG layer closely
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following the migration of the ILs used, as recently descri#daheida et al., 2014Souza et

al., 2014a This behavior seems to be justified by the stronger interactions between the
contaminant proteins and the polymeric phased#aly shown iiSouza et al., 201%ga not only

due to the presence of the polymer (identified bykihe 1 for the system without the presence

of IL), but also due to the presence of the distinct ILs, situa@siiyeobserved by the same
tendency described by the migration of the contaminant proteiegults here described) and
each of the ILs for the polymer layer(Klescribed in literaturéSouza et al., 201%alt seems

that the use of these ATPS conjugated with the ILs are actually more efficient in the
manipulation of the contaminant proteins than in the control of the CaLB migration. The
tendency of the contaminant proteins to migrate for the -R&Gphase amrdingly to the
results of Figure 2 is [§nim]Cl < [Comim]CI < [Csmim]CIl < no IL < [Gmim]CI. Based on

theKp data, it is suggested that more than just the hydrophobic interactions are controlling their
migration, also electrostatic interactions, van btégals forces and hydrogdonding are
playing a significant role, due to the presence of(Rereira et al., 201&ouza et al., 2014a
Finally, the decrease observed fogf@m]ClI relative to [Gmim]Cl seems to be related with
the possi bl e for mat i o-aggreghtiorathus changiagtthe balahcg of t h €
interactions actig in the ATPS bulKFreire etal., 2012h. The negative effect of the presence

of I Léds aggregat es was (Paskos etald 30),3suhitostonld ben o t
clarified that this behavior only happens in certain processimglitons and for specific
molecules.

The values for the purification factor were also depicted in Figure 2. The depend&peataf

PF was more clearly observed when ILs are used as adjuvants. The purification factor is the
last parameter to be takemo account, since the main purpose of this work is to identify the
best systems to promote the purification of a lipolytic enzyme from the fermentation broth,

separating them from the remaining contaminants (mainly other proteins also produced in the
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subnerged fermentation). From a careful analysis ofRRedata, it is concluded that the best
system is the ATPS based ing[@im]CI. The presence of gthim]Cl increases th®F from

3.25 = 0.65 (without IL) to 5.22 + 0.65 (with IL). These results are maistyfied by the higher
migration of the contaminant proteins for the Ri¢h phase in presence of the IL, while CaLB

is still accumulated in the salich phase. Again, we call the attention for the fact that this
enzyme is a commercial sample which putéyel is already high, and even then, it was
possible to increaseRF of 5.22 + 0.65, a clear sign of the capacity of these systems to improve
the enzyme purity level even when compared with the commehbdksd ATPS composed of

25 wt% [Gmim]Cl and 30 w?% of K:XHPQW/KH2POQw (pH 7) - PF = 2.6 + 0.1(Ventura et al.,

20113.

Effect of the PEG molecular weight

Although it has been shown the relevance of the use of ILs as adjuvants for the control of the
contaminant proteins partition, the polymer molecular weight plays also an important role in
the partition phenomenon. this case, the partition of CaLB was analyzed considering different
ATPS based in PEG (1500, 4000, 6000 and 8000)HPKW/KH2PO, (pH 7) + IL [C:imim]Cl;
n=2,4,6, 8 (when present) + water + CaLB aqueous solution (Table A.1). The principal results
consdering the recovery of CaLB and the contaminant proteins for the bottom and top phases,

respectively, are presented in Figure 3.
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Figure 3. Results showing the effect of different PEG molecular weights in the recovery of the
contaminant proteins in tophase(A) and the enzyme in bottom pha@®): i) with the
el ongation of t h)ey corhparingaslyskesnd witrcamdawitimout the mresence

of [Cemim]ClI.

The profiles presented in Fig. 3A demonstrate the effect of the polymer molecular weight

increase conjugated with the elongatipgn of
suggest an inversion on the recovery of the contaminant proteins from the top to the bottom
phase, with the simultaneous increase in both the polymer moleceigintvand the IL alkyl

chain length. The results from Fig. 3A(suggest that most contaminant proteins are

concentrated in the top phase, and their partition decreases with the increase of the polymer
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molecular weight, by the following order: PEG 1500EG 4000 > PEG 6000 > PEG 8000. It

can be concluded that the presence of ILs is more advantageous regarding the separation of the
CalLB and the contaminant proteins when polymers of lower molecular weight are present
(Souza et al., 2014aActually, and in the particular case ofsf@im]ClI, the extraction of the
contaminant proteins decreases considerably when PEG 6000 or PEGFBO®A[ii)] are
used.These results can be justified by the differences regardinmttingsic viscosity of the

two phases, as reportbg Kirincic and Klofutar(1999. The authors show that the increase of

the molecular weight of PEG increased the viscosity of the aqueous solution of PEG from 4.41
cn?.g? (PEG 400) to 14.15 chy! (PEG 4000) and 42.02 érg? (PEG 2000). The migration

of CaLB was also evaluated (Figure 3B) and in general, the results showed the preferential
enzyme accumulation in the sailth (bottom) phase, being the contaminant proteins
accumulated in the opptesiphase. The partition tendency observed for CalLB is not as
pronounced, when compared with the tendency found for the contaminant proteins. However,
it is possible to identify an increase in the enzyme recoakecjrca 20% with the increase in

the molecilar weight of PEG [from PEG 1500 to PEG 8000, Fig.igB(

To confirm the tendencies observed and the selective separation of CaLB from the contaminant
proteins, despite the use of a commercial lipase in the optimization step, a electrophoresis
analysis vas carried out being the main results depicted in Figure 4. The electrophoresis gel
(Figure 4) is divided in 4 main lanes, being Lane A the molecular mass standard, Lane B the
commercial CaLB and the remaining Lanes represent the bottom phases of b AiERS

applied in the optimization step.

Analyzing carefully Lane B, it is clearly seen the presence of the principal enzymedatalB
circa 35 kDa and two other bands less pronounced representing two contaminant protein

(numbers 2 and 3), showing thaistbommercial enzyme is of a limited purity. Lanes C and D
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represent the bottom phases of ATPS with ILnjn]Cl and [Gmim]Cl, respectively.
Specifically in Lane C it can be seen that there is a small band additional (5), which is not found
in D. In thiscase, it is evident that the ATPS using IL {f@m]CI) are more efficient for the
isolation of enzymes in the bottom phase of system, since only a band (6) was found in Lane

D. Thus, the observations by SIPAGE support the purification results previousdported.
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Figure 4: Sodium dodecyl sulphateolyacrylamide gel (SD®AGE) patterns of CalLB. Lane
A: molecular mass standard {II50 kDa), Lane B: commercial CaLB, LanesDC CalLB
purified from 2 ATPS, namely: PEG 1500 + 5 wt% offf@m]Cl + water + kHPQW/KH2PQOy
Lane C bottom phase; PEG 1500 + 5 wt% afniEn]CI + water + KHPQJ/KH2PQ: Lane D

bottom phase.

Production and pre-purification of lipase from Bacillus sp. ITP-001

Having evaluated the purification capacities of these new ATPS, they were further employed
in order to demonstrate the purification of a real matrix of lipase Banillus sp. ITR001,
produced by submerged fermentation. Also in here, two phenomena evesidared in the
analysis, namely the migration of the target enzyme and the main contaminants (normally

proteins) present in the fermentation media. Moreover, two distinct approaches were also
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applied, namely) the use of a preurification step beforehe use of ATPS ani) the direct
application of ATPS to extract and purify the lipase without aopr&ication step. This process

is described in Figure 5, in which the process diagram is presented from the production to the
final step of purification ensidering the application of ATPS using ILs as adjuvants. Table |
reports several parametersmmely the enzymatic activityfE@A - U.mL™Y), the total protein
concentration@ - mg.mL?Y), the specific activity$A- U.mg?) and the purification factolPfF

- fold) obtained as output of each step, in particular the production, in which the fermentation
broth is obtained and at the end of the jpueification step, by the obtaining the dialysd&@e(te

i). In Routei the salt (NH)>SQs was used to precipitatsome of the contaminant proteins
(precipitation step described in the process diagram), the lipase is concentrated in the
supernatant and a large amount of contaminant proteins were removed. Following the
precipitation process, the supernatant was didlyaiening at removing the low molecular
weight compounds, including inorganic salts from the fermentation and the precipitation
process. In this case, the purification factor of the dialysate was around to 17.16 fold, in
agreement with the results previousgported by us for this prgurification step(Barbosa et

al., 2011 Souza et al., 2014l50uza et al., 2014&entura et al., 2012 In the next section,

Routed andii will be addressed taking into account only the step of purification by ATPS.

Table I: Purification factor, enzymatic activity, specific activity, and protein concentration at
the end of each step of the production andunefication of lipase produced acillus sp.
ITP-001.

Steps Process EA c SA PF
P UmLh  (mg.mL? (U.mg? (fold)
Production Fermentation 9,430.7 1.16 8,129.2 T
Pre-purification Dialysis 9,287.8 0.07 139,473.4 17.16
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PRODUCTION PRE-PURIFICATION PURIFICATION

(NH,4),S0,
ATPS
Route 1 Salt supernatant dialysate
— — > | Dialysis PEG/IL- rich
Precipitation phase
Contaminant
. proteins
supernatant salts (fermentation and salt
Submerged | fermentation Cell Recovery (contaminant proteins) precipitation processes)
Fermentation broth (centrifugation)
Lipolytic
enzyme
fermentation broth Salt — rich phase
Route 11

Figure 5: Flow chart of the tweaoute approach for the production and purification of the lipolytic enzyme produdgaciijus sp. ITR0O01 via
submerged fermentation: Routé with pre-purification steps, including precipitation with (M SQ: followed by dialysis; Rout@ i does not

include any step of prpurification.
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Purification of lipase using ATPS

After the optimization studies carried out using the commercial CalLB, the ATPS representing
the best extraction conditions (higher purification factors) were applied to the purification of an
extracellular lipolytic enzyme produced IBacillus sp. ITRO01. The composition of the
extraction systems used in this part of the study were composed by 15 wt% of PEG (1500, 4000
and 8000) + 15 wt% of KIPQW/KH2PQs + 5 wt% of each IL. However, in this particular case

the phosphate buffer was prepared with the digédysalution (where the lipolytic lipase from
Bacillus sp. ITROO01 is accumulated) and it was directly introduced in the preparation of all
ATPS under study. The selected ATPS using ILs as adjuvants have revealed a great
performance in the purification ofie lipolytic lipase produced fromacillus sp. ITR0O01 as

shown in Table II.

Table II: Recovery parameters for the contaminant proteindipase fromBacillussp. ITR
001, partition coefficients and purification factor achieved in Roatelii), usingPEG(1500,
4000 and 8000) + KIPQ/KH2POy (prepared with the fermentation broth containing the target

lipase) + IL (when present) + water, at 25 (+ 0.1) °C and atmospheric pressure.

Route Polymer  ATPS Res * U Rer+ 0 Ke+ 0 Kp + PF + 0

no IL 79.23+0.12 56.69+080 0.209+0.004 1.07+0.04 175.61+2.36
[Comim]ClI  77.19+0.26 49.61+094 0.269+0.003 0.92+0.03 169.34+0.81
PEG 1500 [Cumim]Cl 77.48+053 54.09+1.18 0.231:0.008 0.95:0.04  220.04+7.68
[Cemim]Cl 76.62+252 62.81+039 0.237+0.026 1.32+0.01  244.99+9.52
i [Ceamim]Cl 90.16+053 37.40+0.04 0.109+0.006 0.60+0.003 100.76+2.96
[Comim]Cl  90.14+0.09 53.16+021 0.132+0.002 1.37+x0.01  181.32+2.17

PEG 4000
[Cemim]Cl 79.29+159 59.33+x0.08 0.233+x0.019 1.33x0.02 254.03+1.01
[Comim]Cl 89.69+0.90 53.31+061 0.134+0.014 1.33x0.02 160.58+1.94

PEG 8000
[Cemim]Cl 80.89+0.84 60.96+0.29 0.266+0.012 1.49+0.01  222.86+2.02
no IL 83.93+041 88.69+0.13 0.175+0.05 7.12+0.08 73.05+2.48

ii PEG 1500
[Comim]Cl 77.60+0.19 94.31+0.28 0.152+0.02 8.90+025 103.47+1.23
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ConcerningRoutei, the PF achieved for the lipase froBacillus sp. ITR001 was increased

from 175.6 £ 2.4 from the common ATPS (without any IL) to 245.0 + 9.5 using the ATPS with
[Csmim]ClI. Additional tests were performed for tReutei purification approach regarding the
variation on the polymer molecular size aamgted withf Comim]Cl and[Csmim]Cl (Table 11).
Regarding the effect of the polymer molecular weight, the results seem to corroborate the data
previously found in the optimization step by using the commercial CaLB, despite the fact that
the purification results achieved for the lipase predugyBacillussp. ITR001 are much more
significant due to the completely different level of purity of the lipase samples (the fermentation
broth has a higher content of contaminant proteins). The same tendencies of purification were
already demonstrated previous studies from our group, in which the same lipolytic enzyme
(from Bacillussp. ITR001) was focused, but by applying simpler ATPS based in ILs and salts
as separation agents, namely using 25 wt% ghj@]Cl and 30 wt% of the same buffer (pH

7) used in this work. However, a new fact with utmost importance arises in this work, the use
of ATPS composed of ILs as adjuvants allowed much higher purification fa&ousej: PF

=245.0 £ 9.5,) when compared with the IL based ATPS for which Ventwalarefported PF

=51 + 2)(Ventura et al., 20)2and the common polymeric ATPEK lower than 30, taking

into account the differences in some conditions namely the(B&tposa et al., 20)1Table

[Il shows a comparison between E of all approaches previously described in the literature,

with the results presented in this work for theification of lipase fronBacillussp. ITROO1.

As shown in the diagram of the purification process (Figure 5), two distinct routes were
contemplated, one with a pparrification step Routei already discussed) and the other
described without any praurification step, nameRouteii, being these results also presented

in Table 2. These final tests were performed using the system PEG 158[P&#KH POy +

water without any IL, representingF of 175.6 + 2.4 and 73.1 + 2.5 for Routesand i,

respectively, and with the presence off@n]Cl, which is represented W3F of 103.5 £ 1.2
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and 245.0 + 9.5 foRoutesi andi, respectively. In this sense, the main results indicate that the
lipase purfication is reduced in about 40%, comparRgutesi andi. Although with values

40% smaller in the purification of lipase, the second approach of purification without pre
purification step may be considered as an alternative for downstream processhsstfail
sectors which do not require a high degree of purification of the lipase, since this will be

decreasing significantly the economic impact of the purification process.

Table Ill: Agueous twephase systems applied to purification of lipase fBauallus sp. ITR
001.

Mass Fraction

ATPS Composition /
(Wt%) PF Reference
wl w2 w3 wl w2 w3

PEG 1500 H:HPO/KH:PQ: [Cemim]Cl 15 15 5 2450

PEG 8000 H>HPQ/KH:PO, NaCl 20 18 6 2015 Barbosa et al., 2011
THF [Ch][BIt] - 20 20 - 136.8 Souza et al(2014)
THF HHPQW/KH POy - 40 30 - 1039 Souza et al(201%)
[Camim]Cl HHPQJ/KHPOy - 25 30 - 51.0 Ventura et al., 2012
Conclusion

The formation of ATPS composed of different polyethylene glycols PEG 1500, 4000, 6000 and
8000 and various ILs agjuvants (5 wt %) of the tyd€.mim]CI (n = 2, 4, 6, 8) was studied

to analyze the effect of the IL cation alkyl side chain length and the molecular weight §f PEG
upon the purification of lipases. Quaternary systems were used for the purificatipasesli

by starting with an optimization study and then applying the best systems (with the highest
purification factorsPF = 5.22 + 0.65) to the purification of a lipolytic enzyme produced in a
submerged fermentation by tBacillussp. ITR001. High purfication factors were achieved

(PF = 245.0 = 9.5) regarding the purification of the lipase f@atillussp. ITR001). These
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higher purification factors were achieved, principally by the manipulation of the migration of
the contaminant proteins by the cogtifon of interactions acting as driven forces of the
partitioning phenomena. The use of two different approaches regarding the process of
purification of the lipolytic enzyme from the fermentation broth were tested and it was here
proved that the use &TPS using ILs as adjuvants has a tremendous advantage in terms of
purification performance when compared with the common polymeric and IL based ATPS,

even when no prpurification steps are implemented.
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Table A.1: The volume ratiqRv) with the respective standard deviations and mass fraction
compositions of the ATPS for CaLB purification at 25 (+ 0.1) °C and atmospheric ptessure

Mass Fraction

ATPS Composition / (wt%) + Rv 0
PEG Salt IL CalB

no IL 15.02+0.02 14.95+0.04 5.15+005 0.93+0.03

[Comim]Cl  14.96:003 14.62:064 5.03z005 5.16:005 1.79+0.02

PEG 1500 [Csmim]Cl  15.05:004 14.90:0.10 5.05:+004 5.06+010 1.83:0.06
[Cemim]Cl  15.09:004 15.15:022 5.00:+0.01 5.14:017 1.87+0.01

[Cemim]Cl  15.05:006 15.02:t006 5.03:0.01 5.11:+015 1.54:0.06

no IL 10.04+0.04 13.01+0.01 5.16+0.08 0.65+0.03

[Comim]CI 10.05:0.06 13.04+0.03 5.05:+006 5.11:003 0.86:0.02

PEG 4000 [Csmim]Cl  10.04:005 12.98:004 5.10+003 5.02+002 0.85:0.06
[Cemim]Cl  10.00:003 12.99:003 5.03:004 5.19:013 1.53+0.04

[Cemim]Cl  10.01:0.01 13.05:007 5.04:004 5.12:003 0.82:0.02

no IL 10.03:0.03 12.03:0.03 5.07:0.04 0.69:0.01

[Comim]Cl  10.00:002 12.01:001 5.05:004 5.03:002 0.73:0.02

PEG 6000 [Camim]Cl  10.07t0.09 12.06:0.08 5.09:005 5.06+0.09 0.92+0.01
[Cemim]Cl  10.04:004 12.04:003 5.08:004 5.11:+012 1.16:0.03

[Cemim]Cl  10.09:005 12.06:011 5.08:009 5.08:+009 0.92+0.02

no IL 10.07+0.08 12.02+0.06 5.09+009 0.63:0.01

[Comim]Cl  10.07+0.08 12.03:004 5.06:005 5.05+007 0.65z002

PEG 8000 [Camim]Cl  10.05:005 12.03:0.01 5.12:002 5.14:z009 0.85+0.02
[Csmim]Cl  10.07:006 12.05:006 5.02:001 5.03:0.02 1.06+0.03

[Cemim]Cl  10.08:011 12.07+0.04 5.09:011 5.06:008 0.79:0.04
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Table A.2: The volume ratio Rv) with the respective standard deviations and mass fraction

compositions of the ATPS for purification of lipase fr@&acillussp. ITR001, at 25 (= 0.1) °C

and atmospheric pressure

Mass Fraction

Composition / (wt%) +

Route ATPS Solution of Rv
PEG Salt IL Bacillus

no IL 15.02+002 14.95+0.04 70.03+0.06 1.26+0.01

[Comim]Cl  14.96:0.03 14.62+064 5.03+005 65.40+056 1.10+0.01

i PEG 1500 [Csmim]Cl 15.05+004 14.90:010 5.05+004 65.01+010 1.26+0.08

[Cemim]Cl  15.09:0.04 15.15+022 5.00:001 64.76+016 1.29+0.04

[Csmim]Cl  15.05:006 15.02+006 5.03+001 64.90+001 1.00+0.00

. no IL 15.02+0.03 15.07+0.07 69.05 1.09+0.03
ii PEG 1500 .

[Comim]Cl  15.10+0.09 15.15+016 5.16=+0.07 64.87 1.90=+0.05

) [Comim]Cl  15.04:002 15.05:002 5.17+001 64.77+018 0.83+0.02
[ PEG 6000 _

[Cemim]Cl  15.06:0.02 15.02+002 5.14+004 64.98+014 1.09+0.02

. [Comim]Cl  15.08:0.08 15.13:020 5.01+001 64.79+028 0.86+0.02
[ PEG 8000 _

[Cemim]Cl  15.05:0.07 15.08+0.13 5.05+004 64.90+0.10 1.05+0.06
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Table A.3: Enzyme recovered in the bottom phaBegf, contaminating protein recovered in
the top phaseRpT), partition coefficient for contaminant proteidd), and enzymeKg), and
purification factor (PF) with the respective standard deviatignsA{l ATPS were constituted
with PEG + KHPQJ/KHPOQw + IL (when present) + water + CalLB, at 25 (+ 0.1) °C and
atmospheric pressure.

ATPS Res + 0 Rer+ U Ke =0 Kpx U PF+0

no IL 67.13+t0.08  78.39+3.00 0.52+0.01 3.96+085 3.25+051

[Comim]CI 60.12+1.27  81.66+2.22 0.37+0.02 2.49+044 2.55+035

PEG 1500 [Csmim]CI 56.53+0.86 87.61+0.005 0.42+0.07 3.90+014 3.45+0.08
[Cemim]Cl  51.68+0.003 92.49+0.83 0.50+0.05 6.79+099 5.22+0.65

[Csmim]CI 67.33t3.02 72.21+7.97 0.38+0.04 2.08+031 2.24+0.29

no IL 72.62+1.49  66.02+0.79 0.58+0.02 2.96+008 2.51+0.02

[Comim]CI 65.34+258  68.56+0.01 0.62+0.07 2.54+001 2.19+0.09

PEG 4000 [Csmim]CI 65.91+3.87 62.00+0.57 0.61+0.09 1.85+002 1.78+0.09
[Csmim]CI 56.50+1.92  70.17+0.01 0.50+0.04 1.53+001 1.69+0.04

[Csmim]CI 69.83+0.29  27.51+0.49 0.53+0.02 0.46+0.01 0.96+0.01

no IL 72.24+048  65.19+0.60 0.55+0.01 2.66+007 2.38+0.04

[Comim]CI 72.07+t0.65  55.35+4.96 0.54+0.02 1.71+033 1.63+0.03

PEG 6000 [Csmim]ClI 63.89+2.72  48.79+0.15 0.57+0.07 1.04+001 1.26+0.06
[Csmim]CI 63.77+1.87 47.60+0.65 0.47+0.02 0.78+0.01 1.20+0.02

[Csmim]CI 72.01+2.67 23.62+0.09 0.39+0.05 0.34x001 0.94:0.04

no IL 77.13+3.19  56.96+ 0.60 0.48z0.10 2.09z001 2.10:015

[Comim]CI 76.61+0.48 69.84+0.75 0.46=+0.01 3.54+003 3.12+0.01

PEG 8000 [Csmim]CI 69.95+0.39 61.73+0.58 0.51+0.02 1.91+002 1.93+0.03
[Csmim]CI 67.72+059 25.38+0.44 0.45+0.01 0.32+0.05 0.91:0.02

[Csmim]CI 77.23+353  12.23+0.62 0.38=+0.06 0.18+0.01 0.85:0.04
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Capitulo IV

CONSIDERACOES FINAIS

As lipasestém atraidouma especiahtencaopor catalisarcom extrema eficiéncia e
especificidadediversas reacbes de interessdustral, entretanto a comercializacao ae
producdo em escaladustrial cstas enzimaslependen significativamente das técnicas
empregadas na purificaca®ara viabilizar eatdemanda, @ste trabalho foramdesenvolvidas
novas abordagens para psocessos deseparacdo e/ou purificacdo de enzirfipsliticas
utilizando a técnica de extracao liquitiquido por meio doSABs

Os novos SABs foranavaliados a partir de uma variedade de compostos capazes de
induzir a formacgao de duas fases aquddasa dessas abordagens inclaitormacédo deovos
sistemas ternarios a base solvente organico (tetrahidrofurano), sais e liquidos iGnicos
formados pelo cation colina. Também foram avaliados sistemas quateutificiasdo liquido
ibnico como um adjuvanteem SABs a base de PEG + s&ara todos estes sistemas foram
determinade os seus diagramate fases @s parametros empiricos que correlacionam 0s
pontos experimentais de equilibrio termodinamidénAdisso, os mecanismos que conduziam

a formacao de duas fases aquosas imisdi@eibém foram discutidos.

A partir dosresultados de separacéo e/ou purificadd@® lipase®s desempenhos destes
novos sistemas foram avaliad@om o objetivo de substituir a fase rica em polimero por um
solvente organico, o THF foi pela primeira vez utilizado para formar SABs com a adicdo do
tampéo fosfato de potassiogpH 7 ou de Lls a base de colinas. Nem sempre a utilizacdo de
enzimas em meios contendo solventes organicos sao atraentes, em alguns casos 0 solvente
organico pode desnaturar as enzimas. Em funcao piedilematicefoi mostrae que o THF
nao causa efeito deletério para a lipase, e portanto pode ser utilizado como constituinte de SABs.
Ao avaliar os coeficientes de particdo da lipasButholderia cepaci@msistemagormados
por THF + sglobservotse que as enzimas sao prefeialmente migradas para a fase rica em
sal, devido sua capacidade de hidratagédazindoa biomolécula para a fasalinaa medida
gueatie-line do sistema é aumentadRosteriormente estes sistemas foram capbepsrificar
a lipaseproduzida a pairt de uma cepa dBacillus sp. ITR001 via fermentacdo submersa,

embora sem alcancahomogeneidade.
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Umaclasse de LIs mais sustentdwtisa base desais decolinas)foramutilizados para
formar SABs com tetrahidrofurancApés estudos de otimizacdo lieindo a lipase de
Burkholderia cepaciacomo modelode purificagcdo da lipase extracelular, foi possivel
determinar as condicdes de dependéncia para uma ajustada separacdo. A capacidade de
separacao destes sistemas foi relacioadddilidade do [Ch][Bitem separar a lipase modelo,

ao qual foi escolhido para a purificacéo da lipase extraceluBaci@ussp. ITROO1.

Os SABsutilizandoLls como adjuvantecomo uma alternativa menos dispendiosa frente
aossistemagormados exclusivamenp®r uma faseica emL| foramconsideradsos melhores
sistemagara purificar a lipasextracelular déacillus sp. ITR001.0 uso do liquido i6nico
[Csmim]CI como adjuvante em SAR base de PEG 1500ttp&o fosfato de potéssio (pH 7)
foi selecionado como o melhdt. Vale ressaltar que a purificacdo da lip&sde Candida
antarctica (fornecida pela empressovozyméstambém foi avaliada parestessistemas
guaternarioem particular, apresentando valores superiores de purificagdo ao comparar com
SABs a base de Ll/salescritos na literatur@ENTURA et al., 2011). A eficiéncia destes
sistemas contendo LIs em pequenas quantidades (5%, m/m) foi assocagacidade em
manipular a particdo das proteinas contaminantes para a fase rica elfogelS® a das
enzimas) em funcagrincipalmentede um ajustado balanco de interaces entré BEG i
proteinas. A compreenséao destas interacdes foi apoiada pelo estudo da particdo de dois corantes
com cagas elétricas diferentes, mostrando que ndo somente interacfes hidrofobicas sao
importantes para controlamigracédo, mas também intefseseletrogaticas, forcas de van der
Waals e ligacOes de hidrégo ajustado pelalteragdo do comprimento da cadeia alquilica do

LI utilizado como adjuvante.

Os sistemas formados por THF + sal LIs a base de colinas foram aplicados com
sucessagparapurificacdo dalipase deBacillus sp. ITR001, embora com resultados menos
promissores comparasaos SABs a base de PEG/sal +f@n]Cl. Na Tabel&, é apresentado
todos os resultados relacionadmma purificacdo da lipase dacillussp. ITP-001 utilizando

SABs desdtos na literatura.
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Tabela7: Sistemas aquosos bifasicaplicados a purificagdo da lipase Bacillus sp.
ITP-001.

Fragéo massica Fator de

SAB
(m/m) purificacdo ~ Referéncia
wl w2 w3 wi w2 w3 (vezes)
PEG 1500 H,HPQJKHPQ, [Cemim]Cl 15 15 5 2450 -
PEG 8000 H,HPQJKH,PQ,  NaCl 20 18 6 2015 ~ (BARBOSAet
al., 2019
THF [Ch][Bit] - 20 20 - 1301 -
THF  HHPQJ/KHPQ, - 40 30 - 1039 ]
_ ] ) (VENTURA et
[Cemim]Cl  HzHPQJ/KHPQy 25 30 510 al., 20123

* condicbes otimizadas

A eficaciapara a purificacdo da lipase Becillus sp. ITR001 utilizando os stema a
base de LIsomo adjuvanta partir de PEG + safoi em funcdo das capacidades de interacoes
adicionaisAlém disso, estes resultados sdo promissores congaradgistemas a $ade PEG
+ sal estudados por Barbosa et al.,, 2011, uma vez que utilizando PEG de menor massa
molecular (PEG 15008 possivelpropicia ao processo umanenor viscosidade e um menor
custo energéticoyvale ressaltar ainda quejenos concentracdes dos constites foram
necessarios para umeaelmor purificacdo da lipasd&=m resumo, os resultados obtidos neste
trabalho sugerengue estes sistemas podem ser aplicadwa p purificacdo dediferentes
lipases, Ao descartando a aplicacdo dos sistemas a base deuT$##s de colinas, pois estes
apresentaram boa capacidade para purificdgéoompatibilidade para as lipases estudaglas
sdo formados por constituintesnsiderados de baixo custo e luixa viscosidadeNeste
contexto, esteaovosSABS podem sevistos como processos alternativdserem aplicados

para a purificacdo de lipaseiabilizado porindustrias &rmacéuticas ou biotecnoldgicas.
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4.1. Trabalhos futuros

Os SABs estualdcs nede trabalhocapresentaram propriedades interessantes pam ser
aplicads ndo s6 paraenzimas lipoliticas mas tambénpara uma grande variedade de
compostos. Além disso, de uma forma geral, limitacdes asso@apiapriedades fisico
guimicas dos awstituintes limitam sua aplicacdo em escala industrial. Desta forma, alguns
estudos adicionais devem ser considesaddim de promovee explorar os sistemas aqui
propostos:

A Avaliar outros solventes organicossciveis em agupara a formacdo de SABs,
tais como o dioxino e etanol.

A Avaliar outros LIs como adjuvantes para um melhor ajuste de purificacéo.

>\

Purificacéo de outras enzimas produzidas a hetmicreorganismos, tais como

proteaseg peroxidases

>\

Purificacdo de compostos farmacéuticos, tais cantibioticose antiflamatadios.

>\

Conduzir estes sistemas em operacao continua.

>\

Estudar a possibilidade de reutilizacdo dos compostos que formam o SAB.

>\

Avaliar outros métodos de purificacdo envolvendo sistemas lidigidinlo, tais

como sistema micelar.
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4.2. Trabalhos apresentados

Apresentacdo de trabalhos em eventos cientificos:

A
A
A

A

X CICECO Meeting2013.
Summer School of the Galician Network of lonic Liquids (REGALIS), 2013
5th Congress on lonic LiquidsCOIL 2013,

XIX Simpd6sio Nacional de BioprocessosS¥npaésio de Hidrélise Enzimatica de
Biomassd SINAFERM 2013

Xl Seminario Brasileiro de Tecnologia EnzimatidaNZITEC 2QL4.

2" International Conference on lonic Liquids in Separation and Purification
Technology' ILSEPT 2014.

Publica@esem revista cientificas internacionais:

A Effect of ionic liquids as adjuvants on PH@sed ABS formation and the

extraction of two probe dyeBEluid Phase Equilibriav. 1, p. 124, 2014.

Participacdo em trabalhos:

A Partitioning and purification of capsaicin using aqueouspiase systems based

on sodium saltslrabalho de concluséo de curso da aMaacy E. C. Cienfuegos

Em submisséo ao peridodiSeparation Science and Technology

lonic liquid-based aqueous biphasic systems as a versatile tool for the recovery of
antioxidant compounddlrabalho de conclusdo de curso do aldndo Santas
Aceito para publicacdo ndournal of Chemical Technology & Biotechnolpgy
2014.

Prémios

A Prémio RPITEC/SE de Divulgacdo Cientifica e Inovacdo Tecnolgg2€d 4i

Modalidade Pesquisador Junior
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