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RESUMO

FERREIRA, Gabriel Max Dias, D.Sc., Universidade Federal de Vigoas;o de 2016.
Termodinamica de interacdo de lactoferrina e poli(6xido de etileno com
surfactantes anidnicos Orientador: Luis Henrique Mendes da Silva. Coorientadora:
Maria do Carmo Hespanhol da Silva.

Misturas aquosas contendo surfactantes e macromoléculas témaplitasies praticas
como no processamento de petréleo, na industria de papel, em procesgisosiel em
produtos de higiene pessoal. Em todas estas misturas, as propriedeaesifisicas do
sistema sdo determinadas pela interagdo entre a macromolécslafactante. Neste
trabalho, nos avaliamos a interacdo macromolécula-surfactante sob sgeistoa
distintos: o estudo da interacdo polimero-surfactante e o estudo dadimtpratgina-
surfactante. No primeiro, o efeito dos liquidos i6nicos (LIs) brometo de 1-butil-3-
metilimidazdlio (bmimBr) e cloreto de 1-butil-3-metilimidazolibmimCl) sobre a
interac&o entre poli(6xido de etileno) (PEO) e dodecilsulfato de sédio (SE&af@do
utilizando-se condutimetria, fluorimetria e calorimetria de tg@aisotérmica (ITC). O
efeito dos LIs sobre a micelizacdo do SDS também foi investigadiimetros
termodinamicos da micelizacdo do SDS e da agregacdo PEO-SDSdiotidos em
varias concentracfes de LI e a estabilidade relativa entmicatas de SDS e os
agregados PEO/SDS foi estabelecida. Os Lls diminuiram a concentnagiar critica
(cmc) do surfactante, estabilizando as micelas de SDS, e aumeatesagentracaoed
agregacao critica (cac) para a formacéo do agregado, tornando os agré&gn&izS®
menos estaveis. Além disso, os Lls induziram uma segunda concentfacaga2thc)

no processo de micelizacdo do SDS, a qual foi associada a um procdssmdieado

do tamanho micelar. A variacdo de entalpia integral de formacdo doadgreg
(AHg44(int)) mudou de -0,72 para 2,16 kJ majuando a concentragcdo de bmimBr
aumentou de 0 para 4,00 mM. Quando o cloreto foi substituido pelo brometo na estrutura
do LI, a micelizacdo do SDS e o inicio da agregacao PEOR&D $oram afetados. No
entanto, a quantidade de SDS ligado ao polimero na concentracdo degdeaftup
aumentou. Em 100,0 mM de LI, a interacdo PEO-SDS desapareceu. NOs sugeemos
os LlIs participam da estrutura dos agregados PEO/SDS, interagindo §@18 oa
interface/ndcleo das micelas adsorvidas sobre o PEO e promovendo ac8olvata
preferencial dos segmentos do polimero. Para estudar a interacdo protettanserfa

nds escolhemos sistemas formados pela proteina lactoferrina (Lf) e odastefac
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aniénicos dodecilsulfato de sddio (SDS), dodecilbenzeno sulfonato de sodio (SDBS) ou
decilsulfato de sodio (DSS). A interacdo Lf-surfactante foi caraatixizm diferentes
valores de pH utilizando ITC, nanocalorimetria diferencial de varredu2S(Q) e
espectroscopia de fluorescéncia. A variacdo de entalpia molar aparenterdedo
(AHgp-int), a extensao de ligacahg) e a variacdo de entalpia integral de formagéo do
complexo fH, 4, (int)) foram determinadas a partir da ITC e variaram com o pH e com
a estrutura do surfactante. Os valoredHg,, (int) foram sempre negativos e variaram
entre -5,99 kJ mdi para o SDS em pH 3,0, e -0,61 kJ Wglara o DSS em pH 12,0.
Dados de espectroscopia de fluorescéncia e n-DSC demonstraram quegianter
proteina-surfactante promove a desnaturacdo da Lf e a eficiéncia de desnatutaigéo seg
a ordem DSS < SDS < SDBS. A medida que a concentra¢éo do surfactantauaen
temperatura de desnaturacdl,X e a area do pico nos termogramas de n-DSC
diminuiram. Nossos resultados mostraram que a Lf ligada ao ferro temesisiéncia

contra a desestabilizacdo induzida pelos surfactantes do que a Lf livre de ferro.
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ABSTRACT

FERREIRA, Gabriel Max Dias, D.Sc., Universidade Federal de Vigosahy2016.
Thermodynamic of interaction of lactoferrin and poly(ethylene aide) with anionic
surfactants. Adviser: Luis Henrique Mendes da Silva. Co-Adviser: Maria do ©arm
Hespanhol da Silva.

Aqueous mixtures comprising surfactants and macromolecules have mangapracti
applications, as in the oil processing, paper industry, biological procsdgsersonal
care products. In all of those mixtures, the physical-chemical properthes ©fstem are
determinate by the interaction between the macromolecule and thetamirféc this
thesis, we evaluated the macromolecule-surfactant interaction uwdeditferent
aspects: the study of the polymer-surfactant interaction and the studg pfotein-
surfactant interaction. In the first one, the effect of the ionic liqQids) 1-butyl-3-
methylimidazolium bromide (bmimBr) and 1-butyl-3-methylimidazoliurhlodde
(bmimCl) on the interaction between poly(ethylene oxide) (PEO) and sodium tlodecy
sulfate (SDS) was evaluated using conductimetry, fluorimetry, and isothignatson
calorimetry (ITC). The effect of those ILs on the SDS micellizatios &so investigated.
Thermodynamic parameters of SDS micellization and SDS-PEO aggregatire
obtained at several IL concentrations and the relative stability between $hmigelles
and the SDS/PEO aggregates was established. The ILs decreasatctdemicellar
concentration (cmc) of the surfactant, stabilizing the SDS micelles increased the
critical aggregation concentration (cac) to the aggregate formataking the SDS/PEO
aggregates less stable. In addition, ILs induced a second critical concentrationiic2thc
the SDS micellization process, which was associated with aggoaf micelle size
decrease. The integral enthalpy charfge the aggregate formatiom,,,(int))
changed from -0.72 to 2.16 kJ malhen the bmimBr concentration increased from 0 to
4.00 mM. When chloride was replaced with bromide in the IL structure, tt& SD
micellization and the beginning of the SDS-PEO aggregation wereaffetted.
However, the amount of SDS bound to the polymer in the saturation cotioen{Cz)
increased. At 100.0 mM IL, the SDS-PEO interaction vanished. We stegginat the
ILs participate in the structure of the formed SDS/PEO aggregatesacting with the
SDS at the core/interface of the micelles attached to the polyndrpromoting a
preferential solvation of the PEO segments. To study the protein-sutfadtraction,

we chose systems comprising the lactoferrin (Lf) protein and the anioriactants
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sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), or sodium
decyl sulfate (DSS). The interaction Lf-surfactant was characteataifferent pH
values using ITC, nano differential scanning calorimetry (NanoDSC) and fleoasc
spectroscopy. The apparent molar enthalpy change of interastigp_(,..), the extent

of binding (Vq), and the integral enthalpy change for the complex formation
(AHy44(int)) were determinate from ITC and depended on the pH and the surfactant
structure. The\H, 4, (int) values were always negative and ranged from -5.99 k3, mol
for SDS at pH 3.0, to -0.61 kJ miglfor DSS at pH 12.0. Fluorescence spectroscopy and
NanoDSC data demonstrated that the protein-surfactant interactios teahe Lf
denaturation, and the denaturation efficiency followed the order DSS < SDBX &s

the surfactant concentration increased, the denaturation tempef@ilir@nfl the peak
area in the NanoDSC thermograms decreased. Our results shown that thed_fdoun
iron has more resistance against the destabilization induced by sudabtn the iron

free Lf.
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Capitulo 1: Introducédo e Revisao de Literatura

1.1. Introducéo

Sistemas formados por surfactantes e macromoléculas sdo amplamente
conhecidos por sua utilizagdo em uma série de produtos de aplicacéo teanwliggi
como cosméticos, lubrificantes, produtos de limpeza, tintas, farmacos e oprodut
alimenticiost* Além disso, surfactantes e macromoléculas constituem a basaade
série de sistemas bioldgicos que desempenham fungdes fundamentisipataencao
da vida>”’ Por estes aspectos, a compreensao da interagio entre estes caamasitios
alvo de estudo de diversos pesquisadores como sera percebido ao longo das varias
referéncias citadas ao longo deste texto.

O interesse da comunidade cientifica por sistemas constituidos por surfactantes e
macromoléculas se deu inicialmente no campo da bioquimica, no estinterdaédo
entre proteinas e lipideos por volta do inicio do século XX, e se consolidew dimal
de 1960 e o inicio de 1970 quando se estabeleceram o0s principios gerais de como
surfactantes carregados se ligam e desnaturam proteinas.

O primeiro estudo sistematico envolvendo a interacdo entre um polineno e
surfactante surgiu apenas meio século depois dos primeiros trabalhos eekatand
interacdo de proteinas com surfactantes. Precisamente em 1857 jiSaistigando as
propriedades de solu¢cdes aquosas formadas por polivinilpirrolidona (PVP) e
dodecilsulfato de sddio (SDS), verificou que misturas ternarias formadas per RIS
+ agua apresentavam caracteristicas fisico-quimicas muito distintatadashservadas

em solu¢des binarias SDS + 4gua e PVP + agua. Tais resultaelelgam a potencial



aplicacdo destes sistemas em formulacdes com propriedades reolégeciicad® e
com uma alta capacidade de solubilizar substancias de baixa solubilidagieagt a

A despeito dos varios avancos na compreensdo de como surfactantgerimtera
com macromoléculas, diversas questdes em aberto tornam o estiadimtdescdo um
campo de pesquisa ainda em destaque. Os recentes interessepoaegrasquisa
envolvendo sistemas macromolécula-surfactante decorrem, entre outrossasfeedt)
existir um namero extremamente grande de surfactantes e macromdjgaikisas ou
polimeros) que podem interagir entre si formando uma variedade de estruturas coloidais
com propriedades diversificadas; (i) possuir uma diversidade de t&ceita
desenvolvimento e aperfeicoamento que podem proporcionar novas descob#&stas nes
campo; (iif) haver uma variedade de cossolutos e/ou cossolventes quegiodesm
tais sistemas alterando as propriedades coloidais dos agregados formados ade) ente
gue novas descobertas neste campo de pesquisa podem conduzir novos sistemas
macromolécula-surfactante a novas aplicacdes.

Por reconhecer estes aspectos, neste trabalho avaliou-se (i) aefiégoidos
iGnicos sobre a interacdo do polimero poli(oxido de etileno) (PEO) com o surfactante
dodecilsulfato de sédio e (ii) a interacdo da proteina lactoferiona diferentes
surfactantes aniénicos. O primeiro com objetivo de compreender o efaitoalclasse
de compostos emergentes, os liquidos ibnicos, sobre a formacéo de agrégaRI3S,
um dos mais estudados sistemas polimero-surfacdtantepgundo como proposta de
avancar no estudo da interacao entre surfactantes e metaloproteinas, uma claske especi
de proteinas com a capacidade de lgga-atomos de um determinado metal.

Apesar de reconhecermos que proteinas sdo uma classe especiale®p@bor
vezes denominadas biopolimeros), neste texto elas serao trafzatasiamente devido

as suas propriedades estruturais particulares. Ao contrario da maioria desqm|lios



quais apresentam uma estrutura macromolecular flexivel, as proteinasnpagssa
estrutura macromolecular rigida, com as varias ligagdes intermaotsidatre seus
residuos de aminoacido determinando uma estrutura tridimensional bastfamitia.
Esta é uma diferenciacdo importante que faz com que na literatoreragdes polimero-
surfactante e proteina-surfactante sejam tratadas independentemente.

Apesar das diferencas estruturais que temos utilizado para dispintjoieros €
proteinas, diferencas estas que determinam propriedades fisicascageintre estes
compostos, existe uma série de similaridades no comportamento diefassturas
contendo polimero + surfactante e misturas contendo proteina + surfactante,
principalmente do ponto de vista termodinamico. Por este motivo jusiéiaaesta tese,
tratar simultaneamente aspectos relacionados as interacfes palimiactante e
proteina-surfactanté.

Para fornecer uma base tedrica a compreenséao dos trabalhos desenvolvidos nesta
tese, a seguir € apresentada uma breve revisédo de literatura abordand@spectos
importantes sobre as propriedades gerais de sistemas proteina-surtagtalimeero-
surfactante bem como sobre as técnicas que foram utilizadas pararzag@dd dos

sistemas de interesse.

1.2. Revisao de Literatura

Antes de iniciar a discussdo sobre os aspectos fundamentais assaciados
processo de interacdo entre surfactantes e macromoléculasewmddscricdo sobre as
principais propriedades fisico-quimicas de cada um desses compagicsséntada:
primeiramente alguns dos aspectos relacionados as caracterissicaturais dos

surfactantes e de suas propriedades de mistarsolugbes aquosas; em seguida, uma



breve descricdo das caracteristicas das macromoléculas que caractegaimerss e

proteinas.

1.2.1. Surfactantes e Macromoléculas: Propriedades e Estruturas
1.2.1.1. Surfactantes

Surfactantes sdo uma classe de compostos anfifilicos que possueridadapa
de reduzir significativamente a tensdo superficial em solu¢des aguesao quando
em concentracfes muito baixas. Tal propriedade esta associadgapmiente a
caracteristica estrutural destes compostos, 0s quais sdo cdostipor uma regido
hidrofébica, comumente designada como cauda do surfactante, e por uma regido
hidrofilica, geralmente denominada de cabeca do surfactante. Ambos, o centdia
cauda hidrofobica e a carga sobre a cabeca hidrofilica do surfactante Asdetime que
influenciam diretamente no comportamento destas substancias eno samjugia. A
figura 1.1 apresenta a estrutura do surfactante dodecilsulfato de sédio (SDS)yara

as regides hidrofdbica e hidrofilica sdo destacadas.

Regiao hidrofilica
A
[ |
I
\/\/\/\/\/\/O_ﬁ_o Na*
0]
\ J
!
Regido hidrofobica

Figura 1.1. Estrutura molecular do surfactante dodecilsulfato de sodio.



Quanto a carga do grupo cabeca o surfactante pode ser classificadd em: (
surfactante idnico, o qual em solugdo aquosa se dissocia formando grupos cabeca
carregados positivamente (surfactante catibnico) ou negativamente tésuedac
anibnico); (ii) surfactante ndo-ibnico que nao possui grupos ionizaveis entparéa
forma espécies carregadas em solucdo e (iii) surfactante @mitter que possui
diferentes grupos ionizaveis na regido hidrofilica, os quais em solucdo aggosm
cargas tanto positivas quanto negativas que se somam para gecargariguida igual
a zeo.

Quando colocados em solucdo aquosa em concentragcdes muito baixas, uma fraca
dos monémeros de um surfactante, como sao denominadas cada uma das espéci
formadas por uma regido hidrofébica e uma regido hidrofilica, transfere-se
espontaneamente para a interface liquido-ar enquanto outra fracdo perm@nece
solucdo. Na regido da interface os mon6meros se orientam prefenemt&éexpondo
sua regiao hidrofébica para a fase gasosa (ar) enquanto sua regiéo hidrofilica permanece
imersa na fase aquosa. Com o aumento da concentracdo de surféétdaterminada
concentragcdo caracteristica, denominada concentracdo micelar (crticg ocorre a
saturacao energética da interface liquido-gas, tornando-se favoraves paoadmeros
se associarem em solucéo para formar agregados denominados micelagiaAcmt o
aumento na concentracdo de surfactante ndo conduz ao aumento da concentracdo de
mondmeros livres em solucdo, mas promove a incorporacdo de novos mondmeros as
micelas ja formadas. A figura 1.2 apresenta um esquema da estrutloagdondmeros
de um surfactante iénico na interface e em solucédo, em regides de coAocestian@ e

abaixo da cmc.
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Aumento da concentracdo de surfactante

Figura 1.2. Organiza¢do dos monomeros de um surfactante idnico na interface e em
solugéo, em regides de concentracdo ab@®E) e acimaC e D) da cmc. {) cabeca

do surfactante;s) contraion e (~) cauda do surfactante.

A notodria capacidade de os surfactantes apresentarem uma orientacatapart
na regido da interface e de auto agregarem-se em solucédo para forglas B@m no
efeito hidrofébico sua principal forca motriz. A compreensao deste fendbmeno perpassou
séculos e teve sua construcao a partir dos primeiros estudos envolvendoexpsri
com misturas de agua e 6leo. Com a observacédo constanieatéajixa afinidade” de
Oleo por &gual,,;,G > 0) dirige muitos tipos de associa¢do ndo covalente em sistemas
guimicos e bioldgicos, as questdes moleculares associadas dembaeno tém sido
elucidadas**®ao contrario do que inicialmente imaginava-se, isto €, que a formacao de
micelas em sistemas de surfactantes era dirigida por uma fogéoatauda-cauda,
atualmente estabelece-se que moléculas de baixa polaridade, s@ma®caudas dos
surfactantes;evitam” interagir com agua pois sdo incapazes de competir com a forte
interacdo de moléculas de dgua com elas mesmas, as gl@gant entre si por meio

de ligagdes de hidrogénio.



Quando moléculas de agua realizam ligacbes de hidrogénio com melézula
agua vizinhas, suas contribuicfes para a entropia do sistemaelimtavido a perda de
graus de liberdade rotacional e translacional, principalmente. Portanta@apor mol
de moléculas de agua envolvidas uma rede de ligagdes de hidrogénio no “bulk” ¢é
menor que a entropia por mol de moléculas de agua hipotéticas que puekssdinres
no “bulk” sem realizar ligacdes de hidrogénio com outras moléculas. Por sua vez,
entropia por mol de moléculas de agua solvatando cadeias hidrocarbonibaixéde
polaridade) é menor que a entropia por mol de moléculas de agua envodvigae de
ligagdes de hidrogénio no “bulk” pelo seguinte aspecto: para interagir com uma cadeia
hidrocarbbnica, moléculas de agua devem deixar de interagir por megagiets de
hidrogénio com outras moléculas de 4gua para interagir com o hidrocarboneto por meio
de interag@es do tipo dipolo-dipolo induzido, as quais séo de enerdjoantdais baixa

A perda entalpica associada ao processo de solvatacdo das cadeias
hidrocarbdnicas € minimizada quando as moléculas de agua na camada de solvatacédo da
cadeia hidrocarbonica se orientam mais efetivamente, perdendo ecwrdfgaracional,
para maximizar as ligacdes de hidrogénio com as moléculas deiZghas. Para uma
determinada concentracdo do hidrocarboneto em solucdo, a perda entropieaassoc
com as moléculas de agua solvatando as cadeias hidrocarbénicas ndo compensa o ganho
de entropia advindo de outros processos que ocorrem durante a mistura dos dois
componentes (por exemplo, o aumento de entropia configuracional) ou a reducao da
energia entalpica que pode ocorrer em certas situacées. Como consequéaitieeza
escolhe agregar as moléculas de hidrocarboneto, liberando moléculas ke &yza
camada de solvatacdo e aumentando, desta forma, a entropia do sistema.

Em linhas gerais, o termo hidrofébico é utilizado para referir-se a iated

moléculas de baixa polaridade com moléculas de agua. O efeito hidrofébico da nome ao



fenbmeno de autoassociacdo espontanea de moléculas de baixa pdlaiddaidbicas)
em agua. Este efeito tem como forgca motriz 0 aumento de entropia do sistetimala pa
liberacdo de moléculas de &gua estruturadas na camada de sold#ag®dlécula

hidrofébica.

1.2.1.2. Macromoléculas: Proteinas versus Polimeros

Define-se uma macromolécula como uma molécula formada por uma grande
colecéo de atomos ligados covalentemente entre si e organizages@nas unidades
estruturalmente bem definidas (unidade repetitiva da macromoléculae qepetem,
periodicamente ou néo, ao longo da cadeia macromolecular.

Quando nos referimos a um polimero, estamos falando de uma amostra que
contém macromoléculas formadas por diferentes quantidades da(s) mesma(s) unidade(s)
repetitiva(s), constituindo uma amostra com uma distribuicdo de masiezsiiares. Se
formados por um unico tipo de unidade repetitiva os polimeros sdo denominado de
homopolimeros. Em outro caso eles sdo chamados de copolimeros, quando forlmados pe
repeticdo ordenada (copolimeros blocos) ou aleatdria (copolimeros randémicos) de mais
de um tipo de unidade repetiti¥.

As proteinas sdo um tipo especial de copolimero randémico constitpiiir
de um conjunto bem definido de unidades repetitivas (residuos de aminoqualesdao
arranjados de forma aperiddica, mas de uma forma prescrita que fairsatiecao longo
do processo de evolucao a fim de conferir propriedades particulares a wiacudan
Essas propriedades ndo estdo associadas apenas a maneira comoessrepetiivas
estdo distribuidas ao longo da cadeia (estrutura priméaria da proteisalami@Em a
habilidade de a macromolécula se auto-organizar em uma estrudlimeensional

complexa e bem definida.



Pela definicdo de proteina que apresentamos, é evidente que unre @ atei
polimero. A distincdo que realizamos nesta tese é apenas urntegesrara considerar
o efeito que as caracteristicas estruturais Unicas das proteinaant@mesobre a
interacdo com os surfactantes, principalmente no que diz respeititdlidl@de da
macromolécula. Uma estrutura macromolecular ser flexivel ou ridggende das
propriedades termodinamicas do sistema. Por exemplo, o PEO apreseettruinea
macromolecular rigida quando puro e abaixo de sua temperatura de traiiggionas
guando em solucéo, nas condi¢cdes termodinamicas utilizadasrabsatbd, apresenta
suas macromoléculas flexise Proteinas, por outro lado, mesmo em solucdo sob
condi¢cbes termodinamicas abaixo de sua temperatura de desnaturacéentampre
estruturas macromoleculares rigidas. Estas diferencas podemteseninkntes nas

carateristicas de interacao de macromoléculas com surfactantes.

1.2.2. Interacdo Macromolécula-surfactante

A complexidade de sistemas constituidos por macromoléculas e surfabmte
como sua aplicacdo em uma variedade de produtos tecnoldgicos toestodo da
interacdo entre estes dois compostos um alvo de interesse de dpesgosadores.
Ainda hoje, décadas apOs o inicio dos estudos da interacdo entre mamutancté
surfactantes, investigagcdes fundamentais sé@o realizadas com o olgetvancar na
compreensdo do comportamento dos sistemas coloidais formados por wesas d
substancia$®

Quando nos referimos a sistemas macromolécula-surfactante, inenéates|
englobamos uma grande diversidade de estruturas de macromoléculas (ownsesjacta
gue apresentam propriedades fisico-quimicas bastante distiméasieRbr conseguinte,

as propriedades destes sistemas sao altamente dependentesradéeristizas



moleculares da macromolécula e do surfactante. Neste contextajié ctessificar tais
sistemas em funcdo das caracteristicas estruturais da macwe@&élo surfactante,
principalmente quanto a carga do grupo cabeca do surfactante (de umadmae g
guanto a presenca de cargas ou ndo sobre a cadeia da macromolécutagspecafico

de sistemas polimero-surfactante). Desta forma, é recorrente a d#edenantre
sistemas polimero/surfactante idnico, polimero/surfactante nao-ibniadietetrolito
(polimero carregado)/surfactante (no estudo da interacdo polimero-surtaemeaie
sistemas proteina/surfactante ibnico e proteina/surfactante nao-{@oicestudo da
interac&o proteina-surfactanté) figura 1.3 apresenta, na forma de um fluxograma, as
possiveis combinacdes de macromoléculas e surfactantes cujas istesigbe

comumente estudadas.

> Proteina “ > I6nico

/
/
/
/
/S
/
/
y
Macromolécula Polieletrodlito “
/
/

|7 // \\ |

Polimero ——+ Polimeroneutro <« 3 N3o i6nico

Surfactante

v

Figura 1.3. Fluxograma representando as diferentes combinagdes

macromolécula/surfactante cujas interacdes sao comumente estudadas.

De maneira geral, a interacéo de polieletrélitos com surfactantesgke oposta
€ mais intensa que a interacdo de polimeros n&do-ibnicos com sueaaargualquer
classe; surfactantes nédo-ibnicos interagem fracamente (ou naogenmgraom

macromoléculd€!® e, por razdes ainda ndo muito bem estabelecidas, surfactantes
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cationicos interagem mais fracamente com polimeros néo-iGier&lo comparados a
surfactantes anionicos de hidrofobicidade semelidnfe.despeito disso, algumas
propostas para a diferenca de “reatividade” de surfactantes anidnicos e catidnicos frente

a polimeros séo encontradas na literatura para alguns sistemas espeoffiexsmplo,
Schwugef® atribuiu a maior interagdo de PEO com surfactantes anidnicos a propriedade
de o atomo de oxigénio nas unidades de 6xido de etileno tornar-se pamtgghositivo,
podendo interagir através de interacGes eletrostaticas favoraveie gompo cabeca
destes surfactantes. Com respeito as proteinas, a magnitude dadneetagdEstas e
surfactantes i6nicos € fortemente dependente da carga da biomoléculgpendede
diretamente do pH do meio.

Salvo os diferentes tipos de sistemas macromolécula-surfactaeta sua
particularidade, a interacdo entre macromoléculas e surfactantes @ni@nicrecebido
atencao especial da comunidade cientifica e € alvo de estuddrabatko. A seguir
destacam-se 0s principais aspectos relacionados aos mecanisintsrdedes proteina-
surfactante e polimero-surfactante com énfase em sistemas formados foa fjoote

polimero n&o-idGnico) + surfactante idnico.

1.2.2.1. Interacao Proteina-surfactante

O estudo da interacao entre proteinas e surfactantes é particularmentebmporta
do ponto de vista tedrico e pratico por diversos aspectos, a ressaltar:

() Surfactantes sdo extensivamente usados para extrair proteinag aepart
membranas celulares sendo, de forma geral, agentes utilizados nacegtpagificacdo
destas biomoléculgs;?2

(i) A interacao entre proteinas e surfactantes é comparavelgamakxtensao,

a interacdo proteina-lipideo que ocorre nas membranas cefdi&res;
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(i) Surfactantes idnicos sdo agentes desnaturantes de prétsthas;

(iv) Surfactantes previnem o fendbmeno de agregacdo em varios processos de
manipulacdo de proteinas;

(v) Sistemas constituidos por surfactantes e proteinas sdo de ampla relevancia no
desenvolvimento de diversos produtos de aplicacdo tecnoldogica como farmacos
alimentos e cosméticg&?°

Muito do que se compreende sobre sistemas proteina-surfactante decorreu de
estudos realizados entre o inicio do século XX e o inicio da décdd@¥dequando os
principios gerais de como surfactantes carregados se ligam e desratiteinas foram
estabelecido®As observacdes até entdo obtidas, em conjunto com estudos posteriores,
permitiram aos pesquisadores estabelecer um esquema geral do mecanismaxcée inter
entre proteinas e surfactantes idnicos, o qual é descrito em uma série d&¥tpsa
primeira etapa(“a” na figura 1.4), em baixas razdes molares surfactante:proteina
(concentracdes de surfactante bem abaixo da cmc do surfactante), mondmeros
individuais de surfactante ligam-se a sitios especificos da r@otea interacdes
eletrostaticas e hidrofobicas. Esta etapa, em geral, ocorre seag@dteda estrutura
terciaria da proteina, mas pode ocorrer com pequenas mudancas conformdeionais
biomolécula que, em alguns casos, promovem a expansao de sua estruteiganda s
etapa, quando os sitios especificos de interacdo estdo saturados, 0srom@ne
surfactante ligam-se a cadeia da biomolécula através de Gésma@o-especificas e nao-
cooperativas até que em uma terceira etdpana figura 1.4) uma grande quantidade de
surfactante passa a ligar-se cooperativamente a proteina. Aceedi@-sesta etapa
ocorra a maior alteracdo conformacional da biomolécula que pode, em cdgoss
perder sua funcionalidade biolégica. Com as mudancas estruturais que @mloego

da cadeia polipeptidica, sitios hidrofébicos tornam-se disponiveis paragintcom o
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surfactante, principalmente por meio de interacdes hidrofdbicas. Na Ultima‘etapa
figura 1.4), em razBes molares surfactante:proteina elevadas, a proteise teaharada

pelos mondémeros de surfactante os quais passam a formar micelas livres em solucao.

' [surfactante] m
pd

Figura 1.4. Esquema geral para o mecanismo de interagéo entre proteinas e surfactantes
iGnicos que tem como consequéncia a desnaturacéo da biomolécula. A concentracéo de
surfactante aumenta no sentido das se:asabeca do surfactante e (~) cauda do

surfactante.

A morfologia do complexo proteina-surfactante na concentracdo de saturacao foi
investigada por diversos pesquisadores e diferentes modelos estrutunaisrigpastos.
Gudiksen et at® tém revisado ao menos cinco modelos que descrevem a estrutura de
agregados proteina-SDS desnaturados. Dentre estes destacam-seegéyiasg de
surfactantes alongados ao redor dos quais a proteina esta localiggdagregados

cilindricos de surfactantes em torno dos quais os segmentos hidrofilicos do polipeptideo
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estdo ligado¥ e (iii) agregados micelares distribuidos randomicamente ao longo da
cadeia polipeptidica. O ultimo é o mais utilizado na descdedagregados surfactante-
protel'naZ_G,32,35,36

A saber, a maioria dos trabalhos que culminaram na elaboracédo de um mecanis
de interacdo proteina-surfactante ibnico é proveniente de estudos avaligagéado
surfactante SDS a proteinas globulares. Por volta de 1968 ja estagathbelecido que
este surfactante forma complexos saturados com proteinas numa propdr¢dé delo
surfactante para 1 g da biomoléciila muito ja se sabia da natureza das interagdes
(eletrostéticas ou hidrofébicas) que regem a formacéo de agregados proteina-SDS.

Dentre os diversos fatores dos quais depende a intensidade da interacao proteina-
surfactante ibnico (estrutura da proteina, carga e hidrofobicidade do surfactayate, f
ibnica, temperatura, pH, entre outros), a dependéncia com o pH deve serddestaca
Avaliando-se o efeito do pH na formacéo de complexos proteina-surfactaiote ia
importancia das forcas eletrostaticas na interacdo entre estes tmsmf@rs sido
provada®®*® Em valores de pH superiores ao ponto isoelétrico (pl) da proteina,
surfactantes anionicos interagem fracamente com a biomoléculet@e das repulsdes
eletrostaticas entre o grupo cabeca do surfactante e a cadeia fubtipapte apresenta
carga liquida negativa nesta condicédo de pH. Por outro lado, em valpi¢snderiores
ao pl, nos quais as proteinas encontram-se com carga liquida posiataca@o
eletrostatica entre os residuos de aminoacidos carregados positivanengeupo
hidrofilico do surfactante carregado negativamente torna a interacao bastantée intens

A destacar, quando monémeros de um surfactante aniénico ligam-seia cad
polipeptidica de uma proteina com carga liquida positiva (pH < pl), a lbqugda do
agregado proteina-surfactante formado € cada vez mais proxima dadeéraimedida

gue a concentracdo de surfactante aumenta. Nessa condicéo, encalgeen&racao do
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surfactante a precipitacdo de um complexo proteina-surfactante pode dewiterao
favorecimento de interagbes hidrofobicas entre os agredhdas.passo que mais
mondémeros do surfactante liga®aa proteina, a carga liquida deste complexo afasta-se
da neutralidade e a dissolugdo do mesmo pode ser observada. Eveatopsidal ser
verificado na interagdo entre surfactantes catibnicos e proteinas cga licaida
negativa (pH > plf! A ocorréncia destes fenémenos envolve um balanco delicado de
forcas eletrostaticas e hidrofébicas que se contrapfe na estabilizac@pedada
proteina-surfactante em solucéo.

Apesar dos sistemas proteina-surfactante serem estudados ha umrigpme te
ja serem bem conhecidos, questbes em aberto ainda movimentdrallootiGentifico
nesta area. Otzénem um trabalho de revisdo, tem identificado uma série de questdes
envolvendo a pesquisa de sistemas proteina-surfactante entre as quhisnmas a
atencao: (i) em que extensao o processo de desnaturacdo de proteinas pamtssrfac
iGnicos é reversivel? (ii)) como as condi¢cdes do solvente podem afetatogoelo qual
estes surfactantes desnaturam proteinas? e (ii) surfactantes anpodens imitar
membranas biologicas? E neste cenario que estudos recentes utiliganidast
sofisticadas e complementares em sistemas envolvendo uma radedade de
proteinas e surfactantes tém se desenvolvido.

Dos registros de artigos da literatura reportando o estudo de sistenedisaprot
surfactante a grande maioria remete a proteinas globulares bem conlceonas
lisozima?8442 alpbumina do soro bovirid** e tripsina®™*® Por outro lado, estudos
envolvendo metaloproteinas, como € o caso das proteinas da classe feéasriesnsSao
escasso$. Em resposta a deficiéncia de trabalhos envolvendo proteinas destganatu
nos investigamos a interacdo entre a proteina lactoferrina e thfersurfactantes

anionicos.
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A lactoferrina € uma proteina da familia das transferrinas (proteinasacom
capacidade de se ligar a atomos de ferro) encontrada em niveidoslano leite d
diversos mamiferos e, em menor extensio, em diversos outros fluidogrses &t A
presenca desta proteina nestes organismos vivos esta assagis@aérie de funcdes
bioldgicas importantes, em espedf(i) transporte de ferro na corrente sanguinea; (ii)
regulacéo da absorgéo deste elemento no intestino e (iii) respostaiprote;ao contra
infecc@o microbiana. E bem estabelecido que a presenca do atomo dederoroteina
¢é responsavel por um aumento de sua estabilidade frente a desoaiémage’ ndo
sendo conhecido ainda a importancia deste elemento na estabilizab&mndlécula

frente a desnaturacdo induzida por surfactantes.

1.2.2.2. Interacdo Polimero-surfactante

As primeiras investigacdes envolvendo sistemas formados por um polioraro e
surfactante datam dos anos de 1950 a 1960, sendd Saitsiderado o autor mais
influente na época e cujos trabalhos ainda influenciam os estudos Atpaidir dos
inUmeros trabalhos consolidados nesta é&rea, algumas caracterggieas do
comportamento de sistemas polimero-surfactante tém sido estaelexidsdo
apresentadas a seguir.

Quando na presenca de um polimero, em meio aquoso, surfactantes sdo capazes
de agregar-se em uma concentragdo menor do que sua CMC, NUMOPEOTERE O
polimero é dito ser um facilitador do fenémeno de auto-associacgéo do suefsdEmta
concentragdo, que indica o inicio da ligacdo do surfactante a macarolaplé
denominada concentracdo de agregacao critica (cac). A concentracadoancamiesh da
macromolécula torna-se saturada pelo surfactante € também umatiEmdee critica
importante para caracterizar o processo de interacdo polimero-sueacantio

denominada concentracao de satura€ap Tanto a cac quanto@ dependem de varios
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fatores, a destacar: estrutura do polimero, hidrofobicidade e carga do surfactante
presenca de aditivos (cossolutos ou cossolventes) e tempétatukitm disso, o valor

de C; depende linearmente da concentracdo de polimero no sistema, oogee na
verificado para a cac que é praticamente independente deste parPdmetro.

Uma terceira concentracao critica para caracterizar o processuedacao
polimero-surfactante € mencionada em alguns t&tbpara definir a concentragéo
acima da qual micelas de surfactante livre come¢cam a ser fa@adsolucdo e passam
a coexistir com agregados polimero-surfactante. Esta concentrad@ooéinada
concentracdo de micela livredic Em virtude do valor da.cser muito préximo do valor
daC,, a maioria das técnicas experimentais sdo incapazes de diferencias&Ergduas
concentracgdes criticas, sendo comum afirmar que micelas de suefdisgtantomecam
a ser formadas acima @e. Bloor e coautore¥®° combinando calorimetria de titulagdo
isotérmica com eletrodo seletivo de surfactante, descreveram uodoiogia para obter
estas duas grandezas.

Em alguma extenséo, evidéncias da diferenciacdo entre as gra@gezassao
fornecidas a partir do estudo das propriedades superficiais dos sistemat$opoa
polimeros e surfactantes. Curvas de tensao superficial versus o logritomcentracao
de surfactante em agua possuem uma Unica concentracao critideé defuada como
a cmc do surfactante (figura 1.5a). Quando estas curvas sdo obtidas na mesenca
polimero elas comumente apresentam duas concentracdes criticas,isasagua
usualmente definidas como os valores de cé® igura 1.5b)%* No entanto, alguns
autores tém observado até trés concentracdes criticas para algumassisrticulares
duas das quais encontram-se na regido em torno da concentracdo emobjmem
torna-se saturado pelo surfactante (figura 158) primeira destas é a concentracio de

saturacdo do polimeraCf); acima deC;, ocorre uma reducdo abrupta da tenséo
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interfacial do sistema a medida que a concentracédo de surfactaetgalindicando um
acumulo de monomeros no “bulk™ da solugdo. Esse fendmeno acontece até que agseja

atingida, quando micelas livres comegam a ser formadas em solugao.
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Figura 1.5. Esboco de curvas de tensao superficial versus o logaritmo da concentragéao
de surfactante. A curva efA) é obtida para diferentes concentracdes do surfactante em
agua; as curvas e(B) e (C) sdo obtidas para diferentes concentra¢des do surfactante

em solucdes aquosas de um polimero.

Em certos sistemas polimero-surfactante, medidas de tensdo salperfici
constataram que pode existir um maximo na curva de tensdo superficsak v
concentracao de surfactante, na regido entre a c@g &ste fendbmeno é observado, por
exemplo, no sistema PVP-SDS em concentraces de polimero superioresiadicd
uma mudanca de composicéo (razdo e quantidade de polimero e surfaciateefana,
na faixa de concentracdo em que ocorre a ligacdo dos monémeros dec&@ta do
PVP® No entanto, esse perfil na curva de tensido superficial versus concedgacio
surfactante mostra-se uma importante funcao da atividade superfip@imero, sendo
verificado que polimeros mais ativos superficialmente interagemmbaisamente com

surfactante§?
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A respeito da morfologia dos agregados, a primeira proposta a ganhar forca na
comunidade cientifica, e que se estende aos dias atuais, foi fe@algare no ano de
19775 A partir de medidas de ressonancia magnética nuclear em sist@nstitiidos
por poli(dxido de etileno), PEO, e SDS, Cabane sugeriu que os agregad@DSEO-
poderiam ser descritos como micelas mistas consistindo de umanpepate de
segmentos de Oxido de etileno adsorvidos sobre a superficie de agregdi @ha
regido entre 2 a 3 atomos de carbono préximo ao grupo cabeca do sujfactanter
ainda prop6s que alguns dos segmentos de PEO estariam adsorvidos na égjedac
micela, enquanto a maioria destes segmentos estd em uma coatrenayelada,
interagindo com as moléculas do solvente. A figura 1.6 mostra uma enejaEo

bidimensional da estrutura dos agregados BBSproposta por Cabane.

Figura 1.6. Representacao bidimensional da estrutura dos agregados PEO-SDS
proposta por Cabarféa linha em cinza representa a macromolécula do PEO, a qual se
encontra adsorvida sobre as micelas do surfactenteabeca do surfactante e (~)

cauda do surfactante.
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Assim como ocorre no campo de pesquisa de sistemas proteina-stafauan
estudo de sistemas polimero-surfactante existe uma diversidade rateirast de
polimeros, surfactantes e solventes que podem ser combinados entrecsigpzaa
sistemas coloidais com propriedades fisico-quimicas Unicas. Nocgentéaptorar as
caracteristicas particulares associadas a cada um dsttegs esta fora dos objetivos
deste trabalho. Neste sentido, visto o grande interesse emasdtemados por PEO e
SDS, um dos sistemas polimero-surfactante mais estudados peladzmeuientific
e de interesse nessa tese, um foco nos sistemas formados por sstemgostos tem
sido dado nesta parte da revisao.

Os estudos de sistemas formados pela mistura de PEO e SDSrmistan® ano
de 1967 com o trabalho de Jotfesue formalizou varios dos conceitos utilizados no
campo de estudo de sistemas polimero-surfactante. A partir de emésaslitécnicas
tém sido aplicadas no estudo deste sistema entre as quais destaardutimetrid’:4
tensiometrig®®® viscosimetria/ % calorimetria de titulacdo isotérmiet’ 68
espalhamento de 182/° espalhamento de néutrofi? e espectrometria de
fluorescéncid?

No que se refere ao mecanismo da interacdo entre PEO e Sifgriélo que o
balanco de dois eventos principais controlam a maneira pela qual Pia&ssa molar
elevada interage com SD%® O primeiro evento, um processo endotérmico em
concentracdes menores de SDS, corresponde a ligacéo cooperativdaedai&DS de
baixo nimero de agregacdo aos segmentos de PEO desidratados e € governado por
interacBes puramente hidrofobicas; neste evento, os segmentos de Oxitkndedet
PEO interagem com as caudas hidrofébicas do surfactante no nicleo dos@gae
SDS. O segundo evento, um processo exotérmico em concentracoes alevaiess

refere-se areidratacédo da cadeia do polimero promovida pela transferésegnaestos
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de PEO solubilizados no interior das micelas para a superficie micelar; nesteqraces
associacao do surfactante ao polimero se da por meio de interatGdgsoio. Apos a
saturacdo da macromolécula de PEO pelo SDS, o aumento da concentragdo de SDS leva
a formacao de micelas livres em solucao. O evento exotérmico ndo éadbsguando
PEO de massa molecular entre 400 e 4000 ¢ natilizado e nenhuma ligagédo de SDS
ao PEO é verificada com PEO de massa molecular inferior a 400'gmol

A interagdo entre PEO e SDS tem sido estudada sob diferentegdesndi
termodinamicas, ficando demonstrado que mudancas nas propriedades do solvente
podem alterar as caracteristicas de agregacdo entre o polimenarfactante. Dai e
Tam>2 utilizando a técnica de ITC, avaliaram a interagdo PEODSolucdes aquosas
de diferentes glicois. Os autores demonstraram que a diminuicdo afalqe do
solvente pela adicao de glicol em agua aumenta a cac do aotdact qual ndo forma
agregados com o PEO na presenca de concentracdes elevadas do cossolvente.

Barbosa et af® utilizando a mesma técnica, avaliaram o efeito da adi¢cdo de
diferentes eletrdlitos (NaCl, N&Qs, NaSCN, LsSQs e Na[Fe(CN)XNO]) sobre as forgas
motrizes associadas com 0 processo de interagdo PEO-SDS. &d&sram que
concentragbes de 10 e 100 mM de NaCl;9@, NaSCN, LSOy sdo capazes de
diminuir a cac, aumentar @ e estabilizar o agregado PEO-SDS, mas sem modificar
muito as energias de interacdo intermolecular associadgszadido SDS ao PEO. Por
outro lado, verificaram que o eletrolito lége(CNlNO] afeta em grande extenséo as
curvas de ITC associadas a interagdo PEO-SDS, o que é atribuido iatenagéo
especifica do sal complexo com as unidades de 6xido de etileno do polimero.

Nenhum outro trabalho avaliando o efeito de cossolutos ou cossolventes na
interacdo PEO-SDS tem sido encontrado. No entanto, dado o efeitdifguentes

cossolutos ou cossolventes podem apresentar sobre esta interacao, tuo\ss res
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presenca de compostos emergentes e com propriedades Unicas s&pcestr®or estes
agectos, o estudo da interacdo entre PEO e SDS na presenca dessmarokrgente

de substancias, os liquido idnicos, € uma das propostas deste trabalho.

1.2.3. Cooperatividade

Um aspecto comum observado nas propostas de mecanismos de interacéo
proteina-surfactante e polimero-surfactante diz respeito a uma faieaacEntracdo do
surfactante em que ocorre uma associagcdo cooperativa entre a ni@cutame o
surfactante. Neste sentido, justifica-se detalhar mais a fundoaagecesticas associadas
com este fendbmeno de ligagao.

A associacao cooperativa esté entre os fendbmenos moleculareais irgngam
0s pesquisadores no estudo de interacdes intermoleculares, sobretuddesitques;
determinam a ocorréncia de processos bioldgicos como, por exemplo: ligacao
oxigénio & hemoglobina humaffaatividade enzimatic&,’® regulacio de expressio de
genes$’"8e ligagdo de pequenas moléculas ao DNA.

Em sistemas de macromoléculas que contenham mais de um sigecde para
um ligante, a cooperatividade é caracterizada pela dependéuooiastiante de equilibrio
(associada com a ligacdo do ligante a um sitio da macromgléomao avanco da
reacdo. Em outras palavras, a medida que um sitio de ligacAmaramolécula é
ocupado por uma molécula do liganté‘afinidade” dos demais sitios de ligagdo pelas
moléculas do ligante é afetatfaSe uma macromoléculd possuii sitios de ligacéo
idénticos disponiveis para a ligacdo com um ligante L, as edegagmcao do ligante a

macromolécula para formar o compleM; pode ser esquematizada da seguinte forma:
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Ky K K;  Kai-1 K;

M2ML2ML,2 .. 2 MLjqy 2 ML (1.1)
K, K., K3 K. K_;
em quekK;, K,, .., K; sdo as constantes de equilibrio das reacbes diretas e

K_i,K_,, ...,K_; s@o as constantes de equilibrio das reacdes inversas. Se o processo de
ligacdo € cooperativo, cada molécula do ligante que se ligeckomolécula na etapa

altera a constante de ligagado na efaftae, portantok; # K1)

Os primeiros modelos descrevendo processos de associagdo cooperativa fora
propostos por Hill, no inicio do século XX, para descrever a ligacdo denmxigé
hemoglobing! Apesar da existéncia de outros modelos mais completos par@iiasac
este tipo de associacao (que nao serao tratados aqui), atualmerdas medntitativas
de cooperatividade em sistemas biomolécula-ligante séo tipicaajastadas a equacao
de Hill:

KIL]™

O = T KL

(1.2)

em qued é a fracdo de sitios ligadgé) € a concentracdo de ligankeg uma constante
aparente de associagéae é o coeficiente de Hill. Se; > 1 € dito que o sistema sob
estudo apresenta cooperatividade positiva, ou seja, a ligacdo de uma molécutdelo liga
a um sitio de ligacdo na macromolécadaenta a “afinidade” das demais moléculas do
ligante pelo proximo sitio a ser ocupado; por outro lagox 1 indica cooperatividade
negativa e a ligacdo de uma molécula do ligante a um sitio de ligacdo nenolécuta
diminui a “afinidade” entre o ligante e o proximo sitio a ser ocupado. Valores dg
iguais a unidade indicam que os sitios de interacdo sobre a masrol@osao

independentes e ndo ocorre cooperatividadfe.
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1.2.4. Liquidos l6nicos

Os liquidos i6nicos (LIs) sao eletrolitos que, em contraste aososaig1s Como
NacCl, LiSOQs e KBr, apresentam ponto de fusdo abaixo de 100 °C. Dentre as propriedades
gue os tornam alvos de diversas areas de pesquisa destacanmahiia sstabilidade
térmica e quimica, alta solubilidade, densidade elevada, baixa pressao de vapde e g
capacidade de alterar a camada de solvatacdo de espécieaggimicdo em solugédo
aquosg3®

A sintese dos primeiros Lls data do inicio do século XX, sendo o nitrato de
etilamonio, [EtNH][NO3], o primeiro liquido idnico a ser reportado na literaflira.
exemplo deste, a maioria dos Lls sintetizados e estudados atédafoedada de 1970
era instdvel ao ar e a 4gua. Porém, este contexto mudou com a cibst@seneiros
liguidos ibnicos baseados em cations imidazélicos (figura 1.7) quémante, estdo
entre as principais classes de Lls estudadas.

A estrutura dos Lls € usualmente formada por um anion de natureza inorganica e
um cation de natureza orgéanica de baixa simetria e as suas gadpsdisico-quimicas
sdo diretamente dependentes da combinacao cation-anion que da origempasto.
Por haver um nimero tao grande de estruturas de cations e anions que putebirse
entre si para formar os LIs, a sintese de um liquido i6bnico pode sgagiapara atingir

um objetivo especific®’
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N
\ B R, = metil, etil, butil, octil, decil...
X R, = metil, etil, butil, octil, decil...
X = BI", Cl_, BF4_, PFé, CF?’SO}_

N

Figura 1.7. Estrutura molecular de um liquido i6nico imidazdlico.

O interesse da comunidade cientifica pelos LIs surgiu com a paetheispie eles
poderiam substituir os tradicionais solventes organicos, volateis ad0xdm varios
processos industria?$.No entanto, a capacidade de estes compostos participarem e
modificarem uma série de processos fisico-quimicos tem feito deles do que
simplesmente solventes. Atualmente, liquidos ibnicos sao utilizadioexemplo, como
catalisadore® como eletrélitos em células solaf@sno desenvolvimento de
biossensore¥, como estabilizantes de proteinas e ativadores de efzithas na
formacéo de filmes ordenadds.

O papel dos Lls na quimica de sistemas coloidais vem se dekiapala
capacidade destes compostos afetarem em grande extensdo as propriefisgedale
sistemas poliméricd$%e sistemas de surfactanté8’ Além disto, determinadas classes
de LIs sao sintetizadas com propriedades de surfactantes, sendo adesstgas
propriedades de comportarem-se como tal em solugdes ajuosaatuarem como
cossurfactante®. Aqui, n6s temos investigado o papel de Lls imidazolicos sobre o

fenbmeno de interacdo entre o surfactante SDS e o polimero PEO.
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1.3. Ferramentas para o Estudo da Interacdo Macromolécula-surfactante

O processo de interacdo entre macromoléculas e surfactantes compireande
série de eventos moleculares que dependem de varios fatores, asaitaracteristicas
estruturais da macromolécula e do surfactante, as propriedades do solviErde,meio
e a temperatura do sistema. A compreensdo destes eventos él pmgsiveio da
interpretacdo das propriedades fisico-quimicas do sistema de intpress® obtidas a
partir de uma variedade de técnicas entre as quais se deateammimetria de titulacdo
isotérmica, a calorimetria diferencial de varredura e a espectrastmfluorescéncia. A
seguir sdo apresentados os principios gerais que dao base datifieatas técnicas e
permitem que elas sejam utilizadas em estudos de sistamng@dexos contendo

macromoléculas e surfactantes.

1.3.1. Calorimetria de Titulacdo Isotérmica

A calorimetria de titulacdo isotérmica (ITC) tem sido amplamatileada no
estudo da interacdo entre macromoléculas e surfactantes senddemamaenta
importante na obtencdo de parametros termodinamicos associados asopaEes
formacdo de agregados proteina-surfactante e polimero-surfaéfité1°? Esta
técnica permite obter diretamente a energia na forma de dadoada ou absorvida
durante a ocorréncia de um evento molecular no interior de um calorimetro, em um
procedimento de titulacdo a temperatura constante. Para escigeosrfundamentos
desta técnica, na figura 1.8 é apresentada uma ilustracdo esquematica de uetrcalorim

de titulacdo isotérmica que opera por fluxo de calor.
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agitacdo ||| | || iooneoRRRER

' Dissipador de
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Figura 1.8.Esquema de um calorimetro de titulagéo isotérmica que opera por fluxo de

calor.

Neste dispositivo duas celas calorimétricas (volume usual derhlg, uma de
referéncia (cela R) e outra de amostra (cela A), de capacidaokBazed e propriedades
térmicas muito préximas estdo localizadas no interior de um ambierntmperatura
altamente controlada. Este ambiente é delimitado por uma grandedeassdal (um
dissipador de energia) que se encontra em equilibrio térmico com umtéanbstatico
revestido por uma jaqueta adiabatica. Interposto entre as celas étloasme o
dissipador de energia encontra-se um conjunto de termopilhas semicondutoras
responsavel pela detec¢édo da energia na forma de calor que é almoliieeada pelos
sistemas no interior das celas calorimétricas. O compartimento®oekas se localizam
€ construido de modo a permitir o fluxo de energia entre as celas e adisdpanergia

apenas através das termopilhas.
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Em um experimento tipico de ITC, o titulante € adicionado papsss® a cela
de amostra em volumes de injecéo fixos variando de 1 @l.1& acordo com as
caracteristicas do equipamento e propriedades do sistema sob ingestizagntervalo
de tempo bem definido é estabelecido entre as inje¢cfes que sZaaesalitilizando-se
uma seringa de alta precisdo controlada por um sistema automatizaderdtjrem
experimentos de interacdo macromolécula-surfactante o titulanteaéseiocdo de
surfactante cerca de 10 a 20 vezes o valor de sua cmc e o titulatd $blucdo da
macromolécula em uma concentracéo pré-determitfadta.agitador na cela de amostra
€ utilizado para acelerar o processo de homogeneizacao do titulante na solagio titul

Quando as solugBes se misturam no interior da cela de amostra apog¢éoe in
processos termodinamicos envolvendo o rompimento e a formacdo de interacdes
intermoleculares ocorrem promovendo a variagcdo da temperatura dgueetam a
pressdo em seu interior mantida constante. Para que o equilibrio térmico sejamevam
alcancado surge um fluxo de energia na forma de a@l@nfre sistema e vizinhanca, o
gual é detectado através das termopilhas. Quando energia na foratardiii através
delas, uma diferenca de potencial elétrico (V) proporcional a taxa de d@bsmrg
liberacdo de energia pelas celas é medida entre os seus tepoikando ser utilizado
na determinacao dip

Os dados brutos séo fornecidos como um grafico de poté&cen{ funcao do

tempo (t) (figura 1.9) e o valor dgreferente a cada injecdo pode ser calculado pela
integral da curva no intervalo de tempo adequagde gfttlz Pdt em quet; € o tempo no

inicio da injecdo & o tempo no qual a linha base retorna ao seu valor inicial).
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Figura 1.9. Termograma obtido em um calorimetro de titulag&o isotérmica a partir da
titulacdo de uma solucdo de BaCO0 mM sobre uma solucao de 18-crown-6 5 mM.
Cada injecao consistiu da adicdo de 4uL do titulante e o volume inicial de titalado n

cela foi de 0,85 in

A utilizacdo de uma cela de referéncia proporciona a diminuicdodtodailinha
base por se eliminar pequenas flutuacbes do termostato que regula iatienanmo
banho termostatico. Assim, a poténcia fornecida pelo equipamentntes@nsideracao
a diferenca entre o fluxo de energia na cela de amostra e na cela de refé¥éncia.

Nas condi¢cGes de medida, o valorgdabtido corresponde a variacdo de entalpia
do processo termodinamico ocorrido no interior da cela de amostra, conforme
demonstrado a seguir.

Seja um sistema termodinamico qualquer, para o qual a primeira lei da

termodinamica em sua forma diferencial simplificada forkéte- dg + dw, em queJ
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€ a energia interna do sistemaew séo as quantidades de energia trocadas entre sistema
e vizinhanga nas formas de calor e trabalho, respectivamente.
Se por algum processo termodinamico este sistema passa de um estadainicial

um estado final, a variagao de energia interna do sistema pode ser obtida por:

f f f
f du =f dq +f dw (1.3)
i i i

Se no referido processo for permitido apenas a ocorréncia de trabalho de@xpansa

contra uma pressad,; das vizinhangas, a equacédo 1.3 torna-se:
f
AU=U;—U;=q —f Py dV (1.4)
l

Que para um processo a pressdo constante fornece:
AU =Ur —U; = q = Pexe (Ve = V) (1.5)

Se o0 sistema estiver em equilibrio mecanico com suas vizehaeq-séP =

P..:, em queP é a pressao do sistema, e a equacgao 1.5 pode ser escrita como:
U —U=q—PVr—=Vp) (1.6)
Reorganizando os termos na equacéo 1.6 obtém-se:
(U +PV;) = (U; +PV) = ¢ (1.7)

A quantidade/ + PV, que aparece frequentemente em termodinamica, da-se o

nome de entalpia (H) e define-se:

H=U+ PV (1.8)
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Utilizando esta definicdo na equacgéo 1.7 obtém-se:

demonstrando que, para um sistema passando por um processo termodinamico a pressao

constante, limitado a realizar apenas trabalho de expanséao e &briequecanico com

suas vizinhancgas, a quantidade de energia trocada entre sisiemhanca na forma de

calor € numericamente igual a variacdo de entalpia para o referido processo.
Consequentemente, em um experimento de interacdo entre uma maantaneléc

um surfactante, a variagédo de entalpia por mol de surfactante adiciaiggg ém cada

injecdo no experimento de titulacdo, também denominada variagcédo deacotiafgivada,

pode ser determinada. Por conseguinte, o perfil da curddiglg versus concentracao

de surfactante pode fornecer informagdes importantes sobre os eventos mesleda

ocorrem durante o processo de interagao.

1.3.2. Calorimetria Diferencial de Varredura

Os parametros termodinamicos obtidos a partir da técnica de ITGtado® de
interacdo proteina-surfactante resultam da contribuicdo de diferentes sugwoces
moleculares como altera¢des conformacionais da biomolécula, mudaesasinaacao
das moléculas de solvente e alteracdes no estado de protonaedpétass durante o
processo de associacRdAssim, embora a técnica de ITC seja particularmente adequada
para acompanhar as variagcdes energéticas em um processo de associacao irase prote
e surfactantes, sua combinacdo com outras técnicas € fundamentlupiaacao dos
fendbmenos envolvidos. Uma técnica complementar neste sentido @renmetila

diferencial de varredura (DS&)104.10
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A fim de elucidar os principios gerais da técnica de DSC, a figuraldst@&ium
esquema geral de um calorimetro diferencial de varredura que opera ponsagapele

poténcia.

. Dispositivos
' termoelétricos

! Dispositivo de
. regulagem de
presséo

Figura 1.10.Esquema de um calorimetro diferencial de varredura que opera por

compensacao de poténcia.

Neste equipamento uma cela de amostra (cela A) e outra denceddicela R)
encontram-se no interior de uma jaqueta adiabatica e tém sua temapeoatrolada por
dispositivos termoelétricos independentes. Um dispositivo de regulag@mesiio é
responsével por controlar a pressdo que atua sobre as solu¢des no interior das celas.

Em um experimento tipico de DSC no estudo de proteinas, a cela deaagnos
preenchida com uma solucao da biomolécula de interesse enqudatderederéncia é
preenchida com o solvente no qual ela foi preparada. Em experimentos/pstigacao
da interacdo entre uma proteina e um surfactante, o surfactantetdepeesente tanto

na cela de amostra quanto na cela de referéncia, na mesma coaoerfsse
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procedimento garante que qualquer efeito do surfactante sobre as propriedades do “bulk”
da solucédo seja corrigido e apenas mudancas devido a interacdo nhéautano
surfactante sejam consideradas.

Com as celas preenchidas, o sistema € fechado para que a tempec&leaa
pressdo possam ser reguladas. Estabelecido o equilibrio térmicaémicoe os
dispositivos termoelétricos iniciam o aquecimento (ou resfriamentajettas por meio
do fornecimento (ou remoc¢éo) de energia na forma de calor. Estes dispositivos séo
regulados de maneira a permitir que ambas as celas estejam &engsrea temperatura
0 que é conseguido regulando-se as taxas de transferéncia de energia de faloa
para cada cela independentemente. Isso € possivel uma vez quelagu@ssui seu
proprio dispositivo termoelétrico (figura 1.10). A temperatura das celas é peatram
para variar em uma taxa linear enquanto a pressao permanece constanteaton den
2 a 3 vezes superior a pressao atmosférica.

A diferenca entre taxas de transferéncia de energia introduzida (ou removida) em
ambas as celas resulta da diferenca de capacidade calorifee@lest Esta diferenca
pode estar associada a quantidade de energia em excesso quel& (deebsorvida)
pela macromolécula na cela de amostra durante a ocorréncia de pigoesso
molecular especifico que envolve o rompimento e formacdo de interacde
intermoleculared®®

Conhecendo-se a taxa de transferéncia de energia na forma dé ggldt), em
gue o subscritg denota um processo a pressédo constante) em cada cela e a taxa de
variacdo da temperatura das celas com o temffigdt), € possivel determinar a

diferenca de capacidade calorifica a pressdo constafy® €ntre a cela de amostra,

C,(A), e a cela de referéncig, (R), de acordo com a equagéo 1.10.
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(dqp/dt) 4 — (dqp/dt)g
dT/dt

= C,(4) - C,(R) = AC, (1.10)

Os dados gerados a partir dos experimentos sdo representados em um termograma
que mostra(,, em funcéo da temperatura das celas. Uma veZ,gée taxa de variagao
da entalpia com a temperatura, a entalpia associada a alguesgoromolecular
decorrente do processo de aquecimento (ou resfriamento) entre uma temperiura
pode ser obtida pela integral definida da curva@gversus T, de acordo com a equacao

1.11:

T,
AH =f AC, dT (1.11)

T

No estudo de proteinas, as informacdes obtidas por meio da técnica dadSC s
muito relevante®’ Sob aquecimento, proteinas passam por um processo de desnaturagio
gue consiste da perda de sua estrutura terciaria e/ou secundariagopgartipimento
de interagdes intramoleculares que estabilizam sua estruturg nativa forgas de van
der Waals, interages hidrofobicas e eletrostaticas e ligdedaislrogénio. Parametros
termodinamicos associados a este evento podem ser obtidos a partitedmoagiama
como aquele representado na figura 1.11 que apresenta a curva de tramsicaal&é

proteina globular BSA obtida em tampéao acetato 0,1 M pH 5,8.
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Figura 1.11.Termograma de DSC da albumina do soro bovina (BSA) obtido em

tampao acetato 0,1 M pH 5,8.

O pico endotérmico que aparece na faixa de temperatura entre 60 e 80°G € 0 pic
correspondente ao processo de desnaturacdo da BSA. A integral deste picoafornece
variacao de entalpia de desnaturacdo da proteina e a tamp@@maximo do pico é

considerada ser a sua temperatura de desnaturacao.

1.3.3. Espectroscopia de Fluorescéncia

A técnica de fluorescéncia € considerada uma das primeiras ferrandenta
pesquisa em bioquimica e biofisica e tem sido extensivamentedaptaao para o
estudo da interacdo entre proteinas e surfactarfté® quanto para a obtencdo da
concentracido micelar critica de surfactantés!?

A fluorescéncia, assim como a fosforescéncia, € um fendmeno luminescente

caracterizado pela emissao de fotons por uma espécie quimica (fluorofeeq)rétesso
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€ decorrente da relaxacdo do fluoréforo a partir de um estado eletrénico excitanlo para
estado fundamental, ap0s sua excitacdo pela absorcdo de radiacdoagieiticm
Entender como este fenbmeno acontece requer a compreensao das Steasteos
estados eletronicos envolvidos. Uma representacédo adequada da estruastachss
excitados e das transi¢cdes relevantes que conduzem ao fendmeno de fluongsdéncia
ser feita de forma conveniente por meio de um diagrama de Jabldoskio aquele

representado na figura 1.12.

2
S2 1
o 1.
—_
i
1 Conversdo
i interna
i
]
2 : ~
s1 1 : T Conversao
T : entre
0 — —- sistemas
\ )
_ 1 T1
Absorcao 0
Fluorescéncia Fosforescéncia
2 \ 4
SO 1 y vy
0

Figura 1.12.Diagrama de Jablonsk®

Nesse diagrama, SO, S1 e S2 séo estados eletrénicos singletes Geatapre
estado fundamental, o primeiro estado excitado e o segundo estado excitado,
respectivamente. T1 representa o estado triplete de menor energiad&nmt destes
estados eletronicos o fluoréforo pode existir em varios subniveis de evibrgi@onal

representados pelos niumeros inteiros 0, 1 e 2. Os estados singletdésregeasie onda
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gue apresentam estados de spin antissimétrico enquanto o0s estdel@s ts§0 as
funcBes de onda simétricas. A principal diferenca entre estes esti@deseseu tempo
de vida: enquanto estados singletes tém tempo de vida na faixa del@®segundos,
os tempos de vida de estados tripletes variam entraté0diversos segundos. As setas
mostradas no diagrama de Jablonski representam as possiveis traestgdesstes
estados.

Um fluoréforo em seu estado fundamental SO, ao absorver radiacdo
eletromagnética, € usualmente excitado para algum dos esththsoniais de maior
energia em S1 ou S2 e rapidamente'fl8egundos ou menos), num processo
denominado de converséo interna, ele relaxa ao estado vibracional de menor energia em
S1. Ao sofrer uma transicdo eletronica do estado S1 para qualquer umadios est
vibracionais em S0, o fluoréforo emite um féton em um fenébmeno conhecido por
fluorescéncia. Se o fluoréforo sofrer uma transicédo de S1 para T1 num procesadaha
de conversao entre sistemas, ao retornar para o estado fundamesrtateslem foton
em um fendmeno conhecido como fosforescéhéia.

Os espectros de emisséao de fluorescéncia de um fluoréforo podem conter diversas
bandas associadas a diferentes transicdes de foétons fluorescentesfétesies
apresentam comprimentos de onda maiores do que aqueles provenientes da radiacdo que
promoveu a excitacdo, o que uma € consequéncia direta do fenbmeno de conversao
interna. As caracteristicas destes espectros dependem de varics datestacar a
polaridade do solvente, a temperatura, a concentracédo do fluoréforo ggemmaleslas
interacdes que o fluoréforo pode realizar com determinadas moléculas. Nesieaso
essas moléculas podem atuar como um supressor de fluorescéncia (“quencher”). A
supressao de fluorescéncia refere-se a diminuicdo na intensidade dec@noice qa

pode se dar de duas formas principais: a supressao estética (a dordauiigiEnsidade
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de fluorescéncia é devido a formacéo de um complexo néo fluoresceate #undroforo
e 0 supressor) e a supresséao dindmica (a diminuicdo da intensidhaeaszéncia é a
transferéncia de energia do fluoréforo para o supressor por meio de colisdesamesecu
antes que o processo de emissio océita).

Neste trabalho a técnica de fluorescéncia foi utilizada paraigaestinteracéo
entre a proteina lactoferrina e diferentes surfactantes aniénicosobesnpara obter a
cmc dos diferentes surfactantes estudados em diversas condigdes termadinam

utilizando o pireno como sonda molecular fluorescente.

1.3.3.1. Uso da Fluorescéncia no Estudo da Interagdo Proteina-ligante

O fendbmeno de fluorescéncia em proteinas resulta da presenca de pelo menos um
dos trés residuos de aminoacidos arométicos que podem estar presesdes nes
biomoléculas: triptofano (Trp), tirosina (Tyr) e fenilalanina (Phe) (figura 1A®)sar
disso, pode-se dizer que 0s espectros de emissao dessas macronsdéaldasinados
pela presenca dos residuos de Trp 0s quais apresentam absortividadenente

quantico maiores do que Tyr e Pfg!!>116

(A) (B) ©

Figura 1.13.Estruturas moleculares dos aminoé&ci@®striptofano,(B) fenilalanina e
(C) tirosina.
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Espectros de emissédo de proteinas sdo usualmente obtidos excitemdo-se
biomolécula em comprimentos de onda préximos ao seu comprimento de onda de
maxima absor¢cdo (em torno de 280 nm). Entretanto, a excitagdo entre 295 e 305 nm
permite acessar seletivamente a fluorescéncia devido exclesitamos residuos de
Trp. Isso é experimentalmente importante, pois como as proteinas tendesuia pos
poucos residuos deste aminodcido, informacgdes locais especificas taghed da
estrutura da biomolécula podem ser obtidas.

A utilizacdo de residuos de Trp como sondas intrinsecas para acompanhar
mudancas estruturais em proteinas € possivel em virtude do espectriesd® elaste
aminoacido ser altamente dependente da polaridade do microambiehteIqual ele
seencontra'®residuos de Trp que se encontram em microambientes de baixa polaridade
exibem espectro de emissdo com maximo de emisséo deslocadogugéia do azul em
comparacéo aqueles residuos de Trp localizados em microambiemigsideolaridade,
0S quais apresentam maximo de emissdao em comprimentos de onda niabres.
dependéncia ocorre devido ao elevado momento de dipolo do estado excitado do
triptofano que é estabilizado em solventes de maior polaridade.

Devido a seu carater aromatico, os residuos de Trp sdo frequentemente
encontrados completamente ou parcialmente enclausurados no interior do nucleo
hidrofobico de proteinas, na interface entre dois dominios ou subdominios da jpwteina
na interface de sistemas de proteina formando oligomer@aando alguma alteragdo
nas propriedades do sistema (mudanca de temperatura, adicdo de umiesyatteante,
mudanca da forca ibnica ou alteracdo do pH) promove o rompimento dedeterac
intramoleculares entre residuos de aminoacido da proteina, causandoialtde
estrutura secundaria, terciaria ou quaternaria da biomolécula, aasckderais dos

residuos de Trp podem tornar-se mais expostas para o solvente. Nesssqra
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polaridade do microambiente ao redor deste aminoacido pode ser madifitacando

as caracteristicas do seu espectro de fluorescéncia. Como consequéreigheslt
ocorridas em espectros de emissao de Trp em biomoléculas frequeetesigiat
associadas a mudancgas conformacionais e/ou a desnaturacdo da proteinaacue tor
espectroscopia de fluorescéncia uma ferramenta importante para aval@ito de

moléculas diversas sobre a conformacdo destas macromofééulas.

1.3.3.2. Uso da Fluorescéncia na Determinacdo da cmc de Surfactantes

Diversas técnicas tém sido reportadas na literatura para a detedimida
concentracdo micelar critica de surfactantes, tais como condudifétri
microcalorimetria de titulacdo isotérmiéae tensiometrid!®*® Entretanto, o uso da
fluorescéncia utilizando pireno como sonda molecular tem sido uma daataltes mais
populares para a determinacéo deste parametro em sistemas aquosos'tiversos.

O pireno é um hidrocarboneto aromatico policiclico (figura 1.14a) de baixa
solubilidade em &4gua que possui caracteristicas fluorescentes bem conheaiclago De
geral, quando excitado em 335 nm, o espectro de emissédo do pireno apresenta cinco
bandas vibrénicas bem resolvidas, denominadas bandas |, Il, Ill, IV e V,iéa deg
espectro entre 370 e 400 nm (figura 1.14b). Entretanto, as intensidadessreledsas
varias bandas possuem uma forte dependéncia das caracteristiclasmte 0 qual o
pireno encontra-se solubilizado, sobretudo as intensidades relativas das bandas | e lll. A
razao entre as intensidades das bandas | e Ill, denominada de razéo reBal(hf),

é fortemente afetada pela hidrofobicidade do microambiente ao redor da malécul
pireno, variando na faixa de valores de 1,25 a 2,00 para solventes de polerdisde

elevada como agua, até a faixa de 0,57 a 0,61 para solventes de polatalaixa

como hexano.
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Figura 1.14. (A) Estrutura molecular do piren(B) Espectro de emissédo do pireno com
excitagdo em 335 nnfCC) Razéo 1:3 do pirenoi(ls) versusaconcentracdo de um

surfactante aniénico em solucdo aquosa.

Kalyanasundaram e Thom&%foram os primeiros a demonstrar a potencialidade
do pireno como sonda molecular para determinagdo da cmc de surfattardaesste
proposito, o espectro de florescéncia do pireno € obtido para uma série @essolug
contendo diferentes concentragdes do surfactante em uma faixa quende estee
valores abaixo e acima da cmc (figura 1.14c). Em concentragdes abaixo da cmc, em que
nao ha micelas, a razagli é constante, se aproximando do valor obtido no solvente
puro; quando a concentragao de surfactante aumenta em torno da cmc o \atazéest
diminui gradualmente até uma dada concentracdo a partir da qual ela voltaaeoem
constante. A redugdo no valor da razats lem torno da cmc surge como uma
consequéncia da incorporacdo do pireno nos nucleos hidrofébicos das micelas que
promovem a diminui¢do da hidrofobicidade do microambiente ao redor das rasiécul
mesmo. Na faixa de concentracdo acima da cmc em que a rdzdpetmanece
constante, o pireno encontra-se quase que em sua totalidade no intemiaclem

hidrofébico dos agregados.
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1.4. Organizacao da Tese

Neste primeiro capitulo, escrito em portugués, apresentamos uma breve
introducdo ao tema de estudo e uma revisao de literatura que teve cotivonbje
apresentar ao leitor as caracteristicas estruturais que defirermsé&ncias que foram
objeto de interesse neste trabalho; ressaltar os principais aspectesagd@mpolimero-
surfactante e proteina-surfactante; apontar lacunas que ainda precisasols@as na
area e discutir alguns dos fundamentos teéricos associados as [winégacas
experimentais utilizadas aqui para caracterizar tais interagoes.

O capitulo 2, também escrito em portugués, apresenta 0s objediras g
especificos que conduziram ao desenvolvimento dos dois trabalhos que corwstituem
corpo principal desta tese. Estes dois trabalhos sdo apresentadositubs 8ap 4,
redigidos em inglés, e sdo apresentados na forma de artigosanentifa presente data,

o trabalho apresentado no capitulo 3 encontra-se publicado e o artigo apoesentad
capitulo 4 esta em fase de finalizacdo para submissdo emriddiqeede relevancia
internacional.

O artigo no capitulo 3 encontra-se publicado no periddiconal of Physical
Chemistry Be € referente ao estudo do efeito de liquidos idnicos imidazdlicoes &ob
interacdo entre o surfactante anidnico dodecilsulfato de sddio (SDSpodinmero
poli(6xido de etileno) (PEO). Novas descobertas sobre o efeito destes ligunidos
sobre o processo de micelizacdo do SDS também sao apresentadas.

O artigo no capitulo 4 trata do estudo da interacdo entre a proteinartataod
os surfactantes dodecilsulfato de sodio, decilsulfato de sodio e dodecilberipesats
de sédio. Aspectos importantes sobre as energias de interacdo proteinarsertact

sobre a desnaturacéo da proteina induzida pelo processo de interacdo sao discutidos.
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Capitulo 2: Objetivos

2.1. Objetivos Gerais

Foi objetivo geral neste trabalho de doutorado buscar novas descobertas dentro
do amplo campo de pesquisa que compreende o estudo da interacdo entre
macromoléculas e surfactantes. Neste sentido, nés buscamos contanmplarestudo
da interagdo polimero-surfactante quanto o estudo da interagdo proteinaserfact

partir de duas propostas distisita

Proposta 1: estudar o efeito de liquidos ibnicos imidazolicos sobre a interacdo entre o

polimero poli(6xido de etileno) e o surfactante dodecil sulfato de sédio;

Proposta 2: estudar a interacdo entre a proteina lactoferrina e os surfactantes
dodecilsulfato de sddio, decilsulfato de sodio e dodecilbenzenosulfonato

de sadio.

2.2. Objetivos Especificos
2.2.1. Objetivos Especificos da Proposta 1
v Utilizar calorimetria de titulacéo isotérmica, condutividadé&eréscéncia para
avaliar o efeito de haletos (brometo ou cloreto) de 1-butil-3-meddindlio sobre
0 comportamento de mistura de PEO e SDS em solucdo aquosa,
v' Obter os parametros termodinamicos de micelizacao do SDS em sa@lggdsas
de haletos (brometo ou cloreto) de 1-butil-3-metilimidazolio, em diferentes

concentracdes de liquido idnico;
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v' Obter os parametros termodindmicos de agregacdo referentes a dnteraca
PEO-SDS em solugcbes aquosas de haletos (brometo ou cloreto) de
1-butil-3-metilimidazdlio, em diferentes concentra¢ées de liquido ibnico;

v' Estabelecer como a presenca dos liquidos ibnicos imidazélicos afet
estabilidade das micelas de SDS e a estabilidade relatreaestas micelas e os

agregados PEO-SDS.

2.2.2. Objetivos Especificos da Proposta 2

v’ Utilizar a calorimetria de titulacao isotérmica (ITC) para detesimas energias
entalpicas de interacdo entre a proteina lactoferrina e os sordéacta
dodecilsulfato de sédio, decilsulfato de sédio e dodecilbenzenosulfonato de sadio,
em diferentes valores de pH;

v Obter os parametros termodinamicos de desnaturacéo da proteinarinatefa
diferentes valores de pH utilizando a nanocalorimetria diferencigaiedura
(n-DSC);

v' Por meio da nanocalorimetria diferencial de varredura, investigarito dte
interacao lactoferrina-surfactante sobre os termogramas de n-D&Zaderrina;

v’ Utilizar a técnica de fluorescéncia para acompanhar qualitativiena ocorréncia
de mudangas estruturais ocorrendo na estrutura da proteina devido a interagcéo
com os surfactantes;

v Avaliar o efeito da estrutura da cauda hidrofébica do surfactante sobeeagéo
lactoferrina-surfactante;

v Determinar o papel do atomo de ferro ligado a estrutura da lactofewina

processo de desnaturacéo induzido pelos surfactantes.
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Capitulo 3: Effect of 1-Butyl-3-methylimidazolium Halide on the
Relative Stability between Sodium Dodecyl Sulfate Micelles and

Sodium Dodecyl SulfatePoly(ethylene oxide) Nanoaggregates

Abstract

It is well-known that ionic liquids (ILs) alter the properties of aquesystems containing
only surfactants. However, the effect of ILs on polynserfactant systems is still
unknown. Here, the effect of 1-butyl-3-methylimidazolium bromide (bmimBr) and
chloride (bmimCl) on the micellization of sodium dodecyl sulfate (SD®) #&s
interaction with poly(ethylene oxide) (PEO) was evaluated using condacgtime
fluorimetry, and isothermal titration calorimetry. The ILs decreasedrihieal micellar
concentration (cmc) of the surfactant, stabilizing the SDS micdlesecond critical
concentration (c2thc) was verified at high SDS concentrations, due ioithbde size
decrease. The stability of SDS/PEO aggregates was also affected by Ille antidal
aggregation concentration (cac) of SDS increased. ILs changed the iatggedation
enthalpy from -0.72 in water to 2.16 kJ nhoh 4.00 mM bmimBr. IL anions did not
affect the SDS micellization or the beginning of SDS/PEO aggmeyatlevertheless,
when chloride was replaced with bromide, the amount of SDS bound to the polymer
increased. At 100.0 mM IL, the PEO-SDS interaction vanished. We sulggethe effect

of ILs comes from participating in the structure of the formed aggregatiEscting with

the SDS monomers at the core/interface of the micelles, and pronpo&fegentia

solvation of the polymer.
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3.1. Introduction

Surfactants interact with polymers in aqueous solutions to generate systems with
several applications in detergents, oil processing, the paper industry,raadabeare
productst In general, the interaction occurs due to a cooperative aggregationsproces
between the polymer and the surfactant at concentrations below tlal antcellar
concentration (cmc) of the surfact&nthis cooperative aggregation depends strongly on
the solvent, which can modulate the interactions and alter the surfagtatiization
procesd and polymer chain conformatidriTherefore, adding different cosolvents and
cosoluted” into aqueous systems containing surfactants and polymers is invaioable
controlling the colloidal properties of many important industrial formulatioosicl
liquids (ILs) are one class of modifiers that has attracted greatiattan research
communities in several research fiefd$,including colloidal systems. Nevertheless,
despite the great number of papers reporting surfactant aggregation ejtiies i'316
or in IL aqueous solution;'® to the best of our knowledge, there are no studies
investigating how ILs affect polymesurfactant interactions.

ILs are chemical compounds comprising ions that are liquid at tetapsa
below 100 °C. Their structures are diverse as a result of the large numberbafations
of cations and anions, which permits obtaining particular characteristicgpecific
applications?® Therefore, the study of the effect of ILs on aqueous systems comprising
polymers and/or surfactants is very broad. Among the diversity of ILtstas; those
containing 1-alkyl-3-methylimidazolium cations have receivpegcgl attention as
cosolvents in  systems containing amphiphilic = molectiés?®® The
1-alkyl-3-methylimidazolium cations, with both long and short chag#s) act as
cosurfactants in the surfactant aggregation process, thus promoting théoiorofa

surfactantlL mixed aggregate€:2"-3°For example, Javadian et?aktudied the effect of
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ILs formed by 1-butyl-3-methylimidazolium and 1-hexyl-3-metimtiazolium cations
on the surface activity and micellization of sodium dodecyl sulfate \S@®y proposed
that ILs with higher carbon chains interact with SDS through hydrophobicatiters,
resulting in the formation of vesicles.

In view of this scenario, we believe that ILs can significantlycatiee interaction
between surfactants and polymers. Systems formed by SDS and poly(ethwildee
(PEO) constitute an appropriate system to begin understanding the effed of IL
surfactant-polymer complex systems. PEO-SDS systems have beenl sinde 1967
using many techniqu&ssuch as conductimetry, tensiometry, viscosimetry, isothermal
titration calorimetry (ITC), NMR, and light scattering, making it onehaf most well-
known polymer-surfactant systems. The scientific community agrees that systesn,
at a critical aggregation concentration (cac), SDS monomers adsorb ormpiolytimeer
chain, forming micelles of lower aggregation number. With increassigS
concentration, aggregates grow and the macromolecular chain goks tidellar
surface. Then, when polymer molecules are saturated by the surfactensatuiration
concentrationCy, further addition of the surfactant leads to free micelle formation in the
solvent/3233

The aggregation parameters of PEO-SDS interactions depend on the aufdition
different compounds. For example, Dai and Tamamined the effect of different glycols
on the binding of SDS to PEO by ITC, and they showed that these additives increase the
cac values and decrease t@g of this system. An inverse tendency was observed by
Barbosa et al. These authors investigated the effect of NaCl, 9@, NaSCN, and
Li>SQOy ionic cosolutes on the driving forces associated with PEO-SDSatiteraiusing
ITC and small-angle X-ray scattering. They showed that the dett®ased cac and

increasedC,. However, the change in the enthalpic titration curves obtained by ITC in
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the presence of these electrolytes did not change very much. Orhénénand, when
Na[Fe(CN)ENOQO] salt was evaluated, it reduced the thermal effect of the PBES-
interaction to almost zero, which was attributed to the specificaction between the
complex anions and the ethylene oxide units of the polymer.

In this study, we examined the effect of 1-butyl-3-methylimidarolchloride
(bmimCl) and bromide (bmimBr) ionic liquids on PEO-SDS interactions in aqueous
solutions. SDS micellization in the presence of the same ILs wasated too. This
investigation was conducted by specific conductimetry, fluorescencecgoegy, and
isothermal titration calorimetry measurements, which allowed us toinolike
thermodynamic parameters of the system. These parameters demonséff¢etioelLs

on the PEO-SDS interactions.

3.2. Experimental Section

3.2.1. Materials

Poly(ethylene oxide) with an average molar mass (according to theawcturer)
of 35000 g mot (designated as PEO35000) was supplied by Fluka (USA). Sodium
dodecyl sulfate surfactant (SDS) (>98.5%), 1-butyl-3-methylimidazolium bromide
(>97%) and 1-butyl-3-methylimidazolium chloride (>95%) ionic liquids, and pyrene
(99%) were all manufactured by Sigma-Aldrich (USA). All chemicals wesd usthout

further purification. Deionized water was used for preparing all solutions.

3.2.2. Conductivity Measurements
Aqueous solutions of ILs were utilized as solvents to prepare concentrate
surfactant titrant solutions. An initial volume of solvent (13.0 mL) imé®duced into

the water-jacketed cell and titrated with the surfactant solutiog asgastight Hamilton
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syringe (250uL). The volumes of the additions were 25.0 or 50.0 pL. The electrical
conductivities were measured at 298.2 #0Uly using a digital conductivity meter (DM-
32) with a conductivity cell (DMC-010M) with platinized platinum elecesgurchased
from Digimed (Brazil). Prior to the measurements, the cell wabratéd with a DM-
S6A KCI standard aqueous solution supplied by Digimed (Brazil). The condugtaace

measured while mixing after each addition of the surfactant titrant solution.

3.2.3. Isothermal Titration Calorimetry

Enthalpy changes associated with PEO-SDS interactions in the mresknc
different concentrations of the ILs (0.0, 1.00, 2.00, 4.00, 6.00, 8.00, 10.0, and 100.0 mM)
were performed in a TAM Il isothermal titration nanocalorimeter from Agtruments
controlled by TAM Assista! dedicated software. Each IL aqueous solution was used
as a solvent to prepare 0.100% m/v PEO and SDS solutions at ademneaeti@tions
(472.0, 50.0, or 10.6nM). Experiments were made in stainless steel reaction cells
(sample and reference) capable of holding 4.0 mL. The cells were filled with 2.0 mL
an IL aqueous solution or a mixture obtained by dissolving the polymer ntd a
aqueous solution. Titrations were carried out in the sample cells usipgysstep
injections of the concentrated surfactant solution with a Hamilton &yrf@§0 ulL)
controlled by a 3810 syringe pump from TA Instruments. The time intervakebat
consecutive injections was 20 min. Solutions were titrated withingtiat 150 rpm
(2.5 sY) using a gold helix stirrer, and measurements were carried out attantons
temperature of 298.1500 + 0.0001 K. PEO solutions were allowed to equifdrate
least 24 h before the calorimetric titrations, and all solutions wegasded before

experiments.
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3.2.4. Fluorescence Measurements

Fluorescence emission spectra of pyrene in the investigated solutions were taken
on a Cary Eclipse fluorescence spectrophotometer (Agilent Technologidg, BS
pyrene solution of adequate concentration prepared in ethanol was added igtethesa
solutions to obtain a final pyrene concentration of 1.20 3 hfbl L%, which was
sufficiently low to prevent formation of excimers. Measurements werezeealat
different SDS concentrations in aqueous solutions containing 1.00, 4.00, and 10.0 mM of
ILs. The slits selected were 2.5 nm for excitation and 1.5 nm fa&semni and the spectra
were acquired in the range from 360 to 410 nm at an excitation wavetdrggb nm.
Five spectra were averaged at a scan speed of 30 nm/min. Thecknoegtensities of
the first (h at 372.5 nm) and thirds(at 383.5 nm) vibronic peaks were obtained, and the
[1/13 ratios were calculated and plotted as a function of the log of SDS concentration. All
spectra were collected at 298.2 K using 10 mm quartz cells. Samplesleft to
equilibrate for at least 10 min before measurements. Similar exgrgswere conducted

in the presence of 0.100% m/v PEO 35000.

3.2.5. Dynamic Light-Scattering and Zeta Potential Measurements
Aggregate sizes and zeta potentid)swere measured on a Zetasizer Nano-ZS
compact system from Malvern for solutions containing different SDS and bmimB

concentrations.

3.3. Results and Discussion

3.3.1. Effect of ILs on SDS Aggregation
The PEO-SDS interaction depends on a delicate balagivecen the relative

thermodynamic stability of SDS micelle and PEO-SDS aggreghiasis, the system
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will choose a less-free Gibbs energy configuration. Thus, to determinéebeat ILs
on the PEO-SDS aggregation, we must determine the effect of Illeedorination of
SDS micelles. We used conductivity measurements to obtain thamthe degree of
micelle ionization of SDSd) in aqueous solutions containing ILs (bmimBr or bmimCl)
at different concentrations. For all IL concentrations, our specific condydgyiresults
were correlated to the surfactant concentratiGsp§ by a linear equation in both
premicellar and the postmicellar regions (Figure A.S1 in the Supportiogration).
The interception point between the curves in the premicellar and peBémi@gions
gives the cmc value, and the ratio of the obtained slopes in the igalmand
premicellar regions gives*

Figure 3.1 presents the cmc andalues of SDS obtained by the conductometric

method versus IL concentratio@() for both bmimBr and bmimCl.

cmc / mM

Figure 3.1.Degree of micelle ionization (open symbols) and cmc (closed symbols) for
SDS in the presence of bmimBr and BmimClI obtained from conductance data at

298.2K.
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When the IL concentration increases, the cmc values decrease eigiynent
showing a micelle stabilization process probably caused by a prédéeatgorption of
imidazolium cations on the SDS micellar interface that rettasene sodium ions. To
confirm this hypothesis, thevalues were evaluated. Theralues increase from 0.36 (in
water), in good agreement with literature valéfey 0.71 and 0.74 when the bmimBr
and bmimCl concentrations, respectively, increase to 0.50 mM. Therm, vadues
decrease with increasing IL concentration up to 8.00 mM, at which p@ntalues
remain almost constant for both ILs. Additionally, the degree of micelleatan in the
presence of both IL concentrations is larger than the degree of micelle ionizatioa in pur
water, corroborating the hypothesis that preferential adsorption of imidazoltionsca
promotes charge shielding of the micelle, releasing sodium cationstlfmmicelle
electric double layer to the bulk. However, the decreasesifter 0.50 mM IL suggests
that another mechanism dominates. This mechanism can be assotttatbd fellowing
processes: (i) bmimCl (or bmimBr) incorporation in the core/interface of telles and
(if) changes in the size and/or form of the micelles due to el¢aticscreening promoted
by bmim" cations, which increases the charge density of the micelles aisdsca
readsorption of sodium cations onto the micelle electric double Yaydter saturation
of the micelle interface/core by ILs, the cmc andhalues changed slightly.

In fact, our results show that there is a specific interactiondset imidazolium
cations and DSanions in SDS micelles, as also concluded by Javadiak“@lafeover,
the same tendencies in cmc angersusCi. obtained in the current study were observed
by Behera and Pandéy,who evaluated the properties of SDS aqueous solutions
containing bmimP§&hydrophobic ionic liquids in a wide concentration range (from 0.0
to 2.0% m/v = 70 mM). On the other hand, changing 1-buthyl-3-metylimidazolium

cations (bmim) by 1-pentyl-3-metylimidazolium (€&nim*) with the same aniorPF,
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Pal and Chaudhatyobserved an inverse trend for the SDS cmc veZsusurves. They
suggested thatsBim® cations interact with dodecyl sulfate monomers{Di8ndering

the hydrophobic interaction of water molecules, which increases the tmes \Bespite

the hindering solvophobic interactions between water an&biBns, some studies have
shown that ILs with cations containing higher carbon chain lengths detheasac of
SDS!822Briefly, the way that ILs affect SDS aggregation is very dependent on both the
cation and anion structure of the IL.

To confirm whether aggregates are really formed at low SDS concentrations due
to the presence of ILs, as shown by the conductivity experiments, fluocesce
measurements were done. Fluorescence is a fast, simple, and acaimiguéeto
determine the cmc of a surfactant, and it has been successfullydapistems formed
by SDS and 1L&*2>35363Here, we used pyrene as a fluorescent probe to determine the
micelle formatior?®

Figure 3.2 shows thel/ls ratio versus lodtspg curves at different bmimBr
concentrationsl; andlz correspond to the intensity of the vibronic peaks at 372.5 and
383.5 nm in the pyrene emission spectrum. The data were fitted to @dadjequation
(solid lines shown in the figure). Similar results were obtained for bmimCI (Figure A.S2

in the Supporting Information).
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Figure 3.2.Pyrene {/I3 ratio versus lodtsps) in the presence of different bmimBr
concentrations at 298.2 K. The pyrene concentration was\L f2r all experiments.

Solid lines correspond to a sigmoidal fit.

For each bmimBr amount at lower SDS concentrations,ithevalues remain
almost constant. Then, a sudden decrease i/theakio can be observed with increasing
SDS concentration, indicating a decrease in the polarity sensed by pyrene bédaeise
incorporation of this fluorophore into the hydrophobic domain of the formed aggregates.
The concentrations at which these aggregates were formed weratealdy obtaining
the inflection point of the sigmoidal fit of the/lk versus logCsps) curves. The cmc
values obtained from fluorescence (Table 3.1) are in agreement with thoseadlita
conductivity measurements, confirming the existence of SDS aggregates in the presence
of the ILs.

To evaluate the effect of ILs on the SDS aggregate stabilityntieg/namic
parameters of aggregation must be obtained. Isothermal titratiomueatiori(1 TC) was

applied to determine the enthalpic contribution to SDS aggregatidre ipresence of
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ILs. Although some researchers have obtained thermodynamic data adsetta®DS
aggregation in different IL aqueous solutions using the van’t Hoff approximation232°
there was only one study on calorimetric measurements to obtainniesézation
thermodynamic parametetsITC can provide important thermodynamic parameters
such as cmc, the Gibbs free energy chagg (.), the enthalpy chang@®,,,;.), and
the entropy changeé\§,,;.).

In an ITC experiment, a typical sigmoidal curve of the measuredipynttifzange
per mole of surfactant, calledH,,,, versus surfactant concentration is generally
obtained. It can be divided in three parts that are associatedlifferent molecular
processes occurring in the calorimetric sample cell. In the firstgbdhe curve, the
surfactant concentration remains below cmc, AHg,s changes little with increasing
surfactant concentration. Thid,,; values in this surfactant concentration range result
from the dilution/demicellization of micelles and dilution of surfactaohamers. In the
second part of the curve, as the surfactant concentration increases, a $fizchdenod
AH,,s occurs because the surfactant concentration in the cell reachesasing
surfactant micelle formation in the sample cell. Wiaéh,,; decreases with increasing
surfactant concentration, the aggregation process is exothermic; Gteniviis
endothermic. Finally, in the last part of the curve, the surfactanentation exceeds
cmc and thé&H,,¢ values result from the dilution of the micellar aggregates isdheple
cell solution® The inflection point that appearsAii,,; versus surfactant concentration
curve can be chosen as the cmc value.

Figure 3.3 shows a set of ITC curves obtained by the dilution of 50.00 mM (or
10.00 mM) (Figure 3.3a) and 472.0 mM (Figure 3.3b) SDS in aqueous solutions a

different bmimBr concentrations. All calorimetric results obtained inpitesence of
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bmimBr were similar to those obtained in the presence of bmim@ur@iA.S3 in the

Supporting Information).
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Figure 3.3.ITC curves obtained from the addition(a) 50.0 mM andb) 472.0 mM
SDS to bmimBr agueous solutions at several concentrations at 298.2 K. At 100.0 mM

bmimBr in panel a the SDS concentration in the titrant solution was 10.0 mM.

In the SDS concentration range from 0 to approximately 4 mM (Figure 3.3a), the

AH,,, versus SDS concentration curves shows a typical sigmoidal shape in the presence
of bmimBr that is not observed in pure water, indicating an exothermic rediwpe
process in the IL aqueous solution. However, at surfactant concentratibies thngn

3.5 mM (Figure 3.3b), an endothermic thermodynamic event can be observed in the ITC
curves in the presence of bmimBr, in whigH,,; begins to increase with increasing
SDS concentration and a second inflection point appears. At 0 mM bmimBr,exdionil

point appears and a maximum in the ITC curve is observed around the cres ofl

SDS, as expectell. Smirnova et al*® using a different approach, studied the

thermodynamics of SDS micellization in the presence of the 1-butyl-3-
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methylimidazollium cations an&F, anions, and did not report the occurrence of a

second inflection point in their ITC curves. The SDS concentration in thegdime

(ITC)] and second [c2thc] inflection points in the ITC curves determinddsipaper are

shown in Table 3.1. The cmc values obtained by conductivity and fluorescence

measurements are also shown for comparison.

Table 3.1. Aggregation Parameters of SDS in Different Water-IL Mixed Solvants

298.2 K Obtained by Calorimetry, Fluorescence, and Conductivity Data

C/mM cmcrgcl\t/lond)/ cm/cn(]llz\;luor) Cm(in(ll\;er)/ c2the / mM "
bmimBr
0.0 8.06 +0.04 7.47+0.01 - - 0.36
1.00 3.27+0.03 3.09+0.03 220+0.03 4.34+0.07 0.68
2.00 2.23+0.02 - 1.64+0.02 5.18+0.08 0.64
4.00 1.60+0.02 145+001 1.01+0.01 6.04+£0.09 0.61
6.00 0.94+£0.01 - 0.72+0.01 9.41+0.14 0.56
8.00 0.78 +£0.01 - 0.58+0.01 11.10+0.17 0.54
10.0 0.78+0.01 0.83+0.01 052+0.01 12.80%+0.19 0.55
100.0 - - 0.20+£0.01 - -
bmimCl
1.00 3.05+0.06 3.02+0.05 230+£0.02 433+£0.07 0.69
2.00 1.99 +0.02 - 1.44+0.03 5.19+£0.08 0.63
4.00 1.66+0.02 1.38+0.03 091+0.03 6.89+0.10 0.61
6.00 1.07 £0.01 - 0.68+0.01 9.40+0.14 0.56
8.00 0.82+0.01 - 0.61+£0.01 11.10£0.17 0.55
10.0 0.78+0.01 0.78+0.01 0.47+0.01 13.60+0.20 0.55
100.0 - - 0.16 £ 0.02 - -

Because the cmc (ITC) values approach those obtained by conductivity and

fluorescence techniques, the thermodynamic event that occurs at $owiactant

concentrations (Figure 3.3a) is the aggregation of the SDS monomers. lioraddit

because the ITC curves change from linear (in water) to sigmoidal §eveny low IL

concentrations) in this SDS concentration range, the ILs should particightemicelle

structure.
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To determine the process that takes place at SDS concentratiohsoecfthc
(Figure 3.3b), nanostructure size measurements were done for SDS solutions at different
bmimBr concentrations (0.0, 1.00, 4.00, and 10.0 mM). Figure 3.4 shows the
hydrodynamic diameter of the SDS aggregates at different SDS andBbmim
concentrations (The aggregate size distribution curves are showrune Rig4 in the

Supporting Information).

] C,ps> Cmce in HO
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B cme <G < c2"c
5| EEEC,, >cZc

d/nm
+

0 1 4 10
C [ mM

bmimBr

Figure 3.4.Hydrodynamic diameter of SDS aggregates in bmimBr aqueous solutions at

298 K.

In water, SDS micelles had hydrodynamic diameter equal to 3.50 nm. In the
presence of bmimBr, at cmaGsps< c2thc, the SDS aggregates increased and aggregates
with sizes ranging from 4.42 to 4.63 nm were found. When the SDS concentration
increased above c2thc, the aggregate size decreased by half, chargengimge from
2.11 to 2.53 nm. These results show that the thermodynamic event observéx iis c2t

associated with the breakup of SDS/IL aggregates to form smalletuses. Thus, the
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area of the micelle-solution interface increases, leading to réedtsdm of the bmim
cations among the aggregates in the presence of ILs.

The{ measurements for SDS aggregates in the system with and without bmimBr
at different SDS concentrations confirmed the increase in the negdtarge of the
aggregates with increasing SDS concentration due to the redistributibs bétween
the bulk and aggregate core/surface, except with 100.0 mM SDS. Iagkidiee micellar

charge changed a little (Table 3.2).

Table 3.2. Measurements for SDS Aggregates in the Presence of ILs at®298 K

¢/(mV)
bmimBr bmimBr bmimBr bmimBr bmimBr
0mM 1mM 6 mM 10mM 100mM
- —43.8 (3.5) —34.8 (2.0) —48.6 (1.5) -
—39.9 (10) -51.8 (7.0) -51.3 (11) -61.3 (11) -21.8 (11)
—50.7 (20) —61.0 (20) —57.6 (20) - —19.9 (20)
—58.1 (35) —63.3 (35) —58.8 (35) -62.8 (35) —24.5 (35)

aValues in parentheses are the SDS concentrations, in mM.

The IL effect on SDS micellization can be rationalized as followse $DS
nanostructures in the syring€sps>> c2thc) are smaller than the SDS/IL aggregates in
the sample cell with an SDS concentration around the cmc. When Siyfgfiégates in
the syringe are added to the sample cell at cieps< c2thc, they are diluted, and SDS
monomers and bmifrcations are rearranged in order to form larger micelles due to the
incorporation of bmimin the core/interface of the aggregates (exothermic process). As

the SDS concentration increases in the sample celhthe.s-/nsps ratio decreases,

redistributing the SDS monomers and the bigations in the system. The energy cost
associated with this decrease in SDS aggregate size (endothermic procass)3(Big)

is attributed to (i) the increase in the micelle-solution interfaea, (ii) the increase in
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the electrostatic repulsion among the b&adgroups on the aggregate surface, and (iii)
the increase in the electrostatic repulsion among the aggregdkessample cell. As
pointed out above, all these factors result from the redistribution of SID&mers and
bmim" cations in the system. To corroborate this hypothesis, ITC curves fdt the
aqueous solutions (1.00, 2.00, and 4.00 mM) overlapped, at specific SDS concentration,
with the curve for pure water. The greater the IL concentration, thdegrdse
concentration of SDS where the curves found each other. This result subgeste
average aggregate size stops changing in the sample chlk apecific surfactant
concentration and that the core/surface/solution Bndistribution remains constant.
Besides, c2thc values increase as the IL concentration increadest, H00.0 mM IL,
c2thc disappears in the evaluated concentration range, indicating tfaintlagon ofa
second SDS nanostructure in solution is associated with a stoi¢cheoméo between
the number of SDS monomers and the bimgations in the solution.

The redistribution of bmifnand SDS monomers occurs with increasing system
enthalpy, and the driving force that governs this process is the incresyseeof entropy.

This result comes from the increase in the number of formed aggregatesater
molecules released from the imidazolium cation solvation shell, batiioh increase
the configurational entropy of the system.

To evaluate the driving forces that govern the aggregation of SDS at low
concentrations, the thermodynamic parameters of SDS aggregafifin. (AH.,;., and
AS?..) at different IL concentrations were obtained (Table A.S1 in the Supporting
Information). The values &H,},;. were calculated from the ITC curves (Figure 3.3a and
Figure A.S3a in the Supporting Information) utilizing the method described by Olofsson
and Loh*® which determines the difference between the measiiiggl values in the

third and first parts of the sigmoidal curve extrapolated to cmc. The stla@dabs free
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energy change of SDS micellizatioAdy,;.) was determined by equation 3.1, that is,
according to the charged pseudophase model of micelle fornfatibas’;. was

calculated fromA\H2,;. andAG,;..

AGYi. = (2 — a)RTIn(cmc) (3.1)

The anionic nature of the IL did not affect thé,,; . values, showing that the
change in SDS micellization was due to brhirations.

To understand the effect of ILs on th&,. values, we should evaluate the
contribution of ILs on the entropic and enthalpic contributions for SDS aggregation. In
pure waterAH,,;. values arise from contributions from different processes. Interactions
that positively contribute td\H,;,;. are associated with the disruption of interactions
between water molecules and surfactant monomers, with the repulséraciins
between the SDS headgroup in the micellar surface, and with the disruption of hydrogen
bonds among the water molecules structured around the hydrophobic dominium of DS
anions. Interactions that negatively contributA &j,;. are associated with the formation
of chain-chain interactions in the micellar core and the binding amongvaier
molecules released from the surfactant solvation shell to the bulROK, AHY,;.
cannot be obtained directly by calorimetric experimémsause it is almost zetd,
showing that the enthalpic contributions from those molecular processefsate By
consideringAH,,;.(298.15K) = 0, the entropic contribution taG),;. (TASy,;.) in pure
water is approximately +19.6 kJ riolwhich results from the release of water molecules
structured around the hydrophobic dominium of the surfactant when SDS monomers are
transferred to the inner core of the micelles.

The presence of ILs changes the thermodynamic paramgi€rs andASy,;.,

leading to modification of the SDS aggregate thermodynamic stabilitymoke

69



appropriate thermodynamic parameter to express the relative tgtatdiween
aggregates formed in IL solutions and in pure watekAX, .. = AX},;.(with IL) —
AX}.(without IL), where X can beG, H, or TS Figure 3.5 shows the relative
thermodynamic stability between the SDS aggregates in IL solutidnira water

(AAX},;.) as a function of the IL concentration.

~/ (kJ mal')

AAX®
mic

Figure 3.5.Relative thermodynamic stability between the SDS aggregates in IL
solutions and in water expressedAdX “mic = AXmic (with IL) = AX mic (without IL)
(X=G, H, orT as a function of bmimBr (open symbols) and bmimClI (closed

symbols) concentration at 29&2

As the IL concentration increasés\G,,;. values become more negative because
the enthalpy change decreases and the entropy change incraasdmthe mechanism
proposed for SDS-IL interactions, the enthalpic stabilization promotekebgresence
of ILs on the micellization procesA4H,,;. < 0) is due to the following reasons: (i) the

IL promotes electrostatic shielding that decreases the eledtrostptilsion energy
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between the SDS headgroup in the micellar surface and (ii) the IL cameptefiy

solvate DSanions in the bulk, avoiding the breaking of hydrogen bonds between water
molecules around the surfactant hydrocarbon chain when monomers are transferred to
the inner core of the micelle. As the IL concentration increasestrestatic shielding
increases and more IL solvates the monomer chain, mAKHg,;. more negative.

In the AAS;,;. versusCiL curves, theAASy,;. values are negative when the IL
concentration ranges from 1.00 mM to 4.00 mM. The further addition of IL makes
AAS?,;. positive, showing that two thermodynamic processes compete inzatapihe
aggregates. At lower IL concentrations, the entropic loss in the presence of the IL agrees
with the formation of bmifDS ionic pairs. This hypothesis was suggested by the
decrease ofix/dCsps in the x versusCsps curves (Figure A.S1 in the Supporting
Information) with increasing IL concentration. This rate changed from
68.8uScm! mMin the absence of IL to 595 cm mM™* and 60.QuS cm! mM2in
the presence of 10.0 mM bmimBr and 10.0 mM bmimCl, respectively. Thus, wien c
is attained, bmirhcations bound to the surfactant headgroup are transferred together with
SDS monomers to the micellar surface. Otherwise, water mole@hediisg the SDS
headgroups would be released, thus increasing the entropy of the system.o@werthe
hand, at IL concentrations higher than 4.00 mM, the Bnemtions begin to solvate the
SDS hydrophobic tail. Considering that in the solvation shell of thefyB®phobic tall
the IL increases the structuration of the water molecules, wh&ilISBggregates are
formed, water molecules and bniiations that are released from the SDS hydrophobic
chain contribute to an increase in the configurational entropy of thensyas,,;. is

more positive in IL solutions).
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3.3.2 SDS-PEO Interaction in WaterH -Mixed Solvents
Isothermal titration calorimetry has been extensively used in studies of pelymer
surfactant interactions because it helps researchers obtain importaneteasathat
characterize this kind of interaction, such as the €aahe integral enthalpy changer
aggregate formatiom\H,,4(int)], the standard free energy of micelle adsorption on the
macromolecule chainAQG,,,), and the extent of binding of the surfactant to the
polymer?’ By using ITC in mixed systems containing water, IL, SDS, and PEO, we can
evaluate the effect of ILs on these aggregation parameters for PEO-SDS interactions.
Figure 3.6 presents the ITC curves obtained by titrating a 472.0 mM&t®n
into 0.100% m/v PEO prepared in pure water (Figure 3.6a) or in 4.00 mM bmimBr
aqueous solution (Figure 3.6b). The corresponding SDS dilution curves in solvent (pure

water or bmimBr aqueous solution) are shown for comparison.

6- (a) —=— Titration in solvent
—24— Titration in PEO solution
HB 5 i H'B
= S
2 * 2
~~ ~~
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Figure 3.6.Titration curve of 472.0 mM SDS to 0.100% m/v PEO 35000 or solvent.

The solvents aré) pure water angb) 4.00 mM bmimBr.
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The differences between the curve of SDS titration in PEO solutioharditve
of SDS dilution for each solvent are attributed to the PEO-SDS atitamaln pure water
(Figure 3.6a), for the first two injections in the calorimetric sarogle the SDS titration
curve in PEO solution coincides with the surfactant dilution curveusecaDS does not
interact with PEO at the corresponding concentration range. However, at 3.47 mM SDS,
the curves begin to separate, avd,,; for the SDS titration curve in polymer solution
becomes more positive than that for SDS dilution in water. This caatientis denoted
as the cac, and it indicates the beginning of SDS aggregation qoltmeer chain.
Because the cac value (3.47 mM) is lower than the SDS cmc valuen{81p6we say
that the SDS self-association is facilitated by the presehtee polymer owing to a
cooperative aggregation procé#s the SDS concentration increases, the difference in
AH,, for the two curves depends on the SDS concentration; the SDS titratienicurv
polymer solution displays an endothermic peak relative to the St®dicurve in water
(AH,ps for SDS titration in PEO AH,,;, for SDS dilution), followed by an exothermic
peak QAH,, for SDS titration curve 4H,,, for SDS dilution curve). At 18.1 mM SDS,
the curves join together again, indicating the saturation of the polyaxomolecular
chains and the end of the influence of PEO on the SDS aggregation. Thastcatnan
is called the saturation concentrati@a, The further addition of SDS to the sample cell
leads to micelle formation in the bulk.

At 4.00 mM bmimBr (Figure 3.6b), some features of the SDS titration carve i
PEO solution relative to the SDS dilution curve are the santkoge observed in pure
water, but the differences should be highlighted. Clearly, cac incrbgdbe presence
of 4.00 mM bmimBr (cac = 5.19 mM), and the cac value is higher than thec®DS
value in 4.00 mM bmimBr (cmc = 1.60 mM). This shows that at this IL curaton,

the SDS/IL aggregates in the bulk are more stable than those fomted PEO chain
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(cac values obtained for all studied IL concentrations are shown in Tahkeir the
Supporting Information; they are always higher than SDS cmc for the Hame
concentration). Nevertheless, as previously discussed, in the presence of the IL, the SDS
concentration increase from c2thc (6.04 mM in 4.00 mM bmimBr) promotes a dhange
the SDS nanostructures, modifying their thermodynamic stability. Thereforeeaghe
cac(5.19mM) < c2thg(6.04mM), the SDS nanostructures formed at c2thc are less stable
than the PEO-SDS complexes formed at cac in the presence of bmimBr.

The presence of bmimBr also increasesGhealue, from 18.1 mM in pure water
to 37.1 mM in 4.00 mM bmimBr, leading to an increase in the SDS concentrahge
over which SDS interacts with the polymer. This suggests an incredse binding
capacity of SDS to PEO, demonstrating that SDS/IL mixed aggeemdéracting with
the PEO chain are more stable than SDS aggregates formed orCitsiR&ce in pure
water.

The picture that comes from our calorimetric data (graphical absimact
supporting information) is that as SDS is added into the 0.100% m/v PE@rs®lut
the presence of bmimBr, SDS micelles in the titrant solution arediand broken into
monomers. Then, as the SDS concentration increases to cmc, the SDS rmonome
aggregate to form SDS/IL mixed micelles in the bulk, and no interabtween SDS
and PEO occurs (the ITC curves of SDS titration in PEO solution andd8i®n in
solvent are coincident). After the SDS concentration attains cacPB#LSaggregates
in bulk become less stable than the SDS/IL nanostructures adsorbeldedEQ chains
and the SDS/IL adsorption process on the polymer starts. Finally, whek@eHain
becomes energetically saturate@gtSDS/IL aggregates with the same structure as those

formed at c2thc (in the absence of PEO) appeared in the bulk.
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To check our hypothesis that there are SDS micelles at surfactanbiratioas
below cac, fluorescence measurements using pyrene as a mopeobkamere done in
solutions containing 0.100% m/v PEO 35000, bmimBr, and SDS. Figure 3.7 shows the
curves of the4fls ratio obtained as a function of |&ps) in the absence and presence

of the polymer at 4.00 mM bmimBr. Similar results were obtained in 20M®mimBr.
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Figure 3.7.Pyrene /I3 ratio versus lod{sps) in the presence of 4.00 mM bmimBr with

and without 0.100% m/v PEO 35000 at 298.2 K. Pyrene concentration wad;1cac

value presented was determined by ITC.

In fact, the addition of PEO does not change theriatio obtained in the absence
of macromolecules or the surfactant concentration in which SDS/IL ageseged
formed, showing that PEO does not facilitate SDS aggregation when bmimBr is present.
Consequently, before SDS begins interacting with the poly@&is(< cac), SDS/IL

aggregates are formed in the bulk at a concentration equal to then8D6 the solvent.
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To evaluate the effect of IL concentration on the enthalpic chasgeiaged with
the PEO-SDS interaction, we subtracted the SDS titration curvieeilPEO 35000
solution from the SDS dilution curve in the solvent for each SDS concentrakien,
we obtained the apparent change in molar enthalpy of the interaktgp, ;,,;, versus
SDS concentration for each IL concentration. Here, the term “apparent” is used because
the SDS amount bound to the polymer at each injection is unknown. Therefoes voe
calculate the exact molar enthalpy change of the PEO-SDS inberdaespite this, the
ITC curve can provide qualitative information about the surfactant aggregation stages as
the SDS concentration increases. Figure 3.8 showAmpg ;,; versusCspscurves at
bmimBr concentrations of 0, 1.0, 4.0, 6.0, 10.0, and 100 mM. Figure A.S5 in the
Supporting Information contains all studied IL concentrations. Similar resulgedt

for bmimClI are shown in Figure S6.
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Figure 3.8.Apparent change in the molar enthalpy of the interaction between
0.100% m/v PEO 35000 and SDS versus SDS concentration at different bmimBr

concentrations.
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For each IL concentratiodH,,_;,; Values equal to zero correspond to the SDS
concentrations in which the curve of SDS titration in PEO solution and the SDS dilution
curve in solvent are coincident, and no SDS is bound to the polymer chaiafofége
cac andC; can be determined directly from thél,,,_;,, versusCsps curves according
with their definitions, as discussed above in regards to Figure 3.6. Cldualyl t
concentration increase promotes an increase in cac (values giveblenAT&2 in the
Supporting Information), indicating that the IL destabilizes the PEO-SDS aggregates.

In the absence of IL, th&H,,_;,; versusCsps curve presents two peaks, one
endothermic after the cac value, followed by one exothermic pealentiatatC,. For
IL concentrations up to 6.0 mM, the same profileAéf,,,_;,; versusCsps curves is
observed, but the increase in the IL concentration decreases the yntnsite
endothermic and exothermic peaks, making them broader. Finally, the exotheaikic pe
vanishes at 8.0 and 10.0 mM of bmimBr, and no peak can be observed at 100.0 mM
bmimBr, suggesting that the PEO-SDS interaction does not occus &shbmimBr
concentration.

On the basis of previous studies regarding the PEO-SDS interactjouran
water/3? the endothermic peak after cadH(,  for SDS titration in PEO #AH,, for
SDS dilution) arises from the dehydration of PEO chains that are sabdgbitizhe core
of SDS micelles with low aggregation number. As the surfactant coatientincreases,
an exothermic pealdf,, for SDS titration in PEO 4H,,, for SDS dilution) occurs
as result of the rehydration of polymer chain segments when they leanectilar core
and move to the SDS micellar surface. Consequently, the change imethgity and
shape of the endothermic and exothermic peaks iAMg_;,; versusCsps curves in
bmimBr solution suggests that the desolvation and resolvation processes of
macromolecule segments during surfactant binding is altered by thEh#.energy
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involved in the desolvation and resolvation processes probably helps modhgate t
relative stability of the nanoaggregates (SDS/IL and SDS/PE@ilthe system. To
evaluate the degree to which the SDS/IL aggregates adsorbed onytherpate more
stable than SDS/IL aggregates in the bulk, the standard free eharmgyye of aggregate
adsorption on the macromolecule chain in relation to the aggregate fornmatihe

solution was calculated by using the following equatfoii:

cac

AAGagg1y = AG,_s — AGS;. = RTIn (3.2)

cmce

where it is considered that the Gibbs free energy change in termdaitiaion of SDS
aggregates in the bulk at cmc and in terms of the formation ofagB®gates adsorbed
onto the polymer surface at cac is the result of similar forcesiribne negative is the
AAGgg4¢1y Value, the more favorable is the transference of the SDS monomer from a
surfactant aggregate in the bulk to an aggregate adsorbed onto the polyimeincha
similar way, we definedAG, 44, to express the relative stability between the SDS/IL
aggregates adsorbed onto the polymer chain and the SDS/IL nanostructuresgbrme
c2thc by using the c2thc value in equation 3.2. In pure WAlEF,,,;) is negative
(—2.09 kJ motY), showing that SDS aggregates adsorbed onto the PEO chain are more
stable than SDS micelles in the bulk. Interestingly, the 4.00 mimBmmakes the
SDS/PEOQ/IL aggregates less stable than SDS/IL aggregates forrtesl absence of
PEO at cmc fAGggq¢1y) = +2.92 kJ mot). However, at this IL concentration, the
SDS/PEO/IL aggregates are more stable than the second SDS/ILaggrigmed at

c2thc QAG,gg(2) = —0.85 kJ mol?). Figure 3.9 shows the bmimBr concentration effect

on theAAG,g4(1) aNdAAG, 442y Values.
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Figure 3.9.Effect of bmimBr concentration on the relative stability between the
SDS/IL aggregates adsorbed onto the PEO chain and the SDS/IL nanostructures formed

atcmc AAGaggc) or formed at C2thcAA Gaggr2)).

The AAG, 441y Values were positive for all IL concentrations evaluated, and the
values increased with increasing bmimBr concentration, showing thét giabilizes
the SDS/IL aggregates formed at the cmc in the bulk and destabiiez SDS/PEO
aggregates. Destabilization of the SDS/PEO/IL aggregatelsassaggested by the
bmimBr effect onAAG, 4,y Vvalues, which became less negative as the bmimBr
concentration increased.

It was not possible to calculatG,,, values for 100.0 mM bmimBr because
the PEO-SDS interaction at this IL concentration was not verified IT®
[AHg,_ine Values were zero for all SDS concentrations evaluated (Figure 3.8pjtdes
this, fluorescence measurements showed that SDS aggregatesalis¢hee of PEO)
are formed at a 100.0 mM bmimBr solution at a cmc of 0.331 mM. At the Barage

there was no calorimetric evidence about a second SDS nanostructtlmes &t

79



concentration in the SDS range studied. In fact, by fitting Ah6,,,,) versus IL
concentration curve to an exponential fit and extrapolating to 100.0 mM bmimB
AAGaggzy Was +12 kJ mol, showing that at this IL concentration, the SDS/IL

nanostructures formed in the bulk are more stable than SDS/IL aggradstesed onto
the PEO chain in the SDS concentration range evaluated and th&EMDeSDS
interaction does not take place. At 100.0 mM of other electrolytes suchSa3,UNaCl,
NaSCN, and NgFe(CN)(NO)],” the PEO-SDS interaction was observed in the same
SDS concentration range, confirming that in the current study, boaitions participated
directly in the structure of formed aggregates.

Reported data about PEO-SDS interactions have shown that SDS aggregat
facilitated by the presence of the polymer, even in the presdrsmme cosolvents or
cosolutes. For example, Dai and Teastudied the interaction between PEO and SDS in
different glycolwater mixtures. At lower glycol concentrations, cac values obtaiped b
ITC increased with increasing cosolvent concentration, but for each sobentncained
smaller than SDS cmc, so th&AG, 441y Was negative. Barbosa et’advaluated the
interaction between SDS and PEO in the presence of different elexdrdlyte authors
studied a salt that does not interact with PEO (NaCl) and otheeg¢hatown to interact
with macromolecules, such as&y, NaSCN, and NgFe(CNENO]. They showed that
the cac values were almost the same when PEO-SDS interamtmnsed in water or in
a 1.00 mM salt aqueous solution. When salt concentrations were inctead®0 and
100 mM, the cac values decreased around one unit, but the valueswagre srhaller

than the SDS cmc for the same solvents. Ah&, 4,1y values were also negative for all
conditions studied. Here, we have demonstrated that IL mal&s;, ;1) positive. Thus,

when SDS binds to PEO chains, entropic and/or enthalpic contributionsasesdatith
the surfactant aggregation process in the presence of the polymer diedrindihe IL.
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A parameter that permits evaluation of how bmimBr changes the igtbahtribution
to relative stability between SDS/PEO/IL and SDS/IL aggregatée integral enthalpy

change for aggregate formatidit/,,, (int).

TheAH,44(int) values were estimated by assuming tha€{i)s achieved after
Y injections ofninj moles of the surfactant, giving a total volunivg, and that (ii) atC,,
the monomer concentration in the bulk is equal to cmc. The total@ of added
surfactant isYnp;, but from this total\y(cmc) mol does not interact with the polymer.
Naturally, the sum of the observed enthalp}eg ;) should be discounted by the energy
of demicellization and dilutionYgemic+qiz) tO give equation 3.3, as proposed by
Olofsson and LoR?

2 Gobs — YQdemic+dil

AH int) =
agg (nt) Yninj — Vycme

(3.3)

The AH,44(int) parameter expresses the enthalpy change for the formation of
SDS aggregates on PEO from one mole of surfactant monomers in the comeentrati
range from cac toC.. The values ofAH,,,(int) were only calculated for IL

concentrations in whiclk, was determined with more accuracy (Table 33)is less
well defined at IL concentrations above 4.00 mM, and the derived vataegude

uncertair®® Thus, they are not shown in Table 3.3.
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Table 3.3. Thermodynamic Parameters of SDS Aggregation in 0.100% m/v PEO in

Different Water-IL Mixed Solvents at 298.2 K

[LI] / mM AHgg4(int) 1 kJ motta Cz2/ mM Ng / (mmol g* of PEO)
bmimBr

0.0 -0.72 18.1 10.4
1.00 1.35 25.7 23.8
2.00 1.94 27.9 27.3
4.00 2.16 37.1 38.6
bmimCl
1.00 1.36 18.5 15.8
2.00 1.91 21.7 20.3
4.00 2.05 31.0 31.2

aStandard deviations were less than 4.0%.

The SDS aggregation process on the PEO chain surface changed from exothermic
in pure water {H, 44 (int) < 0) to endothermic in the presence of bmimBr and bmimCl
(AHg44(int) > 0), showing that the ILs enthalpically destabilized SDS/PEO aggeega
and highlighting the hydrophobic character of the PEO-SDS interaction in tenpee
of the ILs. In addition, the increase in IL concentration mak&g, , (int) more positive.

In synthesis, théH,,,(int) value is the result of the energetic balance of the
desolvation and resolvation processes of the polymer chain, which explains the
endothermic and exothermic peaks that appeared iARQg_;,; versis Csps curves.

Thus, the change in th&H,,,(int) valuesfrom negative in pure water to positive in
systems containing ILs shows that the polymer desolvation/solvatiorspralse occurs
by disrupting and forming interactions between PEO and imidazoliuonsatvhich are
less intense when compared to PEO-water interactfofise increase IAH ;44 (int) as
the IL concentration increases indicates that the ILs play a mqmrtant role in the
resolvation process than in the desolvation process. This occurs bématssolvation

process, in which PEO is transferred from the core to the surface of theLSDS/I
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aggregates, involves imidazolium cations that are located olS@HI®IL aggregate
surface adsorbed onto the PEO chain. To corroborate the hypothesis thatsthere i
preferential PEO solvation by ILs, the exothermic peak disappe@u® aaM IL (Figures
A.S4 and A.S5 in the Supporting Information). Besides, that preferential Glizien
by ILs must involve hydrogen bonds between the oxygen atoms of theclrdt®and
the hydrogen atoms of the imidazolium cations as suggested by \batenal*®* and
Lodge et al** who have demonstrated that hydrogen bonds play an important role in
determining the phase behavior of systems formed by PEO and imidazolium ILs.

The extent of bindingNs), that is, the amount of SDS bound to PEQatwas

calculated according to equation 3.4.

c, — -V
Ny = 2= ma) T (3.4)
MpEo

whereV, is the total volume in the sample cell&tandmpg, is the PEO total mass in
the calorimetric sample cell. The results are shown in Tabl&Be3extent of the binding
increases with increasing the IL concentration for both ILs, suggesting an incrdase in t
aggregation number of the SDS/IL aggregates adsorbed onto the PEO chainyprobabl
due to the formation of stoichiometric SDS/IL mixed aggregates. T$u#t ie supported
by the linear increase in the extent of binding as the IL concemraicreases
(Ng = 13.5 + 6.€bmims; R2 = 0.906 andVg = 10.4 + 5.Zpmimcy R? = 0.998).

Although the replacement of bromide with chloride did not alter the nziattin
of the IL/SDS mixed aggregates, the effect of IL anions on SDS/PEO/Hegagn is
evident in terms o€z and the extent of binding. Chloride anions decrease the extent of
SDS binding as compared to bromide anions, suggesting that the reiénaetion
between IL anions and bmintations modulates the interactions in the SDS/PEO/IL

aggregates. Usually, more electronegative anions such emeCict more strongly with
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imidazolium cations, promoting its stabilization in the bulk and decrgdlse amount of

it available to form SDS/PEO/IL aggregates. As restdt(consequently the extent of
binding) decreases because this parameter depends proportionally on IL cancentrat
The same reason has been used to explain why bmimCl is more etherriimimBr

for inducing the formation of an aqueous biphasic sy$tem.

3.4. Conclusion

We used isothermal titration calorimetry, conductimetry, and fluorescence
spectroscopy to evaluate the effect of ILs formed by 1-butyl-3-metlddizolium
cations on SDS micellization and PEO-SDS interaction in aqueousnsysiSDS
micellization was more favorable enthalpically and entropidallthe presence of the
ILs; however, the SDS aggregate stability in the presence of théefiesnded on the
NiL:Nsps ratio in the system. A second critical concentration, c2thc, assdaath the
decrease in micelle size promoted by the redistribution of thendBomers and bmim
cations in the aggregates, was verified in the ITC curves.

The interaction between PEO and SDS was affected by the ILs.vidgvike
presence of PEO did not affect the micellization of SDS in watkr systems. The
SDS/PEOI/IL aggregates were formed in a critical aggregation coatenf cac, above
the cmc of the SDS but below the c2thc. Thus, the relative staivdigy of the aggregates
formed was SDS/IL (at cmc) > SDS/PEOIIL (at cac) > SDS/IL (at c2thc).

Our results showed that ILs interacted directly with the SDS &@ i the
formed nanostructures, being incorporated in the core/interface of SDS mielle a
altering the solvation and desolvation processes in the formation ocPED@/ggregates.
The interaction between PEO and SDS became unfavorable enthwipith# presence

of ILs, which enhanced the hydrophobic interaction contribution for the nanoaggregate
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formation. The increase in the IL concentration up to 100.0 mM improved thktygta
of the SDS/IL micelles observed at c2thc as compared to the PEDAEL
nanoaggregates, eliminating the SDS/PEO interaction.

Our results clearly show that ILs may alter the phase behavior aieply
surfactant systems, and therefore, new applications of these systerins aacessed,

particularly in fields related to separation and solubilization technology.

Supporting Information.

The Supporting Information is available free of charge on the ACS Publications website
at DOI: 10.1021/acs.jpcb.5b09819 and can be found attached at the end of this thesis:
Figures showing conductance versus SDS concentration curves in the @resenc
bmimCl and bmimBr (Figure A.S1); Pyrengl4 ratio versus log (SDS concentration)
curves in the presence of bmimClI (Figure A.S2); calorimetric curves ofd8lt#n in

the presence of bmimCI (Figure A.S3); The DLS size distribution curves in the presence
of bmimBr (Figure A.S4); curves of apparent molar enthalpy change of RED-S
interaction in the presence of bmimCl and bmimBr (Figure A.S5 and ATa®)es
containing parameters of SDS micellization (Table A.S1) and SDSgeggne in PEO

(Table A.S2).
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Capitulo 4: A Calorimetric and Spectroscopic Study of the Interaction

between Lactoferrin and Anionic Surfactants

Abstract

Lactoferrin (Lf) plays fundamental role in many biological processes dits tmn-
binding feature. Therefore, to know the factors that affect the capadcitg af binding

to iron is very important. To the best of our knowledge, studies evaluhting
surfactants interact with this protein are poor and the effect of thegtim on the
protein conformation and its iron binding capacity is unknown. In this work, we
investigated the interaction between the Lf and different anionic samtac[sodium
dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS) and sodium decyl
sulfate (DSS)] at different pH values. Isothermal titration calorim@f{), nano
differential scanning calorimetry (NanoDSC) and fluorescence spectroscopyseere

to investigate this interaction. Fluorescence spectroscopy and NanoD$C dat
demonstrate that all surfactants induce Lf denaturation: the denaturétoaney
followed the order DSS < SDS < SDBS. The apparent molar enthalpy clodnge
interaction AH,,_in:), the extent of bindingNs) and the integral enthalpy change for
complex formation4H, 44 (int)) were determinate from ITC and were highly dependent
on pH and surfactant structure. ki, ,, (int) values were always negatives and ranged
between -0.61 kJ md] for DSS at pH 12.0, and -5.99 kJ mhofor SDS at pH 3.0.
NanoDSC measurements showed that Lf bound to iron has more resistainst theg
destabilization induced by surfactants than iron free Lf. These resultsirngortant
implications for help us to understanding the influence of surfactants on structura

changes in proteins.
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4.1. Introduction

Surfactants and proteins are compounds that together can generate complex
systems with applications in many pharmaceutical, food and biologicalucts!*
Despite the fact that protein-surfactant systems find diverdealpipty, the interest to
elucidate the interaction between proteins and surfactants has msalsytftems a target
of studied of several researchefsAlthough a great scientific advance has been obtained
in the study of this interaction, some questions about the behavior of dteansy
containing proteins and surfactants remain unanswered, for example, about biléynsta
of proteins in front to some surfactaft®loreover, surfactants and proteins are classes
of heterogenic compounds and thus the study of protein-surfactant interactign usi
different proteins and/or surfactants is required.

To our knowledge, specific studies on the interaction of the lactoferrinirprote
with surfactants are scaré®.Lactoferrin (Lf) is a monomeric glycoprotein of the
transferrin family present in the milk of diverse mammals. This pr@esents a high
isoelectric point (pl close to 9) and its polypeptide chain has about 68® auid
residues, resulting in a molecular weight of 80000 gmbt? Three-dimensional
structures of lactoferrifrom different mammals have been proposed by several
authors®**® In general, the macromolecules of this protein are composed by two
homologous globular lobes, one N-lobe and other C-terminal lobe, linked by arshort
helix. Each lobe consists of two domains and one metal binding site that binds tightly to
one ferric ion together with one carbonate as synergistic anion. Eaah iterris
covalently bound to four protein ligands (2 Tyr, 1 Asp and 1 His) and to thegsstie
carbonate anion that appears to bind to iron in a bidentate mode.

The Lf protein has several antimicrobial functithnas well as presents many

properties in the immune and inflammatory respoAs@hese properties, in addition
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with the many food and biopharmaceutical applications of tH&mfke the study of the
interaction of this protein with surfactants strategic.

The interaction between apo-human transferrin and surfactant SDS has been
recently studied by Taheri-Kafrani and Bord3awho utilized isothermal titration
calorimetryto determinate the enthalpy and heat capacity changes of thistimerabe
authors founded that SDS promotes the protein denaturation as verified for other
proteinst®2! however, insights about the role of ferric ion on the stability of thizipro
front to denaturation induced by surfactant have not been discussed. Because of this, we
believe that other studies of interaction between transferrins and igfectants are
required.

In this work, we evaluated the interaction between the bovineacii&ferrin and
different anionic surfactants at different pH values. Isothermal titra@lorimetry, nano
differential scanning calorimetry and fluorescence spectroscopy were used. The
surfactants sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonatg),(SDB

and sodium decyl sulfate (DSS) were studied.

4.2. Experimental

4.2.1. Materials

Bovine milk lactoferrin was obtained from DMV International Food (U.S.A.).
Sodium dodecylbenzene sulfona(€Hs(CHz)10CH2(CsH4)SOsNa), sodium dodecyl
sulfate (CH(CH.)10CH-OSQ:Na) and sodium decyl sulfate (GIEH2)sCH-OSGNa)
surfactants were supplied by Sigma-Aldrich (U.S.A.). All surfactants wkthe highest
purity available. Pyrene (99%) was manufactured by Sigma-Aldrich. Citraté&0(08
3.0), carbonate 0.1 M (pH 9.0) and phosphate 0.05 M (pH 12.0) buffers were prepared at

our laboratory. All chemicals were used without further purification.iMll water
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(Millipore, USA) was used to prepare all buffers. The buffers were used to @r@par

solutions.

4.2.2. Determination of Iron Saturation in Lf

The total content of iron in the Lf sample was measured by flaomiat
absorption spectroscopy (AAS) with a VARIAN AA-240 spectrometer. Sanipltes
analyses were prepared solubilizing the protein in water after the Lf powmae
dissolved in 65% wi/w nitric acid under heating (60 °C) during 1 h. The Iron content
obtained in Lf (mg @) was converted to percentage iron saturation by considering that a
sample of Lf with 2 mol of iron per mole of protein (1.4 mg iron per g Lf) is 100%

saturated with iron.

4.2.3. Nano Differential Scanning Calorimetry

The influence of the surfactants on the Lf thermal denaturation whsatac
using a NanoDSC calorimeter developed by TA instruments (EUA). Stickions
containing or Lf either surfactant were mixed to obtaidih§ uM Lf solutions at several
surfactant concentrations. These solutions were degassed by 10 mitlifdec the
sample cell of the NanoDSC. A buffer solution, at same pH, was placed in the reference
cell to obtaining a sample versus buffer scan. While the temperaturell®fwas
increased from 30 to 110 °C, at a rate of 1 °C per minute, the heat flovgsargceskeep
both cells in thermal equilibrium was recorded. A scan with the bufferi@olut both
sample and reference cells (buffer versus buffer scan) also was obtdiredograms
were prepared for analysis by subtracting the buffer versus buffer scan frgie sam
versus buffer scan and converting to molar heat capacity data. All da¢ar@corded

with the TA Instruments software, and further analysis was performed U#ng
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NanoAnalyze version 2.4.1. Enthalpy changes of denaturation were estimatatidrom
peak area in the thermograms using a straight baseline drawn from ¢heoothe end

of thermal transition.

4.2.4. Fluorescence Spectroscopy

Fluorescence emission spectra were recorded on a Cary Eclipse Floogesce
Spectrophotometer (Agilent Technologies, USA) equipped with a thermottash
10 mm quartz cells. Spectra were obtained fof uM Lf in buffer (pH 3.0, 9.0 or 12.0),
in the absence and presence of several concentrations of surfactant. iE@tmexeas
set at 295 nm to excite only the tryptophan residues, and the amggsctrum was
recorded between 300 and 470 nm. The widths of both the excitation slit antbemiss
slit were set at 5.0 and 2.5 nm, respectively. Measurements were perfrgdte°C and

samples were left to equilibrate for at least 30 min before analysis.

4.2.5. Determination of the Critical Micelle Concentration of the Surfactants

The critical micelle concentration (cmc) of all surfactants, linparticular
conditions, was measured using the pyrene assay. In the presencellesntioe I/13
ratio, where 1 and k are the emission intensities of pyrene at 372.5 and 383.5 nm upon
excitation at 335 nm, respectively, undergoes a change. The inflection point in the curve
of 14/ls ratio versus log [surfactant] gives the cmc of surfactant. Pyrenerdoatoen in
samples was of 12M obtained from a 122 uM stock solution in ethanol. Samples were
left to equilibrate for at least 30 min before analysis. 2.5 nm glithe& were used in the

measurements. Three spectra were averaged at a scan speed of 30 nm per minute.
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4.2.6. Isothermal Titration Calorimetry

Enthalpy changes associated with the Lf-surfactant interactionoiained in a
TAM lll isothermal titration nanocalorimeter (TA instruments, EUA) cotéaby TAM
assistarit dedicated software. 4 mL stainless steel cells were usedhirsaeiple and
reference. Titrations were carried out by dbgpstep injections (5 or 1QL) of
concentrated surfactant solution into & of 12.5 uM Lf solution at reaction cell. A
Hamilton syringe (25QuL) controlled by a piston pump was used. All solutions were
degassed by 10 minutes before of the experiments. The sample éadtierr cell was
continually stirred at 120 rpm using a helix stirrer and the time intebetiseen the
injections were of 12 minutes. The reference cell was filled with 2. ofithe same
buffer used to prepare the Lf solution in the sample cell. Similar enppts were
performed by replacing Lf solution in sample cell by buffer. Measurements were
conducted at 25.0000 = 0.000€. Raw data were obtained as a plot of potency (LW)
against time. These data were integrated to obtain afpbiiserved enthalpy change per
mole of injected surfactant against total surfactant concentration icalbemetric

sample cell.

4.2.7. Zeta Potential and Dynamic light scattering
The size and the zeta potential of the protein-surfaetggregates were obtained
on a Zetasizer, Nano series, Nano-ZS compact system from MalvermleSamere

prepared like in the fluorescence experiments.
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4.3. Results and Discussion

4.3.1. Effect of pH on the Lf Structure

Nano differential scanning calorimetry (NanoDSC) can provide information on
the thermal stability of proteins, on its mechanism of denaturation and mvérsibility
of this process in several thermodynamic conditions. In addition, NanoDSC allows
evaluate the effect of the protein-solute interaction on the proteintudatian
proces$2?* Thus, we used NanoDSC to determinate the thermodynamic parameters
associated with the Lf denaturation process, namely denaturation enttapyge
(44enH) and maximum peak temperatufg,], at different pH values and several anionic
surfactant concentrations.

The dependence of the Lf denaturation thermodynamic parameters on the
surfactant concentration is related to Lf-surfactant interactiomitualg. On the other
hand, the Lf-surfactant interaction magnitude depends on the protein conborhaii
is influenced by hidrogenionic concentration of the medium. To determine the pH effect
on the Lf three-dimensional structure, NanoDSC thermograms oful2.5 solutions
were obtained at pH 3.0, 9.0, and 12.0 (Figure 4.1). All thermal transitions obsereed we

irreversible as verified by second scans after cooling the Lf solution (data not shown).
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Figure 4.1.NanoDSC thermograms of 12:81 Lf solutions at (&) pH 9.0,(b) pH 12.0

and(c) pH 3.0.

The molar heat capacity gCchange versus temperature curves are originated
from different molar heat capacities between the sample cethamdference cell during
the heating process. The different values for each peak arise from disruption of the
interactions stabilizing the Lf native structure in the sample Thus, the transitions
verified in thermograms are attributed to the Lf thermal denaturation prodgsd. A0
(curve a), the Lf presents two endothermic transitions: the first one appéaesrange
of 56-70 °C, withT,,, at 65.59 °C, and the second one appears in the range of 77-85 °C,
with T,,, = 82.45 °C. On the other hand, only one endothermic transition appears at pH
12.0 (curve b), between 40 and 53 °C, With= 48.11 °C, while no thermal transition is
observed at pH 3.0 (curve c), showing that the Lf is partially angledely denatured

at pH 12.0 and 3.0, respectively.
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Our results were the first ultrasensitive DSC measurements for baetoterrin,
however, “classical” DSC thermograms were obtained for this protein and it was also
observed that two thermal transitions are present in the natkr&94The presence of
two denaturation peaks has been attributed to the differences in thealtis¢ability
between the apolactoferrin (iron free Lf) and the (mono- or di-)iron saturatedattijch
the apolactoferrin presents a thermal stability lower than the (moxida)ioon saturated
Lf.26 Thus, the first T,, = 65.59 °C) and the secon®, (= 82.45 °C) endothermic
transition peaks observed at pH 9.0 (figure 4.1) are attributed to the tloemaaliration
of apolactoferrin and (mono- or di-)iron saturated Lf, respectively. The peak observed at
pH 12.0 is attributed to the (mono- or di-)iron saturated Lf. At pH 3.0, the fuillis
denatured and probably it has released the ferric ion from its strdttire.

At pH values above and below pl (pH 9.0) the Lf net charge is differentzieom
and, especially at extremes pH values (in relation to pl), the elatitosepulsions
among Lf amino acid residues are strong enough to cause the disruptipdragen
bonds and van der Waals interactions responsible by maintaining taeytstticture of
the protein. Thus, the Lf three-dimensional structures at pH 3.0 and 12.0farendi
from that at pH 9.0. The complete denaturation of the Lf at pH 3.0 showshtha
repulsive forces among the amino acid residues at this thermodynandtion are
stronger than at pH 12.0 because the Lf net charge is higher at pHr8d fita 12.0.
Zeta potentialQ) measures were performed and show that the Lf hag21.7 £1.5) mV
atpH 3.0 and =-(17.9+ 0.8) mV at pH 12.0. At pH 12.0 weaker electrostatic repulsions
are not able to break all van der Waals interactions and hydrogen banusiitftain the
tertiary structure of the protein, and thus the Lf is partially denatured.

Our results show that the Lf structure depends on pH and they agree with

“classical” DSC and spectroscopic data previously reported. Iafisco et al.?® used
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“classical” DSC and Raman spectroscopy to show the pH effect on the secondary and
tertiary structures of cow’s milk lactoferrin with pH ranging between 4.0 and 9.0. At pH
4.0, the protein showed low thermal stability and all of its iron was $iealar results
were obtained by Sreedhara et®lhat utilized spectroscopic techniques to verify the
thermal stability and the conformation changes of caprine and bovine lactafetiie
pH range between 2.0 and 8.0. It was verified that bovine lactoferrin giHovalues
exposes a lot hydrophobic regions to the solvent. More recently, Bokkim?2using
“classical” DSC, investigated the pH effect on the thermal stability of native Lf at very
low ionic concentration with pH ranging between 4.0 and 7.0. In these congitiegs
did not verify significant pH effect on tHg, and4,.,,H values. We do not have found
studies on the pH effect on the Lf thermal stability at pH values higher than pH 9.0.
To asserting about the Lf thermodynamic stability, the maximunk pea
temperature was obtainefiable 4.1 presents tlig, values at pH 9.0 and 12.0, for each
observed thermal transition. THg,,,H values are also presented. Whereas no thermal
transition is observed at pH 3.0, thermodynamic parameters associatethevikf

denaturation at this pH are not presented.

Table 4.1.Thermodynamic Parameters of Lf Denaturation at Different pH Values

pH Tml /°C AdenH1 / (kJ moil) Tm2 /°C AdenHzll (kJ mol
9.0 65.59 993.36 82.45 198.60
12.0 48.11 411.69 ] ]

aStandard error was lower than 5.5% for fize,, H and lower than 0.5% for tt#%,

Thed,.,H values are positive for both thermodynamic conditions, reflecting the
unfavorable enthalpic balance in the disruption and formation of intamaauring the

denaturation process.
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At pH 9.0,4,.,H for denaturation of iron free L#G,.,,H,) (T,, = 65.59 °C) is
five times greater thad,.,H for denaturation of (mono- or di-)iron saturated Lf
(A4enH2) (T, = 82.45 °Q, suggesting that the level of Lf iron saturation is low in
according to Bokkim et af® To support this proposition, analysis of total iron content in
the Lf sample was realized and an iron saturation of (7.51 = 0.24) % was obtained.

At pH 12.0,44.,H, (T, = 48.11 °C) is lower than,.,H; at pH 9.0 indicating a
decrease in the enthalpic energy necessary to denature the Lf. This because
electrostatic repulsions among negatively charged amino acidessdel strong and/or
there are few interactions maintaining the Lf tertiary structure at pH 12i®rd&sult, in
addition to the decrease T, value, shows that the Lf thermal stability at pH 12.0 is
smaller than at pH 9.0.

Magnitudes of thed,.,H values found by us are in concordance with data
reported in the literature and the differences observed are attributed thstinet
experimental conditions and/or slight difference in Lf structure. For exampléssBa
et al® using “classical” DSC reported 44.,H; (T, = 65 °C) andl ., Hy (T, = 92 °C)
values equals to 1120 and 8BDmol?, respectively, for native bovine Lf at pH 7.2.
Bokkim et al?® using the same technique has determidgtgH, (T, = 60.6 °C) and
AgenH, (T, = 89.4 °C) values equal to 1048 and 168 kJ'maspectively, for native

bovine Lf with 12.9 % iron saturation at pH 7.0.

4.3.2. Effect of Anionic Surfactants on the Lf Thermal Unfolding

NanoDSC data discussed above show that surfactants are going to interact
different structures of the Lf at the different pH values, however, jugi &0 they are
going to interact with Lf in its native form. Thus, to verify thiéeet of the aniorg

surfactants on the Lf thermal unfolding, NanoDSC thermograms at severatanirfa
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concentrations were obtained at this pH. Figure 4.2 shows NanoDSC thermadram
12.5uM Lf in the presence of different SDS concentrations. All the thetnaasitions
observed in the presence of this surfactant were also irreversiblerified by

consecutive scans after cooling the Lf solution (data not shown).
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Figure 4.2.NanoDSC thermograms for the Lf thermal denaturation in the presence of
different SDS concentrations at pH 9.0. The concentration of Lf isyM.%can rate

was 1°C per minute. Numbers on the curves give the SDS concentrations.

In the presence of SDS, at concentrations below 1.00 mM, both endothermic
transitions can be still observed in the Lf thermograms, neverthéhesarea and the
position of the peaks are dependent on the surfactant concentration. In teistdion
range, as the SDS concentration increases the peak area reltisdinst endothermic
transition (around 64 °C) decreases progressively while the peak areee rielatecond

endothermic transition (around 80 °C) remains almost constant. These resulteahow

103



SDS is able to promote the Lf denaturation prior to heating and suggeSQS interact
more favorably with iron free Lf or that this one is less stable than (randi-)iron
saturated Lf in front to unfolding caused by SDS.

Table 4.2 show§,,,, T,,, and4,.,H, obtained at different SDS concentration,

at pH 9.0.

Table 4.2. Thermodynamic Parameters of Lf Denaturation at Different SDS

Concentrations, at pH 9.0

[SDS]/ mM Ty ! °C AgenH; 1 kI mott Tz | °C
0 65.59 993.36 82.45
0.025 65.03 925.7 82.04
0.075 64.54 863.40 81.97
0.13 63.45 738.87 81.73
0.50 62.44 232.46 80.62
1.00 - - 77.88

aStandard error was lower than 6% for thg,, H; and lower than 0.5% for t11§,; endothermic peak was
not observed at 1.0 mM SDS.

The A4,4.,H; values decrease as SDS concentration increases and are a
contribution of the denaturation of both Lf interacting with SDS and free Lf. This result,
in addition to a slight decrease in thg values for both peaks, shows that SDS, besides
promoting Lf denaturation, reduces its thermal stability. INSB& concentration range
from 0 to 0.50 mM, the thermal stability of the iron free Lf is more aftethan the
thermal stability of the (mono- or di-)iron saturated Lf as can be sekigltgr variation
of Tpp1 (AT = 3.15 °C) with respect tB,,, (AT,,, = 1.83 °C).

When the SDS concentration attains 1.00 mM, the first endothermic transition at
NanoDSC thermograms disappears and only the peak relative to the secondemclothe
transition is observed, indicating that the iron free Lf was fully dendtatethis

concentration. Finally, at SDS concentrations above 1.00 mM (figure B.Sippofing
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Information), the peak around 80 °C also disappears, showing that the (mono- or di-)iron
saturated Lf also was completely denatured by SDS in higher surfactant concentrations.
The SDS effect on the thermal stability of the Lf at pH 12.0 wss edaluated
and at 0.50 mM SDS the endothermic peak around 45 °C disappeared (data not shown),
showing that the Lf is denatured by SDS at this pH. This SDS caoatentis lower than
that needed to promote the Lf denaturation at pH 9.0, indicating thatostatic
repulsions among negatively charged amino acid residues decreaser¢ieéicnest to
disrupting interactions maintaining the Lf tertiary structure.

According to above, SDS interacts with the Lf and it is able to intheceomplete
denaturation of the protein. However, SDS have different efficienciésriaturing the
iron free Lf and the (mono- or di-)iron saturated Lf. With our results we have sedge
that the iron bound to the Lf, besides increasing protein thermal stabfttincreases
its resistance against the destabilization induced by SDS. Tiig abihe SDS to cause
the destabilization of the native structure of proteins has been atrithat both
electrostatic and hydrophobic foréé€&®3and it has been proved by several techniques
such as fluorescence spectroscipigothermal titration calorimetty and small angle
X-ray scattering®

As the protein-surfactant interaction has the contribution of electrostatic
hydrophobic forces, this kind of interaction depends strongly on the surfactant structure,
both the tail length and the headgroup features. To verify the surfactatiretreitect
on the formation of Lf-surfactant complexes, the Lf-DSS and Lf-SDBS&dntions were
also studied. DSS and SDBS have similar structures to the SDS,dro®&5 has two
carbon atoms less in the hydrophobic tail while SDBS has a benzene xingpone

headgroup (figure B.S2 in Supporting Information). NanoDSC thermograms qiNI2.5
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Lf at pH 9.0 and at different concentrations of DSS and SDBS are shoveadres 4.3a

and 4.3b, respectively.
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Figure 4.3.NanoDSC thermograms of Lf in the absence and preserjag@ES and
(b) SDBS at pH 9.0. The concentration of Lf is 1@M. Scan rate was 1°C per minute.

Numbers on the curves give the surfactant concentrations.

Similarly to the SDS effect on the Lf thermograms, DSS and SDBSgbeom
changes on the area and the position of the endothermic peaks, showing hihat bot
surfactants also interact with Lf promoting its denaturation. Howeverrehffeurfactant
concentrations are necessary to denaturate completely the Lfatindichat the
Lf-surfactant binding constant depends on the surfactant structure. When theusturfac
Is the DSS, the first endothermic peak disappears at 5.0 mM thhileeak associated
with the second thermal transition is not observed from 8.0 mM. Gottieehand, when

SDBS is present, the first and second peaks disappear at 0.75 mM and 1.0 mM,
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respectively. Thus, denaturation efficiency follows the order DSS < SD®BSS
demonstrating a clear contribution of the hydrophobic forces on the formation of the
Lf-surfactant complexes. These results are in accordance with dAtadefsen and
Otzer?® that showed that the ability of sodium alkyl sulfate surfactants to unfold the acyl
coenzyme A binding protein increases with the hydrophobic tail length iecotédke

surfactant.

4.3.3. Fluorescence Spectroscopy

Fluorescence measurements were performed to corroborate with the NanoDSC
data and better understanding the effect of the surfactants on the Lf strddtere
fluorescence spectroscopy is a sensitive technique that allowsingtaformation
about conformational changes in proteins caused by interaction with soewutaol his
technigue can reveal details about the surrounding environment of protein fluegpho
help to elucidate the binding mechanism between protein and other moleculesass well
provide idea about the nature of the binding phenomémniVe used fluorescence
spectroscopy to accessing tryptophan intrinsic fluorescence in the Lf.

Figure 4.4a shows the SDS effect on the fluorescence emission spectrum of

12.5uM Lf at pH 9.0, with excitation of the protein at 295 nm.
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Figure 4.4.(a) SDS effect on the fluorescence emission spectrum ofy®™2.bf at pH
9.0; the fluorescence intensity always increases as SDS concentratioseadrean O
to 5.2 mM;(b) (m) /r versusSDS concentration and (o) AmaxVvVersus SDS concentration

curves. Lf concentration is 12i8. Protein excitation was performed at 295.

Lf in the absence of SDS shows, as excited at 295 nm, an engpsicinum with
a maximum emission wavelength (Amay) at 333 nm and this one exclusively arises due to
the tryptophan amino acid residues (T¥pTharacterization of the primary structure of
the bovine lactoferrin indicates that this protein contains thirtegt? and whereas these
residues contribute unequally to the total emission, the emissiotruspecbtained
reflects the average environment of all the Trp in the proteinau&ecof its aromatic
character, the Trp in the native Lf can be buried, either in the hydrophobic interior of the
protein or at the interface between two domains/subdomains of the biomolecule.
According to Royef? a maximum emission wavelength around 335 nm is compatible
with Trp residues in a partially buried configuration, suggesting thgainfthe Lf are in

this configuration.
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As SDS concentration increases an increase in the fluoresceswsitingy) is
observed. Thig increase is accompanied by a moderate red shift in Amax, indicating that
the Trp residues migrated from a more hydrophobic region to a more hydropidic*fe
and confirming that Lf-SDS interaction promotes conformational chandghs protein
as demonstrated by NanoDSC.

Figure 4.4b shows in more details haw and Amax depend on the SDS
concentration and three distinct regions are highlighted. In the regifsom, O to
0.095 mM SDS, bothmax and Ir remain almost constant indicating that at this
concentration range the SDS interacts with Lf without altering therlcroenvironment.

In the regions Il and Illf¢ increases linearly as the SDS concentration increases, but the
slope in the region Il (from 0.095 mM to 1.0 mM SDS) is higher than the siofe
region Il (above 1.0 mM SDS). Thigincrease in the region Il is accompanied by a large
red shift in Amax from 333 to 339 nm while in the region llynaxcome back to be almost
constant from 2.6 mM SDS, showing that the higher conformational change bf th
occurs in the region Il. Slope change from the region Il to the region Il at 1.0 mM gives
the SDS concentration in which the iron free Lf is fully denatured and the
(mono- or di-)iron saturated Lf begins to be denatured as showed by NanoDSC. Thus
the large slope in the region Il shows that the iron free Lf contributbsavitgh number

of Trp residues exposed to the solvent.

The increase df (increase of quantum yield of Trp) is attributed to the exposition
of buried Trp residues to the solvent during the Lf denaturation. This priocesases
the number of fluorophores that can be excited by radiation source and/@sésdie
amount of lost energy through non-radiative processes such as energy transfiepfrom

to other amino acid residu&s®
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Despite the SDS effect on the Amax vValues, a red shift in the Lf fluorescence
emission spectrum also is observed when the Lf is thermally dreféitpure 4.5 shows

the Amax vVersus thermal treatment temperaturer Turve for Lf at pH 9.0.

348

345 n -I..

342 +

/ nm
| |

. 339
£

A

336- n

333 W ..

Figure 4.5.Effect of the thermal treatment temperature on the Amax values in the Lf
fluorescence emission spectrum at pH 9.0. Lf concentration iub2.Brotein

excitation was performed at 295 nm.

In the range between 25 and |0 the Amax Values do not change and then they
increase from 333 to 347 nm when the temperature ranges from 50@0 Blis Amax
shift is accompanied by an increaséjindata not shown) and indicates the thermally
induced Lf denaturation. This result is in accordance with the NanoDSC thrarmo§

Lf at pH 9.0 (Figure 4.1) that shows the start of the thermal denatuoétioa protein at
56 °C. In addition, the Amaxin the thermally denatured Lf at 80°C is higher than the Amax

in the Lf denatured by SDS ([SDS] > 2.6 mM) indicating that: (i) the thigraenatured
Lf structure is different from that denatured by SDS; (ii) SDS decsethse solvent
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hydrophilicity around the Trp residues and/or (iii) SDS interacts wits siear Trp

residues.

To verify the surfactant structure effect on the Lf fluorescence, the iemiss

spectrum of the biomolecule was obtained in the presence of DSS and SDBS. Figure 4.6

shows the DSS effect on the fluorescence emission spectrum giM2.5as well as

thelr and Amax versus DSS concentration curves, at pH 9.0.
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Figure 4.6.(a) DSS effect on the Lf fluorescence emission spectrum, at pH 9.0; the

fluorescence intensity always increases as DSS concentration increasesdrom O t

16 mM; (b) (m) /r versusDSS concentration and (©) Amax Versus DSS concentration

curves. Lf concentration is 12i81. Protein excitation was performed at 295.

The DSS effect on the and Amax values (figure 4.6b) is similar to that verified

for SDS (figure 4.4b), indicating that the Lf-DSS interaction occurs bystrae

molecular processes of the Lf-SDS interaction. However, these processas at

different surfactant concentration ranges confirming the effect of the hydrophaiicity

the surfactant on the Lf-surfactant interaction. At DSS concentrationsgdrefween 0
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and 1.0 mM (corresponding to range from 0 to 0.088 for SDS, I and Amaxremain
almost constant. Then, large changes in these parameters are bwetieen 1.0 and
5.0 mM (corresponding to range from 0.095 to 1.0 mM for SDS), indicating the iron free
Lf denaturation (figure 4.3a) as previously proposed in the Lf-SDS interactitysesa
Above 5.0mM DSS, Amax becomes constant attaining a maximum at 342 nm that is the
same value observed in the Lf-SDS system. This result suggests that both SI&sand
interact with Lf exposing Trp residues to a microenvironment with similar polarity.

The SDBS effect on the Lf fluorescence emission spectrum (Figure 4véay is

distinct from that observed with SDS and DSS. Figure 4.7b shows 4hé Amax values

as a function of the SDBS concentration, at pH 9.0.
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Figure 4.7.(a) SDBS effect on the Lf fluorescence emission spectrum, at pH 9.0;

Ir decreases as SDBS concentration increases from 0 to 0.10 mM, then increases from
0.10 to 0.63 mM SDBS, and decreases again from 0.63 to 4.38 mM 3)Bis)
Ir versus SDBS concentration and (©) Amax Versus SDBS concentration curves. Lf

concentration is 12.pM. Protein excitation was performed at 295 nm.
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Firstly, the increase in the SDBS concentration from 0 to 0.10 mM promotes the
decrease of thg values and, at the same time, a slight blue shift in Amax (from 333 to
331 nm), suggesting a specific Trp-SDBS interaction. Then, as SDB8ntm@tmon rises
up to 0.63 mM, the increase Hfis observed simultaneously to a red shift in the Amax
values (from 331 to 337 nm), showing that a lot of Trp residues are exposed to a more
hydrophilic environment. Finally, further increasing SDBS concentration abovend63
promotes a decreaselpfthat remains almost constant from 3.0 to 4.4 mM, showing that
the Trp residues has been saturated by surfactant. A red shiftofid bbserved in Amax
as SDBS concentration changes from 0.63 toniM). Then, the Amax Values decrease
from 348 to 345nm when the SDBS concentration ranges from 1.9 to 4.4 mM SDBS.

The distinct effect of the SDBS on the fluorescence emission speatrita Lf
can be attributed to the presence of a benzene ring in the hydropholo€ tait
surfactant, which is able to interact with the aromatic ring of the Trp residue via n-n
stacking interactiod® In this sense, the complex profile of thend Amax versus [SDBS]
curves has been attributed to a balance of two contributions: (i) the m-m stacking
interaction between SDBS and Trp residues that decreases the qyeahtuof the Trp
(quencher effect) and (ii) the Lf unfolding that exposes buried Trp residues tuvbets
and increases its quantum yield (nonquencher effect).

When SDBS concentration ranges from 0 to 0.10 mM, quencher effect dominates
over nonquencher effect as a result of (i) a slight Lf tertiary struch&ege that makes
a few Trp residues unburied and (ii) a preferential and specific interactiwwadretess
buried Trp and SDBS. As result of this interaction, the Trp microenvironment
hydrophobicity increases, promagithe slight blue shift in the Amax Values.

On the other hand, from 0.10 to 0.63 mM, the nonquencher effect becomes more

important mainly in view of the great change in the Lf tertiary sinec(see DSC data)
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that leads to the exposition of buried Trp residues and hydrophobic interat#®tosi

the solvent. The exposition of new hydrophobic sites with a higher bindingyatiyi
SDBS minimizes the interaction between the surfactant ande$mgues promoting an
increase of the Trp quantum yield and a reduction of the Trp environment hydrophobicity
Thus, bothly and Amaxvalues increase.

Then, above 0.63 mM SDBS, when iron free Lf is all unfolded (in accordance
with DSC data) and Trp residues are almost all exposed, quenchertafestplace
again. In this concentration range, the SDBS monomers continue to idiezatty with
Trp residues leading to a decrease of the Trp quantum yield. Ifhvslues decrease
again. This result agrees with the Amax decrease above 1.9 mM as result of the interaction

Trp-SDBS that increases the hydrophobicity of the Trp microenvironment.

4.3.4. Isothermal Titration Calorimetry

As showed by NanoDSC and fluorescence spectroscopy, anionic surfactants
interact with Lf leading to changes in its three-dimensional tstreic To obtaining
thermodynamic parameters associated with the formation af tharfactant complexes
ITC was used.

ITC allows obtaining directly the released or absorbed heat during the oceurrenc
of a molecular event and has been used in studies of interaction beta@emalecules
and several solutég42In the study of protein-surfactant interactions, ITC can provide
a lot of information and we have used this technique to obtain the apmpatanenthalpy

change of interactiom{,,,_ ), the saturation concentratio@j, the extent of binding
(Ns) and the integral enthalpy change of aggregatlaf, {,(int)) associated with the

formation of theLf-surfactant complex at different pH values.
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Figure 4.8 presents the ITC curves of observed enthalpy chAAgg,) versus
SDS concentration obtained when the reaction cell was filled or with citrate biuyftdr a
3.0 (surfactant dilution curve) either with 1281 Lf in citrate buffer at pH 3.0
(surfactant titration curve in Lf solution). ITC curves were also obtafeedther

surfactants and pH values studied and presented similar characteristics.
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Figure 4.8.4Hos versusSDS concentration curves for addition of SDS on (e) 12.5 uM
Lf in 0.05M citrate buffer, pH 3.0 and (o) 0.05 M citrate buffer, pH 3.0. The inset

shows the magnification of the titration curve in Lf solution at low SDS concemntsatio

The surfactant titration curve in Lf solution and the surfactant dilutiovecare
distinct in the range 0.037 mM < [SDS] < 7.8, indicating that different molecular
events occur when the Lf is present in the sample cell. It liskwewn that the SDS
dilution curve profile obtained when concentrated SDS solution is titratedeopure

solvent arises due to the following molecular processes: in the first injectioesatieg
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final concentrations below the cmc in the calorimetric cellipred) in the SDS dilution
curve (figure 4.8)], the micelles present in the titration solution are diluted andliooke
give monomers that are also diluted; then, when the SDS concenitndgtiercalorimetric
cell reaches the cmc region (region II), only a part of the injected micelles breakd up
the other one is diluted in the calorimetric cell; finally,cahcentrations above cmc
(region Il1), the added micelles are only dilutéd.

Using calorimetric data of the SDS dilution curve it is possible calculatntbe
by determining the inflection point in that curve. The enthalpygbassociated with
the micellization procesd{),;.) can be obtained by calculating the difference between
AH,,s in the postmicellar region (region Il) amtH,,s in the premicellar region
(region 1)* The cmc and\HS,;. values for micellization of the SDS, DSS and SDBS
surfactants in the buffering conditions used in this work are presented ialhe4l3.
To support the calorimetric cmc, fluorescence spectroscopy using pyremaessilar

probe was also used to determine cmc.

Table 4.3.Micellization Parameters of SDBS, SDS and DSS Surfactants at 25°C and

Different pH Values*

cmé@ cm® AHQ;.° cm@ comc® AHS,. cm& cmcd AHY,.
pH 3.0 pH 9.0 pH 12.0

SDS 273 320 -169 137 110 -3.03 133 1.00 -1.64

DSS 2054 1793 0.92 13.17 1029 0.82 12.74 9.65 1.42

SDBS 0.37 -d - 0.27 - - 0.26 - -

*Standard error was lower than 5% for th&°

mic

Surfactant

and lower than 3% for the cmc.
acme determinate by fluorimetrcmc determinate by calorimetry; cmc values are givenNh m

¢values in kJ mol; determination of parameters was not possible.

The cmc values obtained in both techniques are in agreement witbteachnd
with literature datd? For all surfactants, when the pH increases from 3.0 to 12.0, the cmc

values decrease, indicating a micelle stability increase. Irti@udithe micellization
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process is more exothermic for SDS at pH 9.0 and less endothermic for DSS at the same
pH. This result comes from the higher electrostatic shielding promotée bygher ionic
strength of the carbonate buffer.

The profile of theSDStitration curve in Lf solution (figure 4.8) arises due to a
variety of molecular events, including the process of formation dff#&S complexes,
the conformational changes of the Lf induced by SDS, and the formatiogregates
among Lf-SDS complexes. Thus, detailed interpretation of that curveprcarde
information about the interaction mechanism between Lf and SDS.

The SDS titration curve in Lf solution starts to deviate from SRS dilution
curve at the first SDS concentration in the calorimeter cell (0.037, siMgesting that
the binding constant between SDS and Lf is strong. It was not possibtady the
Lf-SDS interaction in lower surfactant concentrations because the meealorgdetric
energy presented the same magnitude order than the equipment noise dhntkisywe
were not able to determinate the concentration in which the itieerdzetween Lf and
SDSstarts. However, it is possible to assert that this concentratismaller than the
cmc shown in table 4.2nc (SDS pH 3.0) = 1.10 mM], indicating that in lower SDS
concentrations the protein interacts with surfactant monomergeatfis interaction
sites®3®

At 0.037mM < [SDS] < and 7.00 mM, th#&H ,;,; values in the SDS dilution curve

are higher than th&H,,; values in the SDS titration curve in Lf solution. Therefore, the
Lf-SDS interaction is enthalpically favorable, releasing energtegmagnitude up to 16
kJ motl! (value obtained by subtractiigd,, in the SDS dilution curve fromH,, in
the S5 titration curve in Lf solutioratthe first SDS solution injection). However, when

the SDS concentration is equal to 7fAM, theAH,,; values become the same in both
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curves, showing that the interaction Lf-SDS has ceased aruaim®lecule has been
saturated by SDS. This concentration is denominated saturation conceng@ation (

By assuming that &> the concentration of free surfactant in the Lf solution is
equal to cmc in the buffer without protein, the subtraction of cmc @nallows
determine the extent of bindingVy), that is, the amount of surfactant bound to

biomolecule when the Lf is saturated with surfacfaim,according to equation 4.1:

C, —cmce) 'V,
G ) Ve (4.1)
mLf

whereV; is the total volume in the sample cellCatandm, f is the Lf total mass into the

cell. Table 4.4 presents tig valuesfor all studied surfactants at pH 3.0, 9.0 and 12.0.

Table 4.4.Extent of Binding of SDS, DSS and SDBS at pH 3.0, 9.0 and 12.0 Derived

from Isothermal Titration Calorimetric Experiments

Extent of binding / (surfactant monomers per molecule of Lf)

Surfactant oH 3.0 pH 9.0 pH 12.0
DSS 322.4 297.6 234.4
SDS 379.2 360.8 345.6

SDBS 505.2 440.0 352.2

The Ng values are dependent on the pH and the surfactant structure, indicating
that the relative magnitude of electrostatic, van der Waals adubgtyobic forces
governing the Lf-surfactant interaction process is dependent on the bioraofestul
charge and surfactant hydrophobiciys the Lf net charge changes from positieoe
negative (from pH 3.0 to pH 12.0); decreases because of the electrostatic repulsion
between the protein and the surfactant. On the other hand, the surfadtaphbypicity
increase promotes the increasaVgf confirming the NanoDSC and spectroscopy data

that hydrophobic forces also contribute to tliesurfactant interaction. Th¥; values
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obtained for Lf-SDS interaction at pH 12.0, 9.0 and 3.0 correspond to 1.25, 1.30 and
1.37 g SDS per gram Lf, respectively, and are similar to the vébwesl for other
proteins®*4¢ Thus, the assumption that free micelles are only formed after Lf satura

is valid 4’

To compare the energy magnitude involved in lthesurfactant interaction at
different pH values, we have obtained the apparent molar enthalpy change of interaction
(AHgp-int) by subtracting the surfactant dilution curve from the surfactant titratiore
in Lf solution. We refer to an apparent molar enthalpy change becauseirtiber of
surfactant monomers interacting with the protein at each injectitwe iceforimetric cell
is unknown and thus we cannot calculate the exact molar enthalpy cloante
interaction. NeverthelesaH,,_;,. curves provide useful qualitative information about
the interaction protein-surfactant. These curves are discussed ih lodtav for all

system evaluated.

4.3.4.1. SDS-Lf Interaction

Figure 4.9 shows the dependenceldf,,_;,,; on the SDS concentration, at

different pH values.
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Figure 4.9. 4Hzp-ine versus SDS concentration curves relative tollh&DS interaction
at(a) pH 9.0;(b) pH 12.0 andc) pH 3.0. The concentration of Lf is 121M. The

insets show the magnification of the curves at low SDS concentrations.
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The features oAH,,_;,; Versus SDS concentration curves show that different
molecular events associated with the Lf-SDS interaction occur alesurfactant
concentration range in which the interaction is observed. These exemis@issed in

three concentration ranges.

Lf-SDS Interaction at Low SDS ConcentrationsAt [SDS] < 0.10mM, the
AH,,_in: Values are always negatives varying between -2.9 k3 ot 12.0) and
-15.5 kJ mot (pH 3.0). Moreover, as SDS concentration increasedHhg. i, values
become more exothermic at pH 9.0 and 12.0 and less exothermic at pH 3.0. Exothermic
apparent enthalpies also have been verified at the start of the tiotetzetween SDS
and other proteirt$***%and the magnitude afH,,,_;,, found by us is in according with
the cited literature. However, ITC curves profile is very particular @ependents
strongly on the surfactant and biomolecule structures and the experimental conditions

At pH 9.0, NanoDSC data showed that the surfactant interacts withrdtezn
slightly disrupting the tertiary structure of the iron free Lf moleculéghé same time,
fluorescence spectroscopy showed that this structural change of the ligdedkzes not
alter the Trp microenvironment polarity. Thus, the first SDS monomeraabteainly
with more hydrophilic amino acid residues present in the Lf-solution inesréad this
interaction should be predominantly driven by non hydrophobic interactions. Howeve
as the SDS concentration increases, the changes in the Lf tettisrure leads to the
exposition of new interaction sites. Despite the spent energy in tbenfdrmational
change, the overall process occurs with the increase in the exoibheohibe Lf-SDS
interaction. This result indicas that the exposed sites interact with the surfactant
releasing a higher enthalpic energy, compensating the energy absorbed &thhdrfg

conformation. Similar ITC curve profile is observed at pH 12.0, suggesting the
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occurrence of the same molecular process. Neverthelessfthe;,, values are less
negatives due to the electrostatic repulsions between SDS and étuiles, both
negatively charged at pH 12. An increase in the exothermicityeohteraction as SDS
concentration increases also has been reported by Lad*efoalLysozyme-SDS
interaction at low SDS concentration, however, the causes asdoeittieghis behavior
have not been well established.

TheAH,,_: values at pH 3.0 are more negatives tha\thg,_;,,, values at pH
9.0 and 12.0 as consequence of the electrostatic attractions between thelypega
charged SDS and the positively charged Lf. MoreoverAthg, _;,,; values become less
negatives as SDS concentration increases. NanoDSC data showptHa3.8tthe Lf is
completely denatured, thuthat behavior is observed because the Lf-SDS interaction

occurs firstly with the sites of more negative enthalpic energy.

Lf-SDS Interaction at Intermediary SDS Concentrations.Between 0.10 and
1.00 mM SDS, théH,,,_;,,; values remain negatives but ttfeSDS interaction becomes
less exothermic as the SDS concentration increases for all pHsvaiuaccordingo
NanoDSC and fluorescence spectroscopy data, at pH 9.0, the iron free Lf continues
undergoing a large conformational change at tdoncentration range, exposing many
hydrophobic sites to the solvent. For some proteins, the enthalpic cootrithgm
hydrophobic interactions and conformational changes induced by SDS maketeire pro
SDSinteraction to be endothermié®#4Thus, in addition to the absorption of energy to
change the Lf tertiary structure, hydrophobic interactions contribute taRQg_;,.

increase. Similar behavior is observed at pH 12.0, howeveAHhg ;,,. values at this

pH are more negative than thél,,_;,, values at pH 9.0, probably as a result of the
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lower energy necessary to unfolding the protein at pH 12 in view of theoslatic
repulsions among negatively charged amino acids.

At pH 3.0, theLf-SDS interaction also becomes less exothermic as SDS
concentration increases, nevertheless, a slight decreasedid the,, can be observed
between 0.21 mM and 0.35 mM SDS, suggesting the occurrence of a new molecular
event. Dynamics light scattering measures (Table B.S1 in Supporting &tfonn
indicate an increase of the Lf-SDS aggregate size in this coatentrange, and
turbidimetric titration shows the occurrence of precipitation above 0.60 mM SDS. Thus,
(Lf-SDS), aggregates, whera is the number of Lf-SDS complexes forming the
aggregate, start to be formed from 0.21 mM as result of the Lf net athecgease and
consequent decrease of the electrostatic repulsion among Lf-SDS xesdable B.S1
in Supporting Information).

As the SDS concentration increases from 1.0 to 2.1 mM at pH 9.8H4He ;.
values become more negative. In according to NanoDSC data, abov®1SD8) the
(mono- or di-)iron saturated Lf is denatured and, thus, the decreasg,jn;,; arises
because again the Lf denaturation exposes new interaction sites ¢hattintith the
surfactant releasing a higher energy. On the other hand, in this conceméagjerat pH
12.0, theLf-SDS interaction becomes less exothermic as the surfactanntatios
increases, indicating that the SDS interacts firstly with more esotbesites. This is
possible because at this SDS concentration range and pH 12.0 the byf éehdtured
as determinate by NanoDSC. For the same reason, a similardrebashserved at pH

3.0 as SDS concentration ranges from 0.35 to 1.8 mM.

Lf-SDS Interaction at Higher SDS ConcentrationsAt pH 9.0 and 12.0 above

2.1 mM SDS, the Lf-SDS interaction continue witH,,_;,, becoming less negative
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without the occurrence of some particular phenomenon. ThusHhg ;,; increase
occurs as the sites that interact with the surfactant releasingrhemthalpic energy
become occupied. Contrarily, an abrupt change in the ITC curve occurs between 1.8 and
3.6 mM SDS at pH 3.0, andH,,_;,, becomes more negative as the surfactant
concentration increases. This results comes fromr¢ieydration of thelLf-SDS
complexes due to the re-solubilisation of (Lf-SP&@pgregates. As determinate by
turbidimetric titration, at 3.7 mM SDS Lf-SDS aggregates ardlyaosaluble in the
solution. Finally, for all pH values, at the end of the interaction theclires reaclC>

and AH,,_in; become zero. From this concentration, SDS micelles added are simply

diluted and remain free in solution.

4.3.4.2. DSS-Lf Interaction

Figure 4.10 shows th&H,,,_;,; versus DSS concentration curves at different pH

values.
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Figure 4.10.4Hzp-m: versus DSS concentration relative to Lf-DSS interac(@ypH
9.0; (b) pH 12.0 andc) pH 3.0. The concentration of Lf is 121M. The insets show

the magnification of the curve at low DSS concentrations.
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At pH 9.0 and [DSS] < 0.4@M, theAH,,,_»: values are negatives and decrease
as the DSS concentration increases. On the contrary, as DSS cdiwemtrages
between 0.42 mM and 0.7 mM, theH,,_;,; values become less negatias the
surfactant concentration increase. ThaH,,_;,, decreases slightly up to 2.98M,
increasing again until 4.0 mM. This profile in th®H,,_;,; versus surfactant
concentration curve is similar to the described above forLtR8DS interaction at
[SDS] < 1.0mM, indicating that similar molecular processes are involved in the Lf-DSS
interaction. However, these processes occur with eight times lésdpentenergy and
eight times more surfactant when the surfactant is the DSSn&eantration range of
4.0 mM < [DSS] < 7.0mM, the AH,,_;,: Values decrease as DSS concentration
increases. In according to NanoDSC data, the (mono- or di-)iron saturatelkhbisired
in this concentration range and again the same molecular eventbddsilLf-SDS
interaction at 1.0 mM < [SDS] < 2.1 mM can be considered. This similzavioe
between DSS and SDS curves indicate that the interactions betfneebh and the
surfactant occurs at interaction specific sites, however, the bimdingtant of the
Lf-surfactant interaction depends on the surfactant hydrophobicity. At pH 12ede(w
the Lf sites are negatively charged), the ITC curve for DSS isdifferent from that
obtained for SDS at the lowest surfactant concentrations ([DSS] < 8.0 indvEgting
that hydrophobic interactions determinate the Lf-surfactant interaction at this pH.

As the DSS concentration increases from 9.0 to 16.0at 9.0, and from 8.0
to 15.0mM at pH 12.0, theAH,,_;,; Versus surfactant concentration curves display a
pronounced exothermic peak, suggesting that a new aggregation processss occ
probably the aggregation of DSS monomers on the Lf macromolecules.

At pH 3.0, the ITC curve profile for Lf-DSS interaction is similathat obtained
for Lf-SDS interaction. However, the involved enthalpic energy isllsmahen the
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surfactant is th®SS This result comes from the lower amounbB&Sbinding to the Lf

in comparison with th8DSand is directly associated with the surfactant hydrophobicity.

4.3.4.3. SDBS-Lf Interaction
Figure 4.11 shows th&H,,,_;,; versus SDBS concentration curves at different

pH values.
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Figure 4.11.4Hp-im: versus SDBS concentration relative to Lf-SDBS interactmn:
pH 9.0; (A) pH 12.0 and (*) pH 3.0. The concentration of Lf'is 12.5 uM. The inset

shows the magnification of the curves at low SDBS concentrations.

The ITC curves for Lf-SDBS interaction have less complex profilestti@ail C

curves for Lf-SDS and Lf-DSS interactions, mainly at pH 9.0 and 12.0, probatdyise
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the Lf-SDBS interaction occurs in a very narrow concentration range arehéngy
associated with some particular molecular event predomiciat@ésg the interaction
process. However, some differences can be highlighted among the cuiwiesett pH
values.

For the first three injections in the calorimetry experiment ([SDBS] < 0.08 mM),
the AHg,_in; Values increase in the ord&H,,_i,; (PH 3.0)< AHyp_in: (PH 9.0)<
AHup,-ine (PH 12.0), indicating that at this concentration range the electoostati
interactions govern the Lf-SDBS interaction. On the other hand, from 0.08 toM..5
SDBS, theAH,,,_;,; values become less negatives at pH 9.0 when compared to the pH
12.0, showing that non electrostatic forces take place on the interacti@sroben,
above 1.5mM, the AH,,_;,; Values at pH 12.0 come back to be less exothermic. At
SDBS concentrations smaller than 0.08 mM, the less negdiiyg ;,, values at pH 12.0
arise from the higher electrostatic repulsions between the Lf an8DB8. When the
SDBS concentration increasesm 0.08to 1.5 mM, conformational changes occur in the
Lf structure at both pH 9.0 and pH 12.0, however, they occur with a highgetneost
at pH 9.0 than at pH 12.0; thus, thi,,,_;,; values became less negative at pH 12.0 than
at pH 9.0 in this concentration range. Finally, above 1.5 mM, whecotifermational
changes cease (or occur in low extension), the higher electrostaticarpaspH 12.0
come back to determinate the less negafik,_;,, values at this hidrogenionic
concentration. ThAH,,_;,, values at pH 3.0 are always more negatives than at pH 9.0
and 12.0 due to the more favorable Lf-surfactant electrostatic intersett that pH. In
addition, the energetic cost to denature the Lf is absent at pb&8alise the protein is
fully denatured at this thermodynamic condition.

To evaluate how the surfactant structure and the pH change the enthalp

contributionto the relative stability between thé-surfactant complex and the surfactant
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micelles, the integral enthalpy change for complex formatiéiy, , (int), was estimated

in accordingo equation 4.2 proposed by Olofsson and foh.

2 Gobs — quemic+dil (4_2)

AH int) =
agg (int) Yn,; — Vyeme

where ). q,»s IS the sum of the observed enthalpies when surfactant is added on Lf
solution up to the surfactant concentration att@) qgemic+qaii 1S the energy of
demicellization and dilution of the monomers obtained from premicelar ragitre
surfactant dilution curvey is the number of injections necessarytdbe attainedyy is
the total volume in the calorimetric callC,, andniy; is the number of moles of surfactant
injected in each injection.

Table 4.5 presents theH, ,(int) values for formation of théf-surfactant

complex at different pH values studied.

Table 4.5.Integral Enthalpy Change for Formation of Lf-surfactant Complex at Different

pH
Surfactant AHgg4(int) [ kJ mot*
pH 3.0 pH 9.0 pH 12.0
DSS -2.72 £0.09 -0.97 +£0.06 -0.61 +0.03
SDS -5.99 +0.12 -4.50+0.14 -3.76 £ 0.11
SDBS -3.98 £0.15 -1.79 £ 0.08 -2.37 £0.10

The AH,44(int) values are always negatives, indicating that the formation
process of thef-surfactant aggregates is enthalpically favorable.Alfg, , (int) values
depend on the surfactant structure and are more negatives when thergusfaoaSDS.
Moreover, the aggregation process becomes more enthalpically favotaiethe pH
varies in the order pH 12.0 < pH 9.0 < pH 3.0 as result of the electrostatibcton in

the interaction process.
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4.4. Conclusion

The SDS, SDBS and DSS surfactants inte@etith the lactoferrin protein
promoting its denaturation. The denaturation efficiency was dependtrd sfirfactant
structure and followed the order DSS < SDS < SDBS. The presence ofrtbacie
binding to the Lf increased the protein stability against the dextetmiprocess promoted
by surfactant.

The Trp intrinsic fluorescence was used to prove that the presencebehttene
ring in the SDBS structure alters the-surfactant interaction nature. The benzene ring
interaced specifically with the interaction sites containing Trp, actuadis@ quencher
of fluorescence. This process was not observed for SDS and DSS.

The apparent molar enthalpy change of interaction, the extent of bindindpeand
integral enthalpy change for complex formation were highly dependent gHtlaad
the surfactant structure. The apparent molar enthalpy change at @édattast
concentration was a balance of the energies associated wattalsgrocess, namely Lf
conformational change, formation of the Lf-surfactant complex and/or formation of
(Lf-surfactant) complexes. ThelLf-surfactant interaction was always enthalpically
driven.

Our results extend the knowledge about the role of the ferric ion in the

stabilization of the Lf against the denaturation process induced by surfactants.

Supporting Information.

The Supporting Information can be found attached at the end of this thgsred-i
showing the NanoDSC thermograms for the Lf thermal denaturation in thexgeesie
high SDS concentration (Figure B.S1), and the surfactant structures (figuje Babi2

containing the size and zeta potential of the Lf-SDS aggregates at pH 3.0 (Tdble B.S
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Consideracdes finais e perspectivas

Este trabalho, em sua esséncia, cumpriu com o seu objetivo de estabelas
descobertas dentro do vasto campo de pesquisa que caracteriza o esttei@aghoi
macromolécula-surfactante e, de forma secundaria, o estudo da ag@éelizie
surfactantes. Dentre os varios resultados apresentados e discutidosealigstacaram
por sua virtude de alimentar em nés o desejo de continuar a compreenderag @avang
conhecimento cientifico nesta area tao importante que € o estuidtedsas coloidais
formados por surfactantes e/ou macromoléculas. Para deixar claro o que queremos dizer
com esta afirmacéo, segue abaixo a descricdo dos principais reseitediosados nesta
tese e que nos abriram portas para o inicio de novas pesquisas nesta area.

Em primeiro lugar, foi surpreendente para nos, no estudo do efeito de haletos de
1-butil-3-metilimidazdlio sobre a micelizacdo de SDS, a obgéovale um segundo
ponto de inflexdo nas curvas calorimétricas de variacdo de ervhkgavada versus
concentracdo de surfactante. Sem entrar no mérito do fenébmeno molecular por tras deste
resultado, serd que a mesma observacdo pode ser feita para sidéeroaBos
surfactantes e/ou outros liquidos i6nicos? Ou esta € uma caracterdsticalar de
surfactantes em solucdes aquosas de liquidos idnicos imidazolicos?s€@mgue a
mudanca do comprimento da cadeia alquilica do cation imidazélieoesie fenbmeno?

Qual deve ser o efeito da temperatura sobre este processo?

Tao surpreendente quanto o resultado acima foi a forma como os haletos de 1-
butil-3-metilimidazélio alteraram a estabilidade relativa easragregados de SDS/LI e
os agregados SDS/PEO/LI. Nossos resultados demonstraram quéjagtes 16nicos
aumentam a estabilidade da micela de SDS ao mesmo tempo @mqueos agregados
SDS/PEO menos estaveis; este fendmeno ocorre até o extremo anfoquacao de

agregados SDS/PEO néo é detectada pela técnica de ITC em anieenélevadas do
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LI. Este € um resultado de extrema importancia que sugere apaedicide liquidos
ibnicos do tipo imidazdlio na interacdo entre outros compostos de interesse por
exemplo, na interagdo entre surfactantes e compostos de inclusdo ou emdEmo
surfactantes e proteinas.

Por fim, gostariamos de destacar o papel do atomo de ferro ligattotarasia
lactoferrina na estabilizacdo da proteina contra o processo de desmaindagido por
surfactantes anibnicos. Seria esta uma propriedade exclusiva afartat ou € um
fenbmeno comum que pode ser observado para outras metaloproteinas? Como sera que
0 aumento do grau de saturacdo da lactoferrina com ferro afeta a eswbiéigadteina
frente a desnaturagdo induzida por surfactantes?

Diante destes resultados e das novas questdes que se abrem no campo de estudos
envolvendo sistemas de natureza semelhante aqueles estudadosesmstads
reconhecemos a importancia da continuidade nas pesquisas dentro ca queaeste
trabalho estad inserido. Além disso, estamos certos da importancia bdéhdsa
fundamentais como o realizado aqui para a compreensao profunda de sistephesas
como 0 sao os sistemas macromolécula-surfactante. Estabelecersemedpiaa forte
acerca destes sistemas € proporcionar ferramentas para o0 desenvolvamento
aprimoramento de produtos estratégicos com aplicacdo nos mais variadssdaam

industria.
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Apéndice A

Supporting Information of the Article 1:

Effect of 1-Butyl-3-methylimidazolium Halide
on the Relative Stability between Sodium
Dodecyl Sulfate Micelles and Sodium Dodecyl

Sulfate-Poly(ethylene oxide) Nanoaggregates
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Figure A.S1.Conductimetric titration of aqueous solutions of SDS in the presence of
bmimBr[(a) and(c)] andbmimCl[(b) and(d)], at 298.2 K. Red lines are the linear fits
obtained in the pre-micellar and post-micellar regions. Correlation coefficients w

higher than 0.999.
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Figure A.S2.Pyrene 1/13 versus log(&ps) in the presence of several bmimCI

concentrations, at 298.2 K. Pyrene concentration wasM.Zolid lines correspond to

sigmoidal fit.
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Figure A.S3.ITC curves obtained from the addition(a) 50.0 mM andb) 472.0 mM
SDS to bmimCl aqueous solutions at several concentrations, at 298.2 K. At 100 mM

bmimCl in panel a, the SDS concentration in the titrant solution was 10.0 mM.
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Figure A.S5. Apparent molar enthalpy change of interaction between PEO 35000 and

SDS at different bmimBr concentrations.
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Figure A.S6.Apparent molar enthalpy change of interaction between PEO 35000 and

SDS at different bmimClI concentrations.

Graphical abstract
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Table A.S1.Thermodynamic Parameters of SDS Micellization in Different WHier-

Mixed Solvents, at 298.2K

AGrorlica AHr(r)u'c b TAST(I)”H'C
[LI]/ mM k3 mor
bmimBr
0.0 -19.6 0 19.6
1.00 -18.8 -1.65 17.1
2.00 -20.6 -2.74 17.9
4.00 -22.3 -3.62 18.6
6.00 -25.0 -4.14 20.8
8.00 -26.0 -3.51 22.4
10.0 -25.8 -4.51 21.3
100 - -6.10 -
bmimCl
1.00 -18.9 -1.83 17.1
2.00 -21.2 -2.85 18.3
4.00 -23.5 -3.66 19.8
6.00 -24.4 -3.98 20.4
8.00 -25.6 -3.85 21.8
10.0 -25.8 -4.49 21.3
100 - -6.33 -

#V/alues obtained from cmc determined by conductivity; Stahdaviation forAG,,;. were less than 2.8%.
bStandard deviation fakHY,;. were less than 5.2%.

mic

Table A.S2.Cac Values for PEO-SDS Interactions in the Presence df ILs

cac / mM
(L7 mM bmimBr bmimClI
0.0 3.47 3.47
1.00 3.48 3.47
2.00 3.46 3.48
4.00 5.19 6.04
6.00 7.73 7.73
8.00 10.3 11.1
10.0 12.8 12.8

aStandard deviation were less than%4.0
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Apéndice B

Supporting Information of the Article 2:

A Calorimetric and Spectroscopic Study of the
Interaction between Lactoferrin and Anionic

Surfactants
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Figure B.S1.NanoDSC thermograms for the Lf thermal denaturation in the presence of
2 and 5 mM SDS at pH 9.0. The concentration of Lf is 4®15Scan rate was 1°C per

minute. Numbers on the curves give the SDS concentrations.
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Figure B.S2.Molecular structures of the surfactan(s; sodium dodecyl sulfatéb)

sodium decyl sulfate, ar(d) sodium dodecylbenzene sulfonate.
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Table B.S1.Aggregate Size and Zeta Potential of Lf-SDS Complexes at pH 3.0

[SDS] / mM d/nm ¢/ mv
0 10.97 £ 0.38 +21.00 £ 0.75
0.2 9.02 £0.81 +19.65 +2.78
0.6 23.19+1.39 +17.50 £ 1.93
3.5 1469 +1.21 -28.00 + 3.14

5.9 10.25 £ 0.57 -48.83 +1.81
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