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Resumo

Para a investiga¢do da estrutura da matéria diversos métodos experimentais podem ser utilizados.
Dentre um numero muito grande de técnicas, os assim chamados métodos espectroscopicos sao
amplamente utilizados para o estudo dos mais variados tipos de sistemas. Uma grande classe de
métodos espectroscopicos sdo os métodos de espalhamento de radiagdo, particularmente luz visivel e
raios X, bem como espalhamento de néutrons. Além das dificuldades de realizagdo deste tipo de
experimentos, existem dificuldades iguais ou maiores na correta andlise e interpretacdo dos
resultados.

Nesta tese de livre docéncia apresento uma descricao detalhada de métodos de simulacdo, andlise e
modelagem de dados experimentais de espalhamento a baixos dngulos que sdo utilizados em uma
vasta gama de aplicagdes, permitindo a correta andlise e descricdo de dados experimentais obtidos,
bem como a obten¢do de parametros estruturais pertinentes.

Me¢étodos inovadores de analise ¢ modelagem de dados de espalhamento foram desenvolvidos e sdo
aplicados na interpretacdo de diversos sistemas, acoplando fatores de forma e de estrutura. Como
resultado informagdes estruturais inéditas puderam ser obtidas para estes sistemas, demonstrando a

potencialidade e aplicabilidade destas técnicas quando combinadas com os métodos desenvolvidos.
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Abstract

For the investigation of the structure of matter several experimental approaches can be applied. The
so called spectroscopic methods are widely used for the structural characterization of several
systems. A large class of such methods is the scattering methods: Light scattering, X-ray scattering
and Neutron Scattering. Besides the experimental limitations of these methods, the main difficulties
are the correct analysis and interpretation of the experimental data.

In this thesis it is presented a detailed description of different types of simulation, analysis and
modeling methods applied to the interpretation of small angle scattering data is presented, on a large
set of applications, permitting the correct data analysis and the retrieval of structural parameters.
Innovative modeling and analysis methods were developed and are applied to several systems,
combining form factor and structure factors. As a result, novel structural information could be
obtained for the studied systems, demonstrating the potential and applicability of these techniques

when combined with the developed methods.
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1. Introducgao

M¢étodos espectroscopicos sao amplamente utilizados para o estudo dos mais variados tipos de
sistemas. Estes métodos sdo baseados nas diversas formas de interagdo que a radiagdo possui com a
matéria, dependendo de sua faixa de energia. Uma grande classe de métodos espectroscopicos sao os
métodos de espalhamento de luz, particularmente luz visivel e raios X, bem como espalhamento de
néutrons. Nestes casos os dados experimentais podem fornecer informagdes estruturais importantes
sobre o sistema como, por exemplo, forma das particulas, arranjo estrutural, variagdo da densidade
de contraste eletronico, resposta a agentes externos como temperatura, pH, forca idnica etc. No
entanto, a princip al dificuldade da utilizacdo destes métodos consiste na andlise e interpretagao
dos resultados.

Apresento neste trabalho um conjunto de métodos de simulagdo, andlise ¢ modelagem de dados
experimentais de espalhamento a baixos angulos que sdo utilizados em uma vasta gama de
aplicacdes, permitindo a correta analise e descricdo de dados experimentais obtidos bem como a
obtencdo de parametros estruturais pertinentes. Este conjunto de ferramentas esta a disposi¢cdo da

comunidade cientifica para aplicagdo em estudos de variados tipos de sistemas.

2. Espalhamento a Baixos angulos

Para compreender experimentos de espalhamento a baixos angulos pode-se iniciar com uma particula
fixa no espago. Isso ¢ mostrado na Figura 1 onde uma onda incidente com vetor de onda k, incide

nos pontos O e P separados por um vetor 7 .

Scattering
Particle

Scattering
g
Primary Beam
K, K
——%% » Ro
//
T p(r)

Figura 1 — Representacio do processo de espalhamento por uma particula fixa. Figura tirada de (Oliveira, 2011).

Como o espalhamento ¢ assumido como eléstico (primeira aproximagao de Born), a onda espalhada

com vetor de onda k possui o0 mesmo mddulo da onda incidente e entdo a diferenca entre os feixes

incidentes e espalhados ¢ dado por:



=ik i

q=2ksin@ (1)
2 :q=4—”sin0
k=7ﬁ A

O que fornece a definicdo do vetor transferéncia de momento do espago reciproco, ¢g. A amplitude de

espalhamento [ (é) ¢ dada pela transformada de Fourier da densidade de comprimento de

espalhamento do centro espalhador, ,0(77 ):

1@)= [ pFex(-ig 7)o (2)

A quantidade mensurdvel ¢ a intensidade de espalhamento, /(g) que é o modulo quadratico da

amplitude de espalhamento,

(3)

Em geral, assume-se que a particular ndo esta fixa, mas sim que pode assumir qualquer orientagao.
Desta forma, devem-se realizar médias da intensidade de espalhamento para as possiveis orientacdes
da particula. Estas operacdes de promediagdo permitem a escrita da intensidade de espalhamento
média para uma particula como sendo dada por (Feigin & Svergun, 1987):

1(a)= 4] plr) ) »

2

plr)= ; Ja’, (g)ler) g,
T 0 qr

Sendo que a fungdo p(r) ¢ similar & fungdo de Patterson obtida em métodos cristalograficos, mas
promediada para todas as orienta¢des da particula espalhadora.

Um esquema de uma configuragao tipica de SAS (Small Angle Scattering) ¢ mostrado na Figura 2.
Quando este método ¢ utilizado com fontes de raios X recebe o nome de SAXS (Small Angle X-ray

Scattering) e com fontes de néutrons SANS (Small Angle Neutron Scattering).
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2D Detector

<cattered bea

Sample
Source _% incident_;beam I@ﬂ ...................

Monochromator
. 7

Collimation 'pinholes'

g=4rsind/ A

Figura 2 — Esquema de uma configuracido experimental de SAS. O feixe proveniente de uma fonte é colimado
utilizando elementos oticos (fendas, pinholes, etc) e incide na amostra. O feixe transmitido é coletado e pelo perfil
de espalhamento é possivel obter-se informacées pertinentes a amostra.

Para um sistema de particulas em solucao, a intensidade espalhada pode ser representada pela

seguinte expressao,

1(q)=N(f*@)(S()) (5)
sendo N o nimero de particulas iluminadas pelo feixe incidente, < f 2(q”)> = P(g) ¢ o fator de forma da
particular espalhadora, com f(g) a amplitude de espalhamento e (S(g)) € o fator de estrutura do

sistema. Diferentes variacdes da expressdo (5) podem ser obtidas dependendo do sistema em estudo.
O fator de forma fornece informagdes sobre a forma, dimensdes, anisotropia e contrastes de
densidade eletronica da particula espalhadora. O fator de estrutura fornece informagdes sobre

possiveis interagdes entre as particulas, estados de oligomerizagdo, agregacao, etc.

Os “brackets” < > indicam uma média sobre todas as orientagdes da particula. Isso se deve ao

fato de termos um sistema de particulas randomicamente orientadas, as quais, quando submetidas a
medidas de espalhamento, fornecem um espalhamento isotropico. Desta maneira uma curva de SAS
tipica ¢ o resultado da média sobre todas as possiveis orientagdes da particula e esta operagdo
diminui enormemente a quantidade de informacdo do sistema fazendo com que, por exemplo,
diferentes tipos de modelos possam ajustar igualmente os dados experimentais.

Particulas com anisotropias bastante distintas, como por exemplo, particulas tipo bastdo
muito alongadas ou planos com areas superficiais muito grandes, permitem um desacoplamento do
proprio fator de forma em duas componentes (Pedersen, 1997). Assim o fator de forma da particula
3D, P(q)sp, pode ser dado por:

e Particulas tipo bastdo, sendo o comprimento muito maior que o raio da se¢do transversal:
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P(q)sp = P(q)p, P(q)1p (6)

Neste caso P(q);p € o fator de forma para um bastdo infinitamente fino, com comprimento L.

Esta expressao foi obtida por Neugebauer (Neugebauer, 1942),

P(q)1p = P(q),,q = 28i(qL) (L) — 4sin’ (gL /2) /(q*L*) (7)
Onde, Si(x) = jit'l sint dt .

e Particulas planares com espessura muito fina e area superficial muito grande

P(q)sp = P(q),p P(@)p (8)

Neste caso P(q).p € o fator de forma de um plano infinitamente fino. Para um disco circular

de raio R infinitamente fino (Kratky & Porod, 1949),

P(q)ZD = P(q)p[ane =

2 {I_Jl(ZqR)} (9)

q2R2 qR

Para o caso onde a dimens3o de anisotropia ¢ infinita, isto €, bastdes com comprimento
infinito ou planos infinitos as expressdes (2) e (4) se resumem a //g para o caso de bastdes com
comprimento infinito e //g° para o caso de planos infinitos. Estas formas simplificadas sdo
usualmente utilizadas em modelos de dados de espalhamento e podem ser aplicadas quando as
dimensdes anisotropicas sdo muito maiores do que a resolu¢do dos dados experimentais (Oliveira
et al., 2012, Sundblom et al., 2009). No entanto, quando as dimensdes nao podem ser consideradas

infinitas a utilizacdo das expressdes (6) e (8) permitem a determinacdo destas quantidades.

3. Infra-Estrutura de pesquisa

3.1 Equipamentos de SAXS de Laboratério

Coordenei da melhoria e instalacdo de dois equipamentos de SAXS de laboratério no Instituto de
Fisica da USP, o que torna o IFUSP local de referencia tanto a nivel nacional quanto internacional.
Sou coordenador dos equipamentos NANOSTAR™-Bruker ¢ XEUSS™-Xenocs. Utilizando
recursos do Nucleo de Apoio a Pesquisa em Fluidos Complexos, projeto que participo, foi possivel
instalar uma nova fonte (fonte Microfocus GENIX3D™) ¢ sistema de colimagio (scatterless slits)
no equipamento NANOSTAR. Estes acessorios foram providos pela empresa XENOCS e
ocasionou um aumento de 40x no fluxo, quando comparado com a configuragdo anterior (tubo
convencional). As fendas sdo motorizadas de modo que ¢ possivel fazer o alinhamento do sistema

e alteracdes no tamanho do feixe de modo automatizado. O sistema possui um detetor
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bidimensional VANTEC2000™-Bruker, cuja compra também foi coordenada por mim através de

um projeto FAPESP (#2010/19074-6). Uma foto atual do equipamento ¢ mostrada na Figura 3.

\

Figura 3 - NANOSTAR com o upgrade Xenocs para a fonte e sistema de colimagio. A parte indicada pela linha
tracejada corresponde ao upgrade.

Como resultado deste upgrade no equipamento uma séria de experimentos que antes nao
eram possiveis de serem realizados (devido ao baixo fluxo), estdo agora acessiveis. Em particular,
estudos de sistemas biologicos como proteinas em solucdo, sistemas de surfactantes, etc, podem
agora ser estudados no equipamento de laboratorio. Diversos exemplos serdo mostrados ao longo do
texto.

Como resultado de outro projeto que participo, um projeto tematico FAPESP (#2011/13616-
4) no qual sou pesquisador associado, foi possivel adquirir um segundo equipamento de SAXS de
laboratério, que ¢ mostrado na Figura 4. Este equipamento ¢ em muitos aspectos complementar ao
NANOSTAR, pois permite a facil montagem de acessorios em sua mesa Optica. Além disso, possui
fonte microfocus e sistema de colimagao similar ao instalado no NANOSTAR, provendo o mesmo

fluxo de fotons.
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Figura 4 — Equipamento XEUSS™ da Xenocs, instalado no IFUSP.

Para este equipamento um detetor bidimensional PILATUS™ 300k, fornecido pela empresa
Dectris, foi adquirido com recursos do Instituto Nacional de Ciéncia e Tecnologia em Fluidos
Complexos (INCT-FCx), do qual também faco parte. Com recursos da FAPESP (#2011/13616-4)
adquirimos outro acessoOrio, uma camara de vacuo com detetor WAXS, que permite a medida
simultanea de dados de espalhamento a baixos angulos (SAXS) e alto angulo (WAXS). Este ¢ o
primeiro equipamento de laboratorio no Brasil que permite medidas simultaneas de SAXS-WAXS.

A presenca destes dois equipamentos no IFUSP promove uma situacdo Unica para a
realizagdo de pesquisas. Em muitos casos, a amostra a ser estudada ¢ obtida por processos de sintese
e purificagdo complexos e com baixa eficiéncia. Deste modo, ao se obter a amostra, a mesma deve
ser medida o mais rapido possivel para garantir sua integridade e qualidade dos resultados.
Equipamentos de laboratério de boa qualidade possibilitam esta oportunidade. Além disso, como
mostrarei nos exemplos, apenas em casos onde nao ¢ possivel realizar os experimentos nos
equipamentos do IFUSP, foi necessdrio submeter projetos ao Laboratério nacional de Luz

Sincrotron.

14



3.2 Desenvolvimento de detetor Bidimensional

O sistema de detecdo ¢ um dos mais importantes componentes de qualquer aparato experimental.
A qualidade dos dados ¢ conseqiiéncia direta da eficiéncia e resolucao do detetor. Venho trabalhando
em um projeto onde € proposto o desenvolvimento de um detetor bidimensional a gas multifilar para
detecdo de raios X. Este tipo de detetor existe em algumas formas comerciais, mas diversos centros
de pesquisa em todo o mundo desenvolvem seus proprios detetores de modo a poderem realizar
otimizagdes nos mesmos bem como eventuais operagdes de manutengdo sem a necessidade de custos
adicionais ou de longas esperas.

Oriento um estudante, Eraldo de Sales, que vem trabalhado desde sua Iniciacdo Cientifica e agora
finaliza um mestrado na adaptagdo e caracterizacdo de um detetor existente no Departamento de
Fisica Nuclear da Universidade de Sao Paulo para utilizagdo no estudo de reagdes com ions pesados,
mas que poderia ser adaptado para ser utilizado na detec¢ao de raios X. Neste periodo de tempo ja
foi possivel realizar-se adaptacdes necessarias neste detetor para esta nova condi¢ao de operagao bem
como foram realizados diversos testes. Maiores detalhes podem ser encontrados na dissertacdo de

mestrado do estudante (Sales, 2015).

Anel O-ring para Vedagéao

Anéis de Aco Inox

Figura 5 — Acima: Esquerda - Pecas fabricadas para fazer a adaptacio do detetor bidimensional. Podem-se
observar os anéis de aco inox nos quais a folha de Mylar sera colada. Também notamos a flange que prendera os
anéis na peca quadrada, que por sua vez sera presa ao detetor. Direita - Fotografia das pecas encaixadas sobre
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nosso detetor bidimensional. Realizamos a colagem da folha de mylar entre os anéis a fim de iniciar os testes de
resisténcia mecanica da mesma. A janela de Mylar suportou uma pressio de 4 atm sem sofrer danos. Abaixo:
Detector montado com sistema de vacuo e pressurizador. Um vacuomandmetro foi utilizado para monitorar a
pressao no sistema. Figura tirada de (Sales, 2015)

4. Métodos de Modelagem de Dados Experimentais

Diferentes metodologias podem ser utilizadas para se obter informagdes estruturais a partir de dados
de espalhamento. Usualmente a informacdo desejada ¢ a distribuicdo de contraste densidade de
espalhamento Ap(r), que pode fornecer informagdes sobre forma, tamanho, polidispersidade,
periodicidade, etc. Note que foi a quantidade importante é o contraste entre a particula e o meio onde
estd inserida, o qual pode ser diferente dependendo da radiagdo utilizada. O procedimento para obter
Ap(r) ¢ chamado “problema inverso de espalhamento”, ou seja, obter informagao a partir de dados no
espaco reciproco. A principal dificuldade decorre do fato de que ndo temos acesso experimental a

amplitude de espalhamento, mas sim a intensidade de espalhamento, [(q)oc< f 2(51)>. Das

caracteristicas intrinsecas de experimentos e espalhamento, o teste Xz (chi-square) ¢ uma boa func¢ao
de minimizagdo para procedimentos de otimizag¢do e ajuste de dados (Knoll, 2010, Press, 1992).
Dado um numero N de pontos experimentais, /.,(q;), com desvios padrdes ofg;) e a intensidade

teorica L.(q;) calculada para os mesmos valores de g, a fungdo % ¢ definida como:

5 (1,0 (a) ~ 1 ()]
2 — exp \1i teo i ( 10 )
o Z‘ o(q,)’

Uma pratica comum ¢é a utilizagdo do y* reduzido, Z»=x"/(N-M), sendo N o numero de pontos

experimentais € M o numero de parametros independentes no modelo teérico. Um bom ajuste dos

dados experimentais ocorre quando as diferencas entre o modelo e os dados experimentais sdo

menores do que os desvios ofg;). Deste modo, como y; é normalizado por (N-M), se N é

1 2 . ;e
razoavelmente maior que M o valor de y, para um bom ajuste deve ser proximo a 1. Valores

consideravelmente maiores que 1 podem provavelmente indicar discrepancias entre o modelo e os
dados experimentais ou incertezas subestimadas. Por outro lado, valores consideravelmente menores

que 1 indicam incertezas superestimadas.

Este teste, bem como variagdes do mesmo, € utilizado para minimizagao nos processos de ajuste

de dados experimentais pela utilizagdo de modelos tedricos, como detalhado a seguir.
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4.1 Transformada Indireta de Fourier — Modelagem Independente da

forma

Para sistemas bastante diluidos possiveis interagdes entre particulas espalhadoras podem ser
negligenciadas de modo que o fator de estrutura S(g) tem valor unitario. Nestes casos a intensidade
de espalhamento medida é proporcional a intensidade de uma tnica particula, a qual pode ser

representada através da transformada de Fourier de uma fung¢do do espaco real, p(7):

1(g)=N{(£*(@) = NI,(q) (11)
iy _[ sm qr
J' Sln )dq

0

A fungdo p(r), também conhecida como func¢do de distribui¢do de distancias entre pares, tem
o significado fisico de histograma de distribui¢do de distancias no interior de uma particula. Existem
na literatura diversos procedimentos capazes de fornecer esta fungdo a partir de dados experimentais
(programas ITP e GIFT (Glatter, 1977, Bergmann et al., 2000, Fritz & Glatter, 2006); programa
GNOM (Semenyuk & Svergun, 1991); programa WIFT e WGIFT (Oliveira et al., 2009), entre
outros). A forma desta curva fornece informagdes importantes sobre a forma das particulas
espalhadoras, como mostrado na Figura 6. Uma informagao direta desta curva ¢ o valor da méaxima

dimensao da particula, fornecido pelo valor em 7 no qual esta fungao vai para zero.

Solid Sphere
Long Cylinder
Long Prism
Flat Particle
Hollow Sphere
Prolate ellipsoid

Intensity

p(r)

Figura 6 — Curvas tedricas para intensidades de espalhamento e correspondentes fun¢des p(r) para corpos com
formas simples. As intensidades foram normalizadas. Figura tirada de (Oliveira, 2011).
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Em muitas situagdes tem-se um sistema composto de populacdes com formas diferente. Nestes

casos, a intensidade espalhada serd a soma das intensidades correspondentes a cada populagao:

I(q)=iﬁ1i(q) (12)

Sendo f; a fracdo numérica de cada espécie do sistema e /;(g) a intensidade correspondente a cada
forma do sistema. E assumido que as particulas nao interagem entre si. Nestes casos a funcao p(7)

calculada sera dada por:

plr)= ﬁf,-p,-(r) (13)

Onde p;(r) ¢ a fungdo de distribuicao de pares de distdncias para cada sistema. Caso as particulas
possuam formas bastante distintas, ¢ possivel inferir as formas de ambas as espécies na curva de
espalhamento e da func¢do p(r). Um exemplo de aplicagdo ¢ mostrado na Figura 7. O polimero P105
(Almeida et al., 2004) forma micelas a temperatura ambiente, como mostrado na figura. Quando
colocado junto com a proteina lisozima, tem-se um sistema composto por micelas de P105 e
proteinas. Pela andlise da fun¢do p(r) foi possivel identificar a presenca de micelas de P105 e

lisozima, sem formagdo de complexo.
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Figura 7 — Intensidades de SAXS para polimero P105 e o sistema composto Lisozima + P105 para varias
temperaturas. A) e B) Intensidade de espalhamento e funcio p(r) para solucdes de P105 (A) a 20, 60, 70 e 80°C. C)
e D) Intensidade de espalhamento e funcdo p(r) para P105+Lisozima a 20, 60, 70 e 80°C. As intensidades da
mistura Lisozima+P105 podem ser compreendidas como composicoes lineares das intensidades da lisozima
sozinha e das micelas de P105. Dados tirados de (Oliveira, 2005).

Em outras situacdes a subunidade pode se agregar e compor uma estrutura maior. Pode-se admitir
que a particula de interesse ¢ a subunidade e sendo assim o agregado pode ser visto como um fator
de estrutura deste sistema, uma vez que indica a forma como estas particulas se aglomeram. Um
possivel procedimento nestes casos consiste em se ajustar a curva toda utilizando o método de IFT e
a fun¢do p(r) assim obtida conterd informag¢des do agregado como um todo (fator de forma + fator de
estrutura). Um exemplo ¢ mostrado na Figura 8, onde a agregacdo de lisozima induzida por calor ao
longo do tempo ¢ descrita pelo método de IFT (Oliveira, 2011). Neste caso, apesar de sabermos que

a lisozima ¢ a subunidade agregadora base, olhamos para o sistema como um todo.

0.9+

0.8+

0.7

0.6+

0.5+

-
=
1

0.4

I(q) [em]

p(r) [arb. u.]

0.3+

-

Q
[

N

0.2+

0.1+

10°
107 10 0

q[AT]
Figura 8 — Agregacao de Lisozima induzida por calor. Esquerda: Dados experimentais (circulos abertos) e ajustes

teoricos (linhas sélidas). Os frames foram coletados com o sistema a 80°, em intervalos de 5 minutos. Direita:
curvas de distribuicio de distincias p(r) para cada curva. Figura tirada de (Oliveira, 2011).

Em outras situagdes pode-se tentar utilizar a forma da subunidade e explicitamente introduzir o fator
de estrutura no sistema. Este procedimento foi proposto por Glatter no programa GIFT (Bergmann et
al., 2000) e também por Oliveira no programa WGIFT (Oliveira et al., 2009) e serd mais bem

detalhado no proximo topico.
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4.2 Método de Transformada Inversa de Fourier generalizado -
Desacoplando Fator de forma e estrutura

Neste caso pretende-se ajustar simultaneamente o fator de forma, dado por uma fungao p(r) apenas
para a particula espalhadora e o fator de estrutura S(g) do sistema. A intensidade pode ser expressa

em fungdo da aproximac¢ao de desacoplamento (Kotlarchyk & Chen, 1983),

1(q)=k P(g)1+ B(g)[S(q)-1]) (14)

onde & é uma constante de proporcionalidade (para medidas em escala absoluta, k = NAp*V*, sendo

Apo contraste de densidade de espalhamento da particula e 7 o volume da particula);

P(q)=1,(g)=(1"(g)) ¢ o fator de forma da particula; p(q)=(/ @)% /(f*()) sendo (f(3)) a amplitude
de espalhamento promediada em todas as orientacdes € S(g) o fator de estrutura médio do sistema.
Aproximagdes para o termo f(g) podem ser obtidas através do ajuste de parte da curva por um

modelo de um elipsdide de revolucdo ou cilindro (Oliveira et al., 2009). O fator de forma ¢

calculado usando a expressao,

P(q)=47ZD]?x p(r) Sin(qr)dr (15)
0 qr

que ¢ similar ao indicado na equacao (3) mas o fato de que a particula possui uma maxima dimensao
finita (D) € explicitado na integral.

Pode-se utilizar expressdes analiticas ou semi-analiticas para descrever o fator de estrutura do
sistema. Um exemplo € assumir o sistema como sendo composto por esferas rigidas com raio Rys e
fracdo de volume m, sendo possivel obter uma expressdo para o fator de estrutura (Kinning &

Thomas, 1984) :

1
g _ 16
HS(q) 1+2477G(2RH561)/(2RH561) ( )

()= @lsinA=Acosd) pladsin A+ (24" Jeos 4-2) |

A’ A° (17)
yl- At cpsa+ 4{347 — 6)cos 4+ (4> —64)sin 4+ 6]
AS
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(1+275) _—6n(l+n/2) _na (18)
S 2

Esta metodologia pode ser ampliada de modo a introduzir outras formas de interacdo. Se sistemas
esféricos sdo assumidos, pode-se utilizar interagdes como “esfera rigida colante” (sticky hard
spheres) (Baxter, 1968) ou esferas com interacdo de Coulomb (Rescaled Mean Spherical
Approximation - RMSA) (Hansen & Hayter, 1982). Além disso, em todos estes casos pode-se ainda
incluir fatores de polidispersidade.

Aglomerados podem ser modelados de varias formas. Por exemplo, quando sdo formados
grandes aglomerados pode-se ter informacgdo tanto do tamanho destes agregados quanto da forma
com que as subunidades se empacotam no mesmo. Nestes casos o sistema pode ser modelado como
formando um sistema fractal, com fator de estrutura descrito por (Teixeira, 1988, Oliveira, Santos, et

al., 2014)

Sp (@) =1+ 2 [ rt exp(-rr )00y,
R” qr

1 Dr(D-1)
GR) i+1/(g2e* )]

(19)

—1+ B sin[(D—l)tan’1 (qﬁ)]

onde D ¢ a dimensao fractal, R a dimensao tipica das subunidades e £ o tamanho do agregado fractal.
Se os agregados formados sao flexiveis, € possivel descrever o fator de estrutura através de uma
expressdo obtida assumindo-se para N pontos aleatorios com passo constante D (Giehm et al., 2010):

2 2li-Ginap)(ap)) sin(an)
Sula _LJrsin(qD)/(qD) N —sin(gD)/(gD)] 4D (20)

Para composi¢des de dimeros e trimeros uma expressao muito simples para o fator de estrutura pode

ser obtida (Oliveira ef al., 2010),
Stot (Q) = fmon + f;iim ' Sdim (q) + f;rim ' Strim (q) ( 21 )

onde, Z  Ji =1, e fi sdo as fragdes de nimero de cada especie, monoémero, dimero e trimero. Os

fatores de estrutura parciais sdo dados por,
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sin(gd)

Sim(@)=2+2——— (22)
qd
e (trimeros lineares)
() =34+ 430D o STCA) (23)
qd 2qd

Para agregados globulares sem forma especifica uma alternativa ¢ de se utilizar uma curva Gaussiana

de modo a obter o raio de Guinier (Rg) do agregado e uma indicagdo da contribui¢ao do agregado na

intensidade espalhada (S ) (Landa et al., 2013, Oliveira, Monteiro, et al., 2014).

Sulq)=1+ 52 exp(- >R 13) (24)

Todas estas metodologias de modelagem estdo implementadas no programa WGIFT (Oliveira et
al., 2009, Oliveira, Santos, et al., 2014, Oliveira, Monteiro, et al., 2014), permitindo sua aplicagao
para o estudo de diversos sistemas. O ponto principal desta metodologia ¢ a possibilidade de poder-
se desacoplar informagdes de fator de forma e fator de estrutura. Como mostrarei a seguir, tal
desacoplamento permite o estudo de peculiaridades dos sistemas, mesmo quando as subunidades de
interesse encontram-se agregadas. O programa estd em constante desenvolvimento incorporando

outros fatores de estrutura e opgoes.

4.3 Modelagem dependente da forma — Assumindo um fator de forma
conhecido
Para formas simples pode-se integrar a equagdo (2) e obter o fator de forma de amplitude f(g). Com

esta expressao para a amplitude pode-se fazer a média angular e de modo a obter a intensidade e de
espalhamento /(g). Alguns exemplos sdo mostrados na tabela 1. Uma lista mais completa de fatores
de forma pode ser encontrada na literatura (Pedersen, 1997), bem como diversas implementagdes

mais avancadas (Szekely et al., 2010, Giehm et al., 2010).

22



Tabela 1 — Alguns exemplos de expressdes semi-analiticas para intensidades de espalhamento calculadas para
particulas com formas simples

Forma Fator de Forma Normalizado
. 2
Esfera Homogénea com raio R 1, (q) = £ (q)2 = (3[Sm(qR)— qlf COS(qR)]J
(4R)
. 2
Casca esférica com raio externo 1 (CI) = { VR, (q, &, )_ VR, (q’ R, ):|
(q)=
. V(R)-V(R,)
R, e raio interno R,
V(R)=47R*/3
Cilindro Homogéneo com raio zl2 i i >
‘ g ll(q): J~ 2J1(qR.sma) sm(qLcosa/Z) sinada
R e comprimento L 0 gRsina qLcosa /2
7l2
Elipsoide de revolugdo com 1(q)= Iﬁ (Qs r(R,é, a))sm ada
0
semi-eixos R, R e eR )
r(R,e,a)= R(sin2 a+ecos’ a)l :

A principal vantagem de se utilizar uma expressao analitica ou semi-analitica ¢ o fato de que, em
geral, utiliza-se um numero relativamente pequeno de parametros para descrever o modelo. Além
disso, expressoes para modelos simples podem ser combinadas formando estruturas mais complexas
(Yan et al., 2009, Giehm et al., 2010). Em diversas aplicagdes a forma da particula ¢ conhecida, mas
o célculo analitico ¢ impraticavel. Nestes casos € possivel utilizar o método de elementos finitos para
construir a particula utilizando subunidades esféricas, e utilizar a equagdo de Debye para o calculo da

intensidade (Debye, 1915, Glatter, 1980):

PMadel(q)z ﬁ(q’rbead) iSin(qnj) (25)

Este procedimento permite o calculo e otimizacdo de modelos bastante complexos (Oliveira et al.,
2010, Pedersen et al., 2012, Oliveira et al., 2009, Oliveira, 2005, 2001). Em todos estes casos pode-
se incluir possiveis interagdes entre as particulas utilizando a aproximagdo de desacoplamento
(equacao 14). Um exemplo de aplicacdo ¢ mostrado na Figura 9 onde ¢ mostrado um estudo in situ
da fibrilagdo da molécula glucagon. Neste estudo foi possivel modelar as fibras no estagio final como

sendo compostas por trés fibras mais finas entrelagadas (Oliveira et al., 2009).
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Figura 9 — Estudos de SAXS para agregacio de glucagon em fibras amiloides. Da esquerda para a direita: Serie
de dados de SAXS coletados em func¢io da temperatura, curvas de distribuicio de pares de distancias p(r) para
cada curva de espalhamento, modelos obtidos através da construcio por elementos finitos e uma imagem de TEM
obtida para o sistema de fibras amiléides maduras. Figura baseada em (Oliveira et al., 2009).

Em muitos casos a constru¢do do modelo utilizando subunidades esféricas também pode nao ser
trivial. Nestes casos deve-se desenvolver procedimentos especificos para a constru¢cdo dos modelos
antes do célculo da intensidade. Este procedimento foi desenvolvido em um artigo recente (Alves et
al., 2014) onde demonstramos em detalhe a constru¢do de modelos de alta simetria utilizando a
técnica de elementos finitos. Para estes desenvolvimentos, toma-se como ponto de partida um
conjunto de pontos na superficie de uma esfera, que pode definir uma dada geometria. Um exemplo ¢
a biblioteca netlib (Hume) que fornece uma grande quantidade de coordenadas dos vértices e
conectividades para mais de 150 corpos geométricos. Tendo-se estes vértices, diversos
procedimentos de construgdo do modelo podem ser executados, como indicado na Figura 10. Corpos
solidos e estruturas tipo casca também podem ser construidos através da defini¢do da regido
externa/interna do modelo. Este procedimento ¢ explicado em detalhe em (Alves ef al., 2014, Alves,

2015), mas uma descricao simplificada ¢ mostrada na Figura 11.
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Figura 10 — Construcio do modelo. A) Posicdo dos vértices de um cubo. B) Unido dos vértices com segmentos de
retas. C) Modelo do tipo sélido. D) Unido dos vértices com subunidades esféricas. E) Unido dos vértices com DNA.
F) Modelo do tipo casca. Figura adaptada de (Alves ef al., 2014).

A B

= A V2 ¢
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pref
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x Po
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Figura 11 — Consideragdes sobre posicoes e planos. O vetor n é a normal ao plano definido pelos vetores v; e v,. O
vetor v; conecta o ponto de referéncia p,.r ao ponto de interesse p,. (a) Se v;e n = 0 p0 esti no plano, se v;en <0 p,
estd no semi espaco negativo e se v;en > 0 p, esta no semi espaco positivo do plano. (b) p, esta dentro do tetraedro
quando v;e n < ( para todos os vetores normais as faces do tetraedro.

Utilizando estes procedimentos de modelagem ¢ possivel fazer o calculo tedrico de variados modelos
com geometrias variadas. Estes modelos sdo descritos por um numero pequeno de parametros que
podem ser otimizados no ajuste de dados experimentais (Alves et al., 2014, Oliveira et al., 2010).

Exemplos de célculo sdo mostrados na Figura 12.
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Figura 12 — Calculo de intensidades tedricas para diversos corpos geométricos. Corpos construidos unindo-se os
vértices com segmentos de reta (a) corpos construidos com segmentos tipo DNA nas arestas (b), corpos tipo casca
(c) e corpos solidos (d). Figura tirada de (Alves et al., 2014).

4.4 Meétodos de Modelagem ab initio

Existem na literatura diversos métodos de modelagem que fornecem um modelo tridimensional a
partir de curvas de espalhamento unidimensionais. Estes métodos, também chamados ab initio,
podem ser implementados de vérias formas, dependendo de peculiaridades do sistema e também da
quantidade de informagdo disponivel (programa ASSA / SASHA (Svergun et al., 1997); programa
DALALI (Chacon et al., 1998); programa DAMMIN (Svergun, 1999); programa SAXS3D (Walther
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et al., 2000); programa GASBOR (Svergun et al., 2001)). Um exemplo de aplicagdo ¢ mostrado na
Figura 13 onde um modelo de baixa resolucdo para a lisozima ¢ obtido diretamente dos dados

experimentais (Oliveira, 2011).

o Experimental
Model Fit

I(q) [arb. u.]

0.0 072 0i4 ofs
q[AT]

Figura 13 — Exemplo de modelagem ab initio para dados de SAXS utilizando o programa GASBOR. Esquerda:
Estrutura otimizada (esferas sélidas) superposta pela estrutura real conhecida por cristalografia de proteinas
(arquivo pdb 6lyz.pdb). Direita: Ajuste dos dados experimentais. Circulos abertos — dados experimentais. Linha
solida — ajuste do modelo. Figura tirada de (Oliveira, 2011).

Especificamente para sistemas compostos por proteinas, complexos protéicos, RNA e DNA, métodos
ab initio podem ser combinados com estruturas a nivel atdmico, obtidas por cristalografia de
proteinas, ressonancia nuclear magnética, modelos tedricos ou obtidos por outras técnicas (programa
CRYSOL, (Svergun et al., 1995) programas BUNCH, SASREF e CORAL, (Petoukhov & Svergun,
2005). Nestes casos os dados de SAXS podem fornecer informagdes importantes sobre a forma dos
complexos formados bem como o arranjo de dominios. A principal limitagdo desta metodologia
reside no fato de que curvas de SAXS possuem uma quantidade de informacao muito pequena o que
faz com que ndo se possa obter um resultado Unico para as modelagens, isto ¢, diversos ajustes
independentes fornecerdo resultados parecidos, mas ndo idénticos. Devido a essa limitagdo,
resultados de SAXS sempre devem ser correlacionados com dados obtidos por outras técnicas
(Oliveira, 2011).

Venho trabalhado ha vérios anos com a utilizagdo destes métodos para o estudo de diversos tipos de
sistemas bioldgicos (da Silva et al., 2014, Demasi, Hand, et al., 2014, Demasi, Netto, et al., 2014,
Oliveira & Pedersen, 2013, Andersen et al., 2012, Behrens et al., 2012, Calcutta et al., 2012, Silva et
al., 2012, Oliveira, 2011, Rasmussen, Pinto Oliveira, ef al., 2011, Rasmussen, Oliveira, ef al., 2011),
entre diversos outros artigos. Em muitos casos € necessario desenvolver metodologias
complementares para o ajuste dos dados experimentais de modo a incluir elementos adicionais na
modelagem. Em um estudo recente, foi possivel obter a estrutura do complexo hemoglobina-
haptoglobina. A Hemoglobina ¢ o transportador fundamental da molécula de oxigénio no sangue,
mas também um componente potencialmente nocivo a tecidos devido a seus grupos heme serem

altamente reativos. Durante a hemolise intravascular, comum quando o individuo possui maldria ou
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outras hemoglobinopatias, hemoglobina ¢ liberada no sangue sendo entdo capturada pela proteina
haptoglobina, a qual possui acdo de protecdo para esta fase aguda. Este artigo foi publicado na
revista NATURE (Andersen et al., 2012) e apresentou, pela primeira vez, a estrutura cristalografica
do complexo hemoglobina-haptoglobina em nivel atdmico (resolucdo de 2.9A). A estrutura revelou
que o complexo ¢ formado um homodimero de haptoglobinas nas quais dois dimeros de
hemoglobina se ligam covalentemente. Também foi possivel obter como este complexo se liga ao
receptor necrofago CD163, o qual possui a funcdo de limpeza e defesa do organismo. Com os
resultados deste trabalho, processos fundamentais relacionados a forma de interagdo entre a
hemoglobina e haptoglobina, bem como sua forma de ligacdo ao receptor CD163 puderam

finalmente ser compreendidos.

Py
eqm A HPSP Haem

£t C292/C322 ( "? \‘“

?*‘V. C52/C86 -
: R *‘Q C52/C86

Nt

c.‘- . - t, ’ ‘J;“ ”
N \

Co0/Cc207
‘.‘ﬁgﬂ ™ C250/C281 A cgo,fczo‘,f

3 Hp CCP/Hp CCP ~ t"\

AT (P

(s
en

,C292/C322
BHb Haem

Hp SP

Haem

b c
o hHp-Hb-CD163 _ CD163 SRCR 1-5

102 101 CD163 SRCR 1-5
q () Hp CCP/Hp CCP

Figura 14 — Complexo hemoglobina-haptoglobina-CD163. (a) estrutura cristalografica do complexo hemoglobina-
haptoglobina (Hp-Hb). (b) calculo da intensidade tedrica de espalhamento para as cristalograficas do complexo
em humanos (hHp-Hb) e em suinos (pHp-Hb). O ajuste dos dados do complexo Hp-Hb com o receptor CD163
(hHp-Hb-CD163) e o correspondente modelo foi obtido utilizando o programa CORAL. Figura tirada de
(Andersen et al., 2012).
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4.5 Deconvolugcao Quadratica — obtencdao do perfil de densidade

eletrénica
Em diversas aplica¢des a forma da particula é conhecida, mas o perfil de densidade de comprimento
de espalhamento e as dimensdes do sistema devem ser determinados. Moléculas anfifilicas como
surfactantes e diversos tipos de polimeros dibloco se auto organizam em estruturas que podem ser
modeladas desta forma (Jones, 2002). Diversas proposi¢des para a deconvolucdo de perfis de
densidade eletronica a partir de dados experimentais podem ser encontradas na literatura (Pape &
Kreutz, 1978, Zhang et al., 1994). Nestas proposi¢cdes o passo inicial era tirar a raiz quadrada da
intensidade de espalhamento de modo a se obter o valor absoluto da amplitude f(g). Ao final, por
uma transformada de Fourier pode-se obter o perfil de densidade eletronica p(r). No entanto, este
procedimento possui sérios problemas uma vez que os sinais corretos da amplitude f(g) ndo sdo
conhecidos e devem ser propostos. Além disso, a regido muito limitada do espago reciproco impede
um calculo preciso da transformada de Fourier inversa. Um método mais estavel foi proposto por
Glatter (Glatter, 1981, Glatter & Hainisch, 1984, Bergmann et al., 2000, Pedersen, 1992) onde a
convolugdo ¢ feita a partir pelo uso da fungdo p(r). Este método permite a correta determinagdo do
perfil de densidade eletronica como demonstrado em diversos exemplos na literatura (Rathgeber et

al., 2002). Um exemplo de aplicacdo ¢ mostrado na Figura 15.
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Figura 15 — Exemplo de aplicacido do método de deconvolucio quadratica. A) Dados experimentais de SDS
(circulos abertos) e o ajuste obtido pelo método de IFT (linha sélida). B) Func¢fo p(r) calculada pelo método de
IFT (circulos abertos) e a p(r) teérica obtida pelo método de deconvolucdo usando o método de Glatter (linha
solida). C) Perfil de densidade eletronica obtido representado por fungdes degrau (linhas tracejadas) e por uma
representacio suave (linha sélida). Figura retirada de (Oliveira, 2011).

Neste método de deconvolugdo ¢ necessario o calculo da fun¢do p(r) do sistema uma vez que o

ajuste ¢ feito nesta fungdo. Este requerimento limita a aplicabilidade do método, particularmente para

29



a deconvolugdo de sistemas com fatores de estrutura (Oliveira et al, 2012). Uma abordagem

inovadora pode ser utilizada, como apresento nos proximos topicos.

4.6 Efeitos de tamanho do feixe e resolugcao do detetor

Nas descri¢des anteriores foram assumidas condig¢des ideais: o feixe incidente era um ponto, isto
¢, com, dimensodes desprezaveis; o detetor ¢ assumido como tendo resolucdo infinita, ou seja, nao
distorce os dados experimentais; o feixe incidente ¢ assumido como sendo perfeitamente
monocromatico, com um comprimento de onda tinico.

Em alguns casos estas aproximacgdes sao validas e podem ser utilizadas nas descri¢des dos dados.
No entanto para a correta interpretacdo dos dados, particularmente para casos onde se tem efeitos de
aberracdo ou borramento experimentais (smearing) afetam bastante os dados experimentais, ¢
necessario incluir estes efeitos na modelagem dos dados.

A inclusdo de efeitos de borramento na descricao dos dados experimentais € objeto de estudo por
varios autores (Guinier et al., 1955, Glatter & Kratky, 1982, Lindner & Zemb, 2002, Feigin &
Svergun, 1987, Pedersen et al., 1990, Oliveira, 2005). Uma forma bastante interessante de incluir

estes efeitos foi proposta por Pedersen (Pedersen ef al., 1990, Pedersen & Riekel, 1991),
]Smeared (<q~>) — IR(é’,<q’>)IPOint (<q~>)dq ( 26 )

Onde g ¢ o vetor transferéncia de momento do espago reciproco e <é> ¢ o vetor médio em torno do
qual a funcdo de resolucdo é relevante. 7°"“* (<c}>) ¢ a intensidade com os efeitos de resolucao,

I (<c}>) ¢ a intensidade (tedrica) para um foco ponto ideal e R(q,<6}>) ¢ a funcdo de resolucdo do

sistema. Para sistemas onde a intensidade espalhada ¢ circularmente simétrica a integragdao angular

pode ser realizada e somente o modulo de ¢ ¢é importante,

Jsmeared (<(]>): TRAV(q’<q>)Ipoint (<q>)d§ (27)

0
Nesta descricao todos os efeitos de borramento sdo inseridos em uma tnica funcao de resolucao

R,, (q, <c7>) Neste desenvolvimento a contribui¢do para a fungdo de resolugao total de cada uma das

fontes de borramento ¢ assumida tendo uma forma Gaussiana com uma dada largura o;. Na funcao

de resolucdo final, as varidncias de cada uma das fontes de borramento sdo compostas na forma

o’ = 201.2 . A funcdo de resolugdo RAV(q, <c}>) ¢ dada por,
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Ry la.(a))=q/ Gz)exp[—%(qz +{a)"/ 02)}fo(q<q>/ o’) (28)

onde /) ¢ a funcao de Bessel modificada de primeiro tipo e ordem zero. Quando se faz necessario
incluir os ajustes com fun¢do de resolug¢do tem-se um custo computacional grande uma vez que cada
ponto da curva teorica ¢ o resultado de uma integracao adicional, como dada na equacdo ( 27 ).

A inclusdo ou ndo de efeitos de borramento depende das caracteristicas do experimento. Para
raios X, em geral, com colimagdo utilizando fendas ou pinholes, estes efeitos sdo pequenos e
somente sdo incluidos em casos onde a intensidade de espalhamento possui minimos ou maximos
bastante acentuados como, por exemplo, picos de difragdo. Se a intensidade de espalhamento varia
suavemente os efeitos de borramento acabam sendo minimos e ndo precisam ser inseridos. Quando
se utilizam néutrons, por outro lado, o tamanho de feixe e polidispersidade de comprimentos de onda
sdo aumentados de modo a se ter um maior fluxo. Neste caso os efeitos de borramento sdo maiores e

correcdes Sao0 necessarias.

4.7 Modelagem simultanea de fatores de forma e de estrutura

Nos casos citados até¢ o momento, a inclusdo de fatores de estrutura restringiu-se a situagdes
em que estes efeitos afetassem principalmente a parte inicial de curvas de espalhamento. Seja para a
formacao de agregados ou interagdes interparticulas, as expressdes mostradas causam alteragdes
principalmente a baixos valores de ¢ sendo que para angulos maiores ter-se-a apenas o fator de forma
das particulas espalhadoras (Glatter & Kratky, 1982). No entanto, existem outros casos onde pode
ocorrer ordenacdo a longo alcance, o que acaba por gerar picos de correlagio em curvas de
espalhamento. Nestas situagdes a inclusdo de fatores de estrutura ¢ muito mais complicada, pois eles
afetardo a curva toda. Ao final, a curva de intensidade sera o resultado da combinagdo dos fatores de
forma das subunidades e do fator de estrutura do sistema. Os picos de difracdo obtidos sdo
semelhantes aos obtidos por sistemas cristalinos, mas com a diferenca de dizerem respeito a

distancias de correlacdo cerca de duas ordens de grandeza maiores.

a) Sistemas hexagonais
Varios tipos de sistemas possuem estas caracteristicas. Por exemplo, na Figura 16 ¢ mostrado

um exemplo de aplicagdo na qual estudamos a formagdo in situ de uma rede hexagonal de micelas

cilindricas de P123, induzida pela incorporacao de silica no meio (Sundblom et al., 2009).
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Figura 16 — Estudo de silica mesoporosa ordenada em sistemas hexagonais. Esquerda: curvas de SAXS obtidas
para diferentes instantes do estudo ir sifu. Direita: Figura de TEM para o sistema final calcinado. Figura tirada
de (Sundblom et al., 2009).

Esta metodologia foi proposta por Foster (Forster et al., 2005), Freiberger (Freiberger &
Glatter, 2006) e Sunblom (Sundblom ef al., 2009) e permite a modelagem simultanea tanto do fator
de forma quanto de estrutura. Para o caso da rede hexagonal de micelas cilindricas utilizou-se a

seguinte expressao para a intensidade:

1(g)=Se,P, (@) Fes (a)’ )1+ Bla)(2(a)) - 1]6()) (29)

sendo F'cs(gq) o fator de forma da sessao transversal de um cilindro core shell,

Fola)= e, ) ol oo, |- (AA”T - 1)R; P ()

out

Sendo R, o raio externo e R;, o raio interno do cilindro. Os termos Ap,,; € Ap;, s30 os contrastes de
densidade eletronica externa e interna respectivamente. Como mencionado, o fator de forma ¢
descrito como uma estrutura core shell. Composi¢cdes mais complexas podem ser feitas, como
demonstrarei posteriormente. O termo P,,4(q) ja foi mostrado anteriormente na equagao ( 7).

A média indicada na equacdo ( 29 ) (Fcs(q)) decorre do fato de ser introduzida polidispersidade no

diametro, dado pela formula,

|, D)F (q.r)dr
J:O D(r)dr

<FCS(‘])2>: (31)

onde se utilizou uma distribui¢cdo de Schulz-Zimm,
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D)= [“ljm F(xz )exp(_ (m)lj (32)

sendo xy o centro da distribui¢ao e z esta relacionado com a polidispersidade relativa op/R dos raios

pelo termo z = 1/(ox/R)*- 1. O fator de estrutura é introduzido pelo termo Zy(g)
2
Z\g)=c————) m, L, \q (33)
0( ) \/gazq{% hk hk( )

Sendo ¢ uma constante de proporcionalidade, a o parametro de rede e my; a multiplicidade do pico.

Os picos sao descritos pela fungdo Liu(q),

. 2
Lulq)= 2|2 in a0l (oSN (34)

s r[yv/2]

sendo h,k os indices de Miller do pico ¢ v o pardmetro que define a forma do pico (v—>x,
Gaussiana, v— (), Lorentziana). Estas condigdes impostas para os indices de Miller dizem respeito a
sistemas hexagonais. ExpressOes para outros tipos de simetrias podem ser obtidas na literatura
(Forster et al., 2005, Cullity & Stock, 2001). O termo G(g) introduz o efeito de desordem dos

cilindros na rede cristalina:
Glg)=expl-ola’q’) (35)
sendo o, parametro de desordem. O acoplamento entre o fator de forma e de estrutura ¢ feito pelo

parametro f(q),

_ <ch(‘])>2
ﬂ(‘])—<FCS(q)2> (36)

Apesar de o célculo ser bastante elaborado, € possivel incorporar todas estas expressdes em um
unico procedimento de minimizacao, permitindo o ajuste simultaneo do fator de forma de estrutura.
Como apresentado por Forster (Forster et al., 2005), fatores de estrutura para outras simetrias
(cubicas, planares, etc) podem ser incorporadas permitindo a expandindo deste método. O
procedimento apresentado aqui foi desenvolvido por mim em colaboragdo com o Prof. Jan Skov
Pedersen e foi utilizado com sucesso em diversas aplicagdes (Sundblom et al., 2009, Sundblom et
al., 2010, 2011). Em um trabalho recente, realizado em colaboragdo com a Profa. Dra. Marcia
Carvalho de Abreu Fantini (Mariano-Neto ef al., 2014) foi demonstrada a incorporagdao de moléculas
biologicas dentro dos poros da silica mesoporosa. Neste trabalho, que foi parte da tese de
doutoramento do Dr. Francisco Mariano Neto (Mariano Neto, 2013), do qual fui co-orientador, a
silica foi utilizada como adjuvante imunologico podendo facilitar a aplicagdo de medicamento no

organismo. Ainda como resultado da tese de doutoramento do Dr. Mariano Neto, artigos estdo sendo
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preparados demonstrando a aplicacdo de diversos adjuvantes, inclusive em sistemas modelo como

ratos e cavalos (Mariano-Neto ef al., 2014).

b) Sistemas Planares — Deconvolucao Gaussiana
Moléculas anfifilicas sdo compostas por duas regides, com diferentes afinidades para com

moléculas de agua. Uma regido, dita cauda hidrofobica, ndo faz pontes de hidrogénio e desta forma
quando inserida em sistemas aquosos obriga uma estruturacado das moléculas de agua ao redor da
mesma. Um exemplo de moléculas puramente hidrofobicas sdao 6leos em geral: quando dispersados
em agua, dependendo da concentracdo do 6leo na agua pode-se ter até a separagdo das fases agua-
6leo (Jones, 2002). No entanto, as moléculas anfifilicas possuem outra regido, dita cabega hidrofilica,
que faz pontes de hidrogénio e sendo assim possui afinidade com a dgua. Esta molécula anfifilica,
com carater heterogéneo, quando colocada em 4gua apresenta uma auto-organizagdo, de modo a
expor a regido hidrofilica ao solvente e esconder a regido hidrofobica diminuindo assim a energia
livre total do sistema. Dependendo de suas caracteristicas geométricas as estruturas formadas podem
ser micelas (esféricas ou cilindricas) ou estruturas planares, bicamadas, podendo estas serem
unilamelares ou multilamelares (Jones, 2002, Hamley, 2000). Dados de espalhamento a baixos
angulos sdo bastante pertinentes para o estudo destes sistemas devido aos diferentes contrastes de
comprimento de espalhamento. Quando o estudo ¢ feito utilizando raios X em sistemas aquosos, a
“cabeca” pode ter contraste positivo com relacao ao solvente enquanto que a cauda pode ter contraste
negativo. Este contraste positivo/negativo fornece uma caracteristica bastante peculiar a intensidade
de espalhamento para este tipo de sistema, como pode ser visto na Figura 15 para micelas de SDS.

Dados de espalhamento para estruturas planares multilamelares contém informagdes sobre o fator de
forma (da bicamada lipidica) e também fator de estrutura (do sistema lamelar). Diversas proposi¢des
para a modelagem deste tipo de sistema podem ser encontradas na literatura. No final dos anos 60
Worthington prop6s uma metodologia simplificada (Worthington, 1969), onde o perfil de densidade
de espalhamento da bicamada (descrito como funcdes degrau) era replicado para mimetizar o efeito
do fator de estrutura. Com a introdugdo do fator de estrutura para sistemas lamelares feita por Caille
(Caillé, 1972), Nagle e colaboradores propuseram uma metodologia para a obtencdo do fator de
forma e de estrutura em sistemas de multicamadas lipidicas (Nagle et al., 1996). No entanto, este
procedimento era extremamente trabalhoso € nao permitia o ajuste direto do fator de forma. Nallet e
colaboradores (Nallet ef al., 1993) propuseram uma metodologia para modelagem simultinea de
fatores de forma (duas fun¢des degrau) e do fator de estrutura. Este trabalho foi o primeiro na
literatura a propor tal ajuste simultaneo. Pabst e colaboradores (Pabst et al., 2000) propuseram uma
metodologia semelhante descrevendo a bicamada pela soma de duas fun¢des Gaussianas. Em ambos

os casos a descricao da bicamada ¢ bastante rudimentar e nao € capaz de descrever com precisao o
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perfil de densidade eletronica. Em uma tentativa de melhorar a descri¢do do perfil de densidade
eletronica Glatter e Fritz (Fritz & Glatter, 2006) propuseram uma metodologia combinando o método
de deconvolugdo quadratica mencionado anteriormente com a modelagem do fator de estrutura
lamelar. Tal abordagem consegue descrever o perfil de densidade eletronica, mas requer o calculo da
fungdo p(r) correspondente a bicamada lipidica, o que acaba por introduzir instabilidades na
modelagem.

Desenvolvi recentemente uma metodologia capaz de obter simultaneamente o fator de forma e de
estrutura para este caso (Oliveira ef al., 2012), mas que permite uma descri¢do otimizada do fator de
forma do sistema. O perfil de densidade eletronica para este caso ¢ descrito por uma combinacao de
fungdes Gaussianas,

M max

p(2)=>a,[G (z,z2,.0,)+ G (z2,~z,,0)]/(1+5,)

n=1

s, =Li=1 (37)
0,=0,i=23,n__
onde
_ 1 2 2
G(z.z,,0)= exp|-(z-z,)* /20 (38)

o277

O termo ¢;; € introduzido para impedir uma contagem dupla da fun¢do Gaussiana central. n é a
ordem da funcdo Gaussiana e o perfil ¢ definido pelos fatores de amplitude a,. Os centros das
fungdes Gaussianas sdo definidos em termos da meia largura da bicamada, Z, e da largura das
Gaussianas utilizadas, o:

z, =(n-1)20, o=— % ___ (39)

! 2n,, . N2In2

Esta escolha de centros e larguras gera uma superposi¢do entre as Gaussianas o0 que permite a
constru¢do de perfiz suaves. Para o caso unidimensional de uma bicamada centrossimétrica, a
transformada de Fourier de um perfil Gaussiano ¢ dado por (Pabst et al., 2000, Abramowitz &
Stegun, 1972):

2 2

F(g,n)= NOY T exp(— qu jcos(qzn) (40)

A expressdo final para a amplitude de espalhamento da bicamada ¢ dada por:
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F(g)=S a,F(q.n) (41)

n=1

O fator de estrutura pode ser introduzido pela teoria de Cailé modificada MCT (Modified Cailé
Theory), sendo dado por (Zhang et al., 1994):

i 22 22
Suer(@) =142 (1 - %} cos(ngd Je "> (mg) VP (42)

n=1

sendo d a distancia interplanar, N o numero de camadas correlatas e y a constante de Euler. A

intensidade de espalhamento final incorporando o fator de forma e de estrutura ¢ dada por,

1(q) = P@) e [F @[ S yer (@) (43)

sendo P(q)pime dado pela equagdo (9). Para o caso de sistemas lamelares a aproximagao
P(q)planezl/q2 ¢ valida pois o tratam-se de planos cujas dimensdes sdo muito maiores do que a
espessura da bicamada. No entanto, este procedimento pode ser utilizado em casos onde temos
planos finitos e deste modo o fator de forma P(q) .. pode fornecer o tamanho dos planos.

No processo de minimizacdo as amplitudes que descrevem as fungdes Gaussianas devem ser
otimizadas juntamente como com os outros parametros. No entanto, o fato de curva de espalhamento
possuir uma quantidade de informagao pequena faz com que esta otimizacdo ndo seja estavel (il/
poised problem). E por este motivo que autores citados anteriormente, ao tentarem otimizar
simultaneamente o fator de forma e estrutura se restringiam a descri¢des simplificadas da bicamada
lipidica, de modo a diminuir estas instabilidades. Este problema pode ser contornado pela introducao
de um termo de estabilizacdo no processo de minimiza¢ao. Um procedimento similar ¢ utilizado no
método de IFT mencionado anteriormente.

Como mencionado anteriormente, no procedo de ajuste de dados experimentais, busca-se um

conjunto de coeficientes do modelo proposto que fornece o minimo da funcdo

7= i[l(q)“" i) o2

Em um caso geral, a intensidade tedrica ndo ¢ expressa como uma combinacdo linear dos

coeficientes do modelo e assim a minimizacio da fun¢do y* requer o uso de procedimentos de
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minimizagdo por minimos quadrados ndo lineares. Existem diversos métodos de minimizagao
disponiveis na literatura, mas neste trabalho utilizamos o algoritmo de Marquardt-Levenberg
(Pedersen, 1992, 1997, Glatter & Hainisch, 1984). O conjunto de equa¢des normais que deve ser

resolvido iterativamente ¢é:
J

> a,ha,=-p, p=12,..0  (44)

v=l
Sendo J o numero de parametros do modelo e 4a, as mudangas no pardmetro a, em cada iteracao.
Este processo iterativo ¢ feito até que as mudancgas ficam abaixo de um dado limite. A matriz ¢, € o

vetor S, sdo dados por (Pedersen, 1997, Press, 1992):
S~ 0™ (g,) 1™ (q,) ,
a,, = : =/o;
“ ,Zzll da,, oa, '
mod
@),

i

(45)
B, Z[I(q)“l’ ™4(q)

a,
Como requerido para qualquer procedimento de minimiza¢do ndo linear, um conjunto de valores
iniciais deve ser utilizado. Para o caso onde somente o perfil de densidade de espalhamento ¢
modelado, uma fun¢do “quadrada” onde todos os pardmetros possuem o mesmo valor ¢ suficiente
para que se obtenha a convergéncia no processo de minimizag¢do. Para casos mais complicados onde
tanto o fator de forma quanto o fator de estrutura sdo otimizados, algum conhecimento prévio ou
alguns ajustes iniciais manuais sdo necessarios. Como mencionado anteriormente, a solu¢do do
problema inverso de espalhamento leva a instabilidades na modelagem e sendo assim € necessario a
adi¢do de vinculos de estabilizagdo que levam a minimizacdo a solugdes com significado fisico. Um

procedimento consiste na adi¢dao da funcao de estabilizagdo (V;) ao termo ;(2

P-1 5
Nc = Z(anH - an)
n=l1

2>+ AN, =min

(46)

Sendo P os numero de pardmetros que se deseja impor vinculos (P<J). As equacgdes normais

modificadas sdo (Pedersen, 1992, Pedersen & Hamley, 1994a, b, Oliveira ef al., 2012):
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,
(e, + K, JAa, =—(B, +AL,), p=12,.,P (47)

A matriz K, ¢ definida como,

I -1
-1 2 -1 0
-1 2 -1
K= (48)
0 -1 2 -1
-1 1
No lado direito da equacdo (47 ) L, ¢ dado por,
a,—a, parai=1
L,=12a,-a;,, —a,, para2<i< P-1 (49)
a,—a, parai=P

Em um caso geral, somente alguns parametros devem conter vinculos. Assim, P<J ¢ a soma na
equacdo ( 47 ) ¢ feita somente nos parametros que devem ser vinculados. Por exemplo, quando
ajustamos o fator de forma e fator de estrutura, somente as amplitudes relativas ao fator de forma
(perfil de densidade de espalhamento) devem ser vinculadas, enquanto que os parametros do fator de

estrutura, entre outros, nao devem conter restrigoes.

Deste modo deve-se obter o fator de estabilizacio A que forneca os melhores resultados. Este
parametro A pode ser compreendido como um multiplicador de Lagrange que altera o peso de N¢ na
funcdo de ajuste (equacdo (47)). Pode-se imaginar este multiplicador como o valor da “constante de
mola” que liga os coeficientes. Valores grandes de A forcardo os coeficientes a serem bastante
préoximos, de modo que N¢ deve ser pequeno para fornecer um minimo em (46). Por outro lado,
valores pequenos de A permitirdo grandes variagdes nos coeficientes. No processo de otimizagdo
varia-se A e para cada valor deste multiplicador obtém-se o conjunto de parametros que melhor ajusta
os dados experimentais. Tipicamente varia-se A entre 5 a 10 ordens de grandeza. O valor 6timo de A
(Aopt) € obtido pelo método de ponto de inflexdo (Glatter, 1977). Neste método busca-se uma regido
onde Nc atinge um platd em varias ordens de grandeza de A, enquanto o ajuste ainda ¢ bom (y’

pequeno). Na regido de platd, busca-se um ponto de inflexdo, com (N¢)” minimo e preferivelmente
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(N¢)'" positivo. Todas estas consideragdes sdo inseridas em um unico funcional de onde se obtém o

valor de Aop automaticamente por um ajuste com uma parabola (Oliveira et al., 2012):
() |+ v} (50)

Um exemplo de aplica¢dao ¢ mostrado na Figura 17.

+4;

//Lopt = Mln{é/lzz + 4/2
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Figura 17 — Esquerda: Construcio do perfil de densidade eletronica utilizando quatro Gaussianas (G1, G2, G3
and G4) com quatro diferentes amplitudes (-1, -0.3, 1, 0.3). Sdo mostrados com quatro linhas diferentes. O perfil
resultante é motrado em linha continua e grossa. Direita: Ajuste de dados experimentais utilizando o modelo de 4
gaussianas. Circulos Abertos: dados experimentais para sistema de lipossomas de fosfatidilcolina de ovo. Linha
continua: Intensidade tedrica. Linha pontilhada: fator de estrutura. Linha Tracejada: fator de forma |F(q)|2. (0}
perfil de densidade eletronica obtido é mostrado como um inset. Abaixo: Método de ponto de inflexdo, executado
automaticamente pelo programa de ajuste para determinar o valor de A, Figura tirada de (Oliveira et al., 2012)

Este método mostrou-se extremamente poderoso na descri¢do de sistemas lipidicos auto organizados
uma vez que permite a modelagem simultanea do fator de forma e do fator de estrutura do sistema, e
vem sendo aplicado em variadas aplicagdes e teses de mestrado e doutorado (Balbino et al., 2013,
Balbino et al., 2012, Bougis et al., 2014, Gerbelli, 2012, Rubim, 2014). Além disso, este método

pode ser expandido para outras geometrias, como serd apresentado a seguir.
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¢) Método de Deconvolugcao Generalizado
Como descrevi anteriormente, modelagem de dados através do ajuste direto da curva de

espalhamento apresentam diversas vantagens. Modelagem no espaco reciproco permite a facil
inclusdo de termos adicionais como backgrounds, anisotropias, polidispersidades e contribui¢des
diversas.

Diversos sistemas podem ser satisfatoriamente descritos como possuindo fatores de forma
compostos por lamelas (planos), cilindros ou esferas (esferdides), com uma densidade de
espalhamento variavel ao longo da particula. Nestes sistemas pode-se ainda ter a presenca de fatores
de estrutura, seja indicando ordenamento ou simplesmente algum tipo de intera¢do. Sendo assim, o
método de modelagem deve permitir a descrigdo tanto do fator de forma, com forma definida para a
particula, mas permitindo a modelagem da variagdo da densidade de espalhamento ao longo da
particula, e também a descricdo do fator de estrutura, descrito por uma fun¢do analitica, semi-
analitica ou simulada.

Este procedimento generalizado foi proposto por Glatter (Freiberger & Glatter, 2006, Fritz &
Glatter, 2006, Bergmann et al., 2000, Fritz et al., 2000), requerendo, no entanto, o célculo da funcao
p(r) para a descri¢ao do fator de forma. A necessidade do calculo da fungdo p(7) gera dificuldades
intrinsecas devido a inclusdo de vinculos na modelagem, além de impossibilitar a inclusdo
caracteristicas como anisotropias, polidispersidades e componentes adicionais para a intensidade.
Como demonstrado para o Método de Deconvolugdo Gaussiana, ajustes no espago reciproco inferem
uma maior flexibilidade a modelagem.

Fungdes Gaussianas mostraram-se bastante versateis para o caso unidimensional (lamelas)
(Oliveira et al., 2012), pois a equacao (2), que fornece a amplitude de espalhamento a partir da
densidade de espalhamento, ¢ integravel, fornecendo assim uma expressdo analitica. Para o caso
bidimensional (cilindros) e tridimensional (esferas) ndo se tem funcgdes integraveis e a utilizagdao de
um perfil Gaussiano para a descricdo da densidade de espalhamento necessitaria de um calculo
numérico da funcao. Por outro lado, fungdes degrau sdo integraveis nas trés geometrias e deste modo
podem ser utilizadas para a descri¢ao do perfil de densidade de espalhamento (Glatter & Hainisch,
1984, Glatter, 1981).

O ponto inicial do procedimento consiste em descrever o fator de forma. Se expressoes
analiticas ou semi-analiticas sdo disponiveis, as expressdes gerais para a intensidade e amplitude de

espalhamento sdo dadas por:
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[ DYm(r)’ P, (q.r)dr
: (51)

j:’ D(r)ym(r)* dr

Pyon(q) =

[ DOYm(ry’ Ay, (g, )i
jo " D ym(r)’ dr

Ayop(q) = (52)

onde ¢ utilizado uma polidispersidade em tamanho. Diversas distribuicdes podem ser utilizadas,
como por exemplo, distribui¢des Gaussianas, Lorentzianas ou distribuigdes de Shulz-Zimm. A
funcao m(r) depende da geometria assumida. Para particulas esferoidais, m(r)=V, onde V' € o volume
das particulas. Para particulas cilindricas, m(r)=A4, sendo 4 a éarea da sessdo transversal do cilindro.
Para particulas lamelares, m(r)=L onde L ¢ a espessura da lamela. Os fatores de forma de intensidade

Prion(q) € de amplitude Ay,,(q) sdo dados por:

e Esfera/ Particulas elipsoidais

/2 2
PMon (CI) = I (FM [Qar(R’ Eaa)]exp[_%ngint:lj Sil’l a dO{ ( 53 )
0
/2 1
Ay (@) = j F, | ,r(R,g,a)]eXp[—quo-im}sina da (54)
0

. /2, . . ~ , . ~
onde r(R,g,a)=R(51n2a+50052 a) ¢ o elemento radial de integracdo, R ¢ o raio da secdo
transversal e €R € o semi-eixo vertical do elipsoide de revolugdo. A multiplicagdo por uma fungao

Gaussiana faz a convolucdo da fun¢do Fum(q) e da fungdo Gaussiana promovendo um smearing da

funcdo degrau.
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e Cilindros longos

Py (q) = [FM [q,r]exp{—%qzdim:l) PROD(%L) (55)

1
Ayon(9) = Fy g, r]exp[— qu%} (56)

Onde R ¢ o raio do cilindro e L seu comprimento. Prop(q,L) ¢ o fator de forma de um bastao

infinitamente fino, j& mostrado na equacao ( 7).

e Lamelas / Sistemas planares

P (@) = (FM [0 r]exp[— %an /¢’ (57)
(@) = Fula, r]exp[—%qzaim} (58)
A funciio Fy(q,R) é dada por :
Fy(q)= MiM{plmml )Fy(q,R)+ g(p,- — P )m(R)Fy(q, RJ} (59)
M, - pm(&)ém(&)(pi ~p) (60)

onde p; ¢ a densidade de comprimento de espalhamento da i-ésima camada, N ¢ o nimero de
camadas descrevendo o modelo e a funcao Fs(q,R) depende da geometria assumida, sendo dada por:

e FEsfera com raio R

F, (q, R): 3[sin(qR)(; 1;])15 cos(qR)] (61)
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e Secdes circulares (2D) com raio R

Fy(g. R) =115 (62)

Sendo J;(x) uma fun¢do de Bessel de primeiro tipo.

e Lamelas (1D) com espessura R

Fy(q.R) = 324R) (63)
qR

Apesar de ndo termos explicitado, tanto os cilindros quanto as lamelas também podem

conter polidispersidades, como indicado pelas equagdes 51 e 52.

5. Exemplos de Aplicacao

Ao longo do texto, apresentei diversos exemplos de aplicagao de métodos de anélise para dados
de espalhamento e difrag¢do a baixos angulos, que resultaram em artigos cientificos de minha autoria.

A seguir mostro em maior detalhe algumas aplicagdes.

5.1 Estudos de Sistemas lamelares

Como descrito anteriormente, surfactantes quando colocados em sistemas aquosos se auto
organizam de variadas formas para minimizar a energia livre do sistema. Lipideos sdo surfactantes
que possuem, em geral, duas cadeias hidrofobicas e acabam por se auto organizar em sistemas
planares, formando bicamadas lipidicas. Dependendo da forma de preparacdo da amostra e da
concentracdo do sistema, pode-se formar sistemas vesiculares tanto unilamelares quanto
multilamelares bem como sistemas contendo grandes aglomerados lipidicos compostos por dominios
multilamelares (Jones, 2002, Hamley, 2000, Israelachvili, 2007). Em conjunto com a apresentacao
do método de Deconvolugdo Gaussiana (Oliveira et al., 2012), aplicou-se o método a caracterizagao
de sistemas compostos por multicamadas lipidicas de lecitina de soja. As amostras foram adquiridas
junto a Avanti-Polar e utilizadas sem preparagao posterior, sendo diluidas em agua Milli-Q. Os dados
foram coletados no equipamento NANOSTAR-Bruker, localizado no Instituto de Fisica da
Universidade de Sao Paulo.

Os dados experimentais sdo mostrados na Figura 18, juntamente com o ajuste utilizando o
método de deconvolugdo Gaussiana. Como pode ser visto nos ajustes, os dados experimentais sao
corretamente descritos pelo modelo para toda a serie de concentragdes, sendo que em cada caso o
respectivo fator de forma e de estrutura sdo obtidos pela modelagem. Um caso bastante interessante ¢

visto para ¢ii;=0.871. Note que nos dados experimentais aparentemente ndo temos o pico de segunda
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ordem, na posi¢do q = 0.26A™". O ajuste utilizando o modelo tedrico demostra que, na realidade, tem-
se uma superposi¢do entre o maximo do fator de estrutura (pico de difracdo) e o minimo do fator de
forma, ocasionando o aparente desaparecimento do pico de difragdo. Além disso, para cada caso
também ¢ calculado o perfil de densidade de comprimento de espalhamento, que neste caso

representa o perfil de densidade eletronica perpendicular a bicamada lipidica.

@ (b

1(q) [arb. u.]

01 02 03 04 40 -30 20 10 0 10 20 30 40

q A" r[A]

Figura 18 — (a) Curvas experimentais de SAXS para a fase lamelar com variadas fracdes de volume do lipidio (¢).
As linhas finas para ¢=0.582 representam as funcdes de resolucio para as trés posicoes de picos. As linhas
tracejadas sio os fatores de forma e as linhas pontilhadas os fatores de estrutura obtidos utilizando o
procedimento de minimizacio descrito no texto. (b) Perfis de densidade eletronica e definicio da espessura da

membrana 6. Em todos os casos as curvas foram deslocadas para melhor clareza. Figuras tiradas de (Oliveira ez
al., 2012).
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Em outra aplicacdo, foi estudado e efeito da incorporagdo de um surfactante artificial em
membranas lipidicas. A molécula Simulsol™ feito pela empresa Seppic, ¢ composto por uma cauda
hidrofébica e uma cadeia de polietileno glicol (PEG). Quando colocado em conjunto com lipideos,
esta molécula se incorpora na membrana compondo um sistema misto. Por ser uma molécula
sintética, ¢ possivel variar o comprimento da cadeia polimérica e estudar o efeito deste e outros
parametros na estabilidade e caracteristicas fisicas da membrana (Bougis et al., 2014, Rubim, 2014,
Gerbelli et al., 2013, Gerbelli, 2012). Na Figura 19 sdo mostrados resultados para um estudo onde se
tinha cadeias de Simulsol com 10 mondmeros na média, mas com comprimento maximo indo até 20
mondmeros (Gerbelli ef al., 2013). Neste estudo demonstrou-se que as moléculas de Simulsol se

incorporam na membrana lipidica e alteram suas dimensdes e propriedades estruturais.
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Figura 19 — Resultados de SAXS para o sistema Lecitina + Simulsol. Dados experimentais (simbolos) e o
respectivo ajuste por modelo tedrico (linhas solidas) para composicées de membrana (fracio em massa do
Simulsol): 30% (a) e 90% (b). Em (a) as curvas foram obtidas em um equipamento de laboratério (NANOSTAR /
IFUSP) e em (b) os dados foram obtidos na linha SWING do Sincrotron Soleil. (c) Perfil de densidade eletronica
obtida pelo procedimento de ajuste, com quantidade varidvel de Simulsol. Na figura, r = 0 representa o centro da
bicamada e a definicio de valores negativos e positivos é dado tendo-se a Agua como referencia. Insercao: Efeito
do cosurfactante na espessura da bicamada. (d) Representacio esquematica do efeito do simulsol na flutuagao da
espessura da bicamada. Figura baseada em (Gerbelli ez al., 2013).
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Outros exemplos de aplicacdo deste método foram utilizados no estudo de lipideos cationicos e a
influencia da incorporacdo de DNA no sistema (Balbino et al., 2012, Balbino et al., 2013), sistemas
de lipideos ndo i0nicos e a influencia da incorporagdo de moléculas de betacaroteno no sistema

(Carvalho et al., 2015), entre diversas outras aplicagdes em andamento.

5.2 Estudos em Lipoproteinas

Lipoproteinas sdo estruturas supramoleculares essenciais no corpo humano. Entre diversas
fungdes no organismo, sdo as responsaveis pelo transporte de colesterol no sistema circulatério.
Lipoproteinas sdo geralmente classificadas de acordo com seu tamanho e densidade. Lipoproteinas
de alta densidade (High density lipoproteins - HDL) e Lipoproteinas de baixa densidade (Low density
lipoproteins - LDL) sdo as principais componentes desta classe. Em exames de sangue € corriqueiro
serem fornecidos os niveis de LDL e HDL no sangue uma vez que estes niveis podem indicar risco
de doengas coronarianas, formagdo de placas arteriosclerdticas entre diversas outras potenciais
patologias.

Estudos recentes demonstram que ndo somente os niveis destas lipoproteinas sdo importantes
para a saude do individuo, mas principalmente informacgdes estruturais das mesmas no sistema. O
estudo aprofundado das peculiaridades destas lipoproteinas requer o trabalho conjunto de diversas
areas de conhecimento, de modo a permitir uma abordagem multidisciplinar sobre estes sistemas. Tal
estratégia vem sendo aplicada com sucesso por pesquisadores do Instituto de Fisica da USP,
particularmente em uma colaboracdo ja de varios anos entre o Grupo de Fluidos Complexos com
pesquisadores da Faculdade de Medicina, Instituto de Ciéncias Biomédicas da USP e da UNIFESP
no estudo de lipoproteinas.

A investigagdo da estrutura interna de lipoproteinas utilizando métodos de espalhamento de raios
X ja aparece na década de 1970 em artigos seminais de Deckelbaum, Laggner e Atkinson
(Deckelbaum et al., 1975, Atkinson et al., 1977, Deckelbaum et al., 1977, Laggner et al., 1977,
Laggner & Muller, 1978), e mais recentemente por Perkins, Laggner e colaboradores (Prassl et al.,
2008, Meyer et al., 1996). Nestes trabalhos a estrutura de lipoproteinas foi estudada na forma nativa,
quando submetida a variacao de temperatura bem como nivel de oxidagao do meio.

Para a modelagem de dados de espalhamento a baixos angulos por lipoproteinas diversas
metodologias foram aplicadas. Em uma abordagem bastante limitada, Laggner e Muller propuseram
a obten¢do da amplitude de espalhamento através raiz quadrada da intensidade de espalhamento.
Como neste processo nao se tem a informagao sobre os sinais (positivo / negativo) da amplitude
deve-se escolher arbitrariamente estes sinais. Esta abordagem permite a obten¢do de um perfil

tentativo para a densidade eletronica da macromolécula, assumindo-se uma simetria esférica perfeita
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(Laggner & Muller, 1978). De toda maneira esta forma de analise simplificada demonstrou a
possibilidade de ser obter informagdes estruturais de lipoproteinas através da técnica de SAS.
Posteriormente Glatter propos o método de deconvolucdo quadratica onde, a partir do calculo da
fungdo p(r), era possivel se obter o perfil de densidade de comprimento de espalhamento assumindo-
se uma simetria bem definida (Glatter, 1981, Glatter & Hainisch, 1984). As limitagdes descritas para
este método ja foram abordadas em capitulos anteriores, sendo a principal limitagdo o fato de se
necessitar da fungao p(7).

Tais limitagdes ndo existem no método proposto por mim, tanto na Deconvolu¢do Gaussiana
como no Método de Deconvolugdo Generalizada. Como descrito anteriormente, estas abordagens
permitem a modelagem direta da curva experimental de espalhamento. Tal metodologia foi utilizada
no estudo de lipoproteinas, especificamente a LDL e HDL (Oliveira, Santos, ef al., 2014, Oliveira,
Monteiro, et al., 2014), bem como fez parte da tese de doutoramento da Dra. Priscila Santos (Santos,
2013).

Na Figura 20 e na Figura 21 sdo mostrados os ajustes obtidos pelo método de deconvolugao
generalizado (Secao 3.7¢) no ajuste dos fatores de forma de espalhamento para a LDL e HDL. As
amostras eram sujeitas a oxidagdo por Cobre, seguindo protocolos previamente definidos (Alves &
Figueiredo Neto, 2014, Gomez et al., 2008) e os dados de espalhamento foram obtidos a diferentes
tempos de oxidacdo. Os dados para a LDL foram obtidos na linha de SAXS-1 do Laboratério
nacional de Luz Sincrotron (LNLS) enquanto que os dados para a HDL foram obtidos no
equipamento de laboratério Bruker-NANOSTAR do IFUSP. Detalhes sobre a preparagao das
amostras e procedimentos de oxida¢do podem ser obtidos no artigo publicado (Oliveira, Santos, et
al., 2014). Aplicacdes da técnica de SAXS ao estudo dos efeitos de oxidagdo em lipoproteinas foram
publicados previamente por Perkins e colaboradores (Meyer et al., 1996), mas naquele trabalho
efeitos de polidispersidade da amostra bem como limitagdes inerentes ao método utilizado para a

analise dos dados (deconvolu¢do quadratica — Glatter) limitaram bastante as conclusdes obtidas.
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Figura 20 — Método de deconvolucio aplicado a modelagem de SAXS para LDL para diferentes tempos de
oxidacio por Cobre. a) Fator de Forma ajustado com o método de deconvolucio. Dados experimentais (simbolos
abertos) e ajuste do modelo (linha solida). b) Perfis de densidade eletronica obtidos com o método de
deconvolucio. Figura tirada de (Oliveira, Santos, et al., 2014).

48



1000 — .

=)
£
s -
E v naHDL
30 min |
X: 60 min
18 hours |
0.01 0.1 1
q (A
409—05 T T T = T T
20005 (b)
T
)
m —2.0e-05 |
|
[
©
o —4.0e-05 |
| o
o
@ -6.0e-05 |
[
-8.0e-05 naHDL
i
0e-0 18 hour(s)
-1.2e-04 ! ‘ ! L y=2 T
0 10 20 30 40 50 60

radius (A)
Figura 21 — Método de deconvolucdo aplicado a modelagem de SAXS para HDL para diferentes tempos de
oxidacio por Cobre. a) Fator de Forma ajustado com o método de deconvolucio. Dados experimentais (simbolos
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deconvolucio. Figura tirada de (Oliveira, Santos, et al., 2014).

Para os dados apresentados aqui, como procedimento prévio a deconvolugdo realizou-se o
desacoplamento entre o fator de forma e fator de estrutura utilizando o método descrito na se¢ao 4.2.
A descricao precisa do fator de forma e correspondente perfil de densidade eletronica obtido pelo
método de deconvolucao somente foi possivel gragas ao desacoplamento entre os fatores de forma e
estrutura. O fator de estrutura utilizado neste caso foi o de um sistema fractal, dado pela equagao
(19). Este procedimento de desacoplamento aplicado aos dados de LDL ¢ mostrado na Figura 22.
Para as amostras HDL ndo foi necessario realizar o desacoplamento uma vez que nao foi detectado a

presenca de fatores de estrutura no sistema.
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de forma e estrutura nos dados de SAXS para LDL. a) Ajuste (linha continua) dos dados experimentais de LDL
(circulos abertos) utilizando o método GIFT. O fator de forma obtido neste procedimento linha tracejada foi
utilizado no método de deconvolucio. b) Curvas de distribuiciio de pares de distancias p(r) obtidas pelo ajuste do
método GIFT. Figura tirada de (Oliveira, Santos, et al., 2014).

Combinando resultados de SAXS com andlises de escaneamento Z (Z-Scan) e espalhamento de
luz dindmico (DLS — Dynamic Light Scatering), foi possivel demonstrar que lipoproteinas de alta

densidade (HDL) sdo bastante resistentes a oxidagdo enquanto que lipoproteinas de baixa densidade
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(LDL) apresentam importantes alteracdes estruturais quando sofrem oxidagdo, o que e isso pode ser
diretamente relacionado com mudangas em seu funcionamento no sistema vivo.

Em um estudo subsequente, efeitos da variagdo abrupta da temperatura em amostras de LDL
foram investigados. As particulas de LDL sdo ricas em ésteres de colesterol e pobres em
triglicérides e colesterol livre. Além disso, cada particula de LDL contém somente uma
apolipoproteina B100 (apoB-100), que ¢ responsavel pela integridade da particula e metabolismo. A
estrutura da LDL ¢ muito sensivel a mudangas no meio o que pode alterar sua fungdo. Os
mecanismos pelos quais a LDL in vivo ¢ modificada ainda ndo sdo completamente compreendidos.
Sabe-se que a estrutura da apoB-100 ¢ sensivel a modificagdes quimicas como oxidagdo por radicais
livres e mudangas de temperatura (Prassl et al., 2008).

Como mencionado anteriormente, métodos de espalhamento foram aplicados ao estudo de
modifica¢des estruturais da LDL devido a alteragdes de temperatura (Deckelbaum et al., 1975,
Atkinson et al., 1977, Deckelbaum et al., 1977, Laggner & Muller, 1978, Prassl et al., 2008). No
entanto, em todos os casos a analise dos dados ¢ limitada devido a presenca de agregados (induzidos
pela variagdo de temperatura) e também por problemas em se obter um perfil de densidade de
comprimento de espalhamento confidvel. Em um estudo recente, Jayaraman e colaboradores
investigaram a estabilidade térmica da LDL utilizando varias técnicas indicando calorimetria,
dicroismo circular, fluorescéncia, turbidez e microscopia eletronica (Jayaraman, 2005). Estes dados
demonstram que o rompimento da estrutura da LDL induzido pela temperatura envolve mudancas
irreversiveis como a liberagao de lipidios neutros do nucleo da LDL.

Utilizando os métodos de analise apresentados anteriormente, foi realizado um estudo sistematico
de mudangas estruturais na estrutura nativa da LDL induzida por mudangas na temperatura. Os dados
que serdo apresentados foram obtidos na linha SAXS-1 do Laboratorio Nacional de Luz Sincrotron
(LNLS). Detalhes da preparacao da amostra bem como do aparato experimental utilizado podem ser
obtidos no artigo original (Oliveira, Monteiro, ef al., 2014). Em resumo, amostras nativas de LDL
eram submetidas a mudangas abruptas de temperatura e a evolucao do sistema era acompanhada em
tempo real através de exposi¢des curtas (1 min) de SAXS. Dados foram coletados a temperatura de
22°C (temperatura ambiente), 42°C, 60°C e 80°C. Para medidas a temperatura ambiente apenas cinco
exposigdes foram realizadas uma vez que a amostra era estavel ao longo do tempo. Para medidas a
temperaturas maiores 5 exposi¢oes de 1 min foram realizadas nos instantes 0 min, 5 min, 10 min, 20
min, 40 min, 60 min ¢ 80 min apos a inje¢do da amostra no porta amostras. Os varios dados obtidos
para cada instante eram comparados e promediados. Na Figura 23 sdo mostrados todos os dados de
SAXS coletados nestes experimentos. Como pode ser observado pela evolucdo das curvas
experimentais, a temperatura induz a formagdo de agregados no sistema. A presenca destes
agregados torna a analise dos dados mais elaborada.
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Figura 23 — Serie de dados de SAXS para os experimentos realizados. (a) Dados a 42°C. (b) Dados a 60°C. (c)
Dados a 80°C. Em todos os casos a curva da LDL nativa medida a 22°C é mostrada para comparacio. Esta curva
foi deslocada para melhor visualizacio. Figura tirada de (Oliveira, Monteiro, ef al., 2014).

Para os dados a 42° e 60° pode-se observar que as mudangas principais na curva ocorrem na parte
inicial, sendo os maximos ¢ minimos subsequentes sdo bastante similares aos presentes na curva da
LDL nativa. Isto indica que a estrutura interna das particulas de LDL se mantém e que estas
provavelmente estdo formando agregados. Sendo assim, as curvas de intensidade espalhada podem
ser compreendidas como correspondendo a composi¢ao de fatores de forma e de estrutura, sendo o
fator de forma correspondente as moléculas de LDL, que podem se aglomerar formando agregados.
Tais agregados podem ser descritos por um fator de estrutura. Para os dados a 80° vé-se uma clara
mudanga na forma da curva e perda da similaridade com a curva de LDL nativa. Isto indica a ruptura
da estrutura das particulas de LDL e a formagao de agregados nao especificos.

Similarmente ao caso anterior, foi necessaria a utilizagdo do método GIFT (Segdo 4.2) para
desacoplamento entre o fator de forma e de estrutura. A aplicagdao deste método permitiu a obtengao
de informagdes independentes sobre alteracdes na estrutura interna da LDL devido a temperatura
bem como peculiaridades sobre os agregados formados em cada caso.

Como demonstrado no artigo original, o fator de estrutura que melhor descreveu os dados
experimentais correspondeu a um fator de estrutura de aglomerado globular, indicando que os
agregados formados possuem este tipo de conformacdo. Assim, como mostrado anteriormente, a

intensidade pode ser descrita por,

52



(@)= Pyon(9)S6.(9) (64)

Sendo Puop(q) dado pela equacao (51) e Scui(q) dado pela equacao (23). Assumindo-se que no
sistema pode-se ter uma fragdo de LDL livres e outra de LDL formando o agregado, ¢ possivel
estimar, a partir das curvas de intensidade, a fracdo correspondente aos agregados bem como a fracao
correspondente as particulas de LDL livres no sistema. Os detalhes deste calculo podem ser obtidos

no artigo correspondente (Oliveira, Monteiro, et al., 2014), mas como resultado final temos,

1

3a
T i
1R age

Sl = 1 (66)

L [Rggg g
Sggg RéDL

Para fragdo de numero de particulas temos i="num” e a=2, para fragdo de volumes, i="vol” e a=1 ¢

fLiDL: (65)

para fracdo de intensidade, i="int” e a=0. O significado destas fracdes esta relacionado ao peso que ¢
utilizado para o calculo em cada caso. A fracdo numérica ndo possui nenhum peso, a fragdo de
volume ¢ pesada pelo volume das particulas enquanto que a fragdo de intensidades ¢ pesada pelo
volume quadrado (Oliveira, Monteiro, ef al., 2014).

Os detalhes da analise dos dados ndo serdo reproduzidos aqui € podem ser obtidos no artigo
original. No entanto, foi possivel obter uma interessante descri¢do das alteracdes estruturais das
particulas de LDL bem como a evolucao dos agregados obtidos. Na Figura 24 e Figura 25 sao
apresentados resultados para 42°C e na Figura 26 e Figura 27 os resultados para 60°C. Em ambos os
casos ¢ possivel ver um aumento da contribuicdo dos agregados na intensidade espalhada, como
indicado pelos valores das fragdes em cada caso. Além disso, os perfis de densidade eletronica
obtidos pelo método de deconvolugdo apresentam importantes diferencas quando comparados ao

perfil da lipoproteina nativa (Figura 20b).
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Figura 24 — Método GIFT e resultados de deconvolu¢io para a LDL a 42°C. (a) Dados experimentais de SAXS
para diferentes instantes (circulos abertos), ajuste teérico obtido pelo método GIFT (linha sélida), fator de forma
desacoplado (simbolos em “X”) e o ajuste do fator de forma utilizando o método de deconvolu¢do (linha
tracejada). (b) Perfil de densidade eletrénica obtido para cada instante. Figura tirada de (Oliveira, Monteiro, et
al.,2014).
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Figura 25 — Agregacdo da LDL a 42°C. Andlise por IFT: (a) Intensidade de espalhamento para os agregados
(circulos) obtida pelo método GIFT. A curva p(r) correspondente é mostrada em (b). Calculo das fracdes: (c)
intensidade na origem para dados coletados a 42°C (circulos) indicando um aumento monétono da intensidade.
Isto indica um aumento sistematico da contribuicdo dos agregados. A linha neste grafico é apenas para guia
visual. (d) fracio de nimero dos monoémeros de LDL (circulos) e agregados (tridAngulos abertos). (e) fracio de
volume mondmeros de LDL (circulos) e agregados (triAngulos abertos). (f) fracdo de intensidade dos mondmeros
de LDL (circulos) e agregados (triangulos abertos). Todas as fracées foram calculadas utilizando as equacdes 62 e
63 com os correspondentes valores de o. As linhas indicadas no grafico sdo para guia visual. Modelagem dos
agregados: utilizando modelagem ab initio tipo dummy atom (Secio 4.4) € possivel ajustar os dados (linhas sélidas
em (a)) e obter os modelos 3D para os agregados, mostrados em (g) para cada instante. Note que as esferas em (g)
possuem o didmetro de 350A. Figura tirada de (Oliveira, Monteiro, et al., 2014).
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Figura 26 — Método GIFT e resultados de deconvolu¢do para a LDL a 60°C. (a) Dados experimentais de SAXS
para diferentes instantes (circulos abertos), ajuste tedrico obtido pelo método GIFT (linha sélida), fator de forma
desacoplado (simbolos em “X”) e o ajuste do fator de forma utilizando o método de deconvolu¢io (linha
tracejada). (b) Perfil de densidade eletronica obtido para cada instante. Figura tirada de (Oliveira, Monteiro, et
al., 2014).
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Figura 27 — Agregacdo da LDL a 60°C. Andlise por IFT: (a) Intensidade de espalhamento para os agregados
(circulos) obtida pelo método GIFT. A curva p(r) correspondente é mostrada em (b). Calculo das fracdes: (c)
intensidade na origem para dados coletados a 42°C (circulos) indicando um aumento mondétono da intensidade.
Isto indica um aumento sistematico da contribuicdo dos agregados. A linha neste grafico é apenas para guia
visual. (d) fracio de nimero dos monémeros de LDL (circulos) e agregados (triAngulos abertos). (e) fracio de
volume mondmeros de LDL (circulos) e agregados (triAngulos abertos). (f) fracdo de intensidade dos mondmeros
de LDL (circulos) e agregados (tridngulos abertos). Todas as fracées foram calculadas utilizando as equacdes 62 e
63 com os correspondentes valores de a. As linhas indicadas no grafico sdo para guia visual. Modelagem dos
agregados: utilizando modelagem ab initio tipo dummy atom (Se¢ao 4.4) € possivel ajustar os dados (linhas sélidas
em (a)) e obter os modelos 3D para os agregados, mostrados em (g) para cada instante. Note que as esferas em (g)
possuem o didmetro de 350A. Figura tirada de (Oliveira, Monteiro, et al., 2014).

Todos os resultados obtidos pelas analises dos dados de espalhamento lipoproteinas foram
inéditos na literatura devido a qualidade dos ajustes e nivel de detalhamento dos perfis de densidade
eletronica obtidos e definem um novo padrdo para andlise de dados de espalhamento para
lipoproteinas, permitindo a obten¢do de informagdes estruturais internas as lipoproteinas bem como

formas de interacdo e agregacao.
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6. Consideracoes Finais e Perspectivas

Neste trabalho foram apresentados diversos métodos para modelagem de dados de espalhamento
e difracdo a baixos angulos. Metodologias inovadoras foram desenvolvidas e puderam ser aplicadas
ao estudo de variados tipos de sistemas. A maioria dos métodos apresentados foi desenvolvida ou
otimizada ap6s meu inicio como docente no Instituto de Fisica da Universidade de Sao Paulo em
Janeiro de 2010.

Quando se coletam dados de espalhamento a baixos angulos por um sistema, a curva de
intensidade pode conter informagdes tanto da forma e estrutura interna da particula (fator de forma)
quanto organizag¢do espacial e interagdo entre as particulas (fator de estrutura) com os métodos
apresentados aqui € possivel satisfatoriamente desacoplar a contribuicdo dos fatores de forma e de
estrutura do sistema, permitindo a modelagem precisa de todas as contribui¢des. Detalhes dos
procedimentos matematicos e numéricos implementados nos programas foram descritos bem como
as formas de otimizagao.

Este variado leque de métodos de modelagem e analise de dados vem sendo utilizado para a
descricdo de um elevado numero de sistemas, permitindo o desenvolvimento de pesquisas de alto
nivel no IFUSP. Em conjunto com o desenvolvimento e melhoria de infra-estrutura experimental,
estes resultados tém tornado o IFUSP referencia internacional em métodos de espalhamento a baixos
angulos, favorecendo a obtengdo de recursos bem como a formagao de recursos humanos (alunos de
mestrado, doutorado e pds-doutores).

A publicacdo dos resultados obtidos, em revistas indexadas de alto impacto, atesta a qualidade
dos trabalhos realizados. No entanto, muitos outros avangos podem ser feitos. Pretendo prosseguir no
desenvolvimento de métodos de modelagem, expandindo o numero de modelos bem como
metodologias de otimizagdo. Ate agora o enfoque foi em sistemas randomicamente orientados, de
modo que a intensidade de espalhamento bidimensional ¢ isotropica e pode ser integrada em todo o
circulo, fornecendo uma curva 1D. No entanto, para sistemas orientados tem-se imagens de
espalhamento anisotropicas ¢ metodologias diferentes devem ser utilizadas. Ferramentas
computacionais para lidar com este tipo de problemas serdo desenvolvidas. Além disso, venho
trabalhando em colaboracdo com grupos que realizam dindmica molecular de sistemas biologicos, ja
tendo participado em diversas publicagdes (lacovelli et al., 2014, Oteri et al., 2011, Oliveira et al.,
2010, Falconi et al., 2009). A combinacdo de simulagdes de Dindmica Molecular com dados de SAS
para otimizagao conjunta ja vem sendo tentada por diversos grupos (Oroguchi & Ikeguchi, 2012) e
permite a obtenc¢ao de resultados mais confidveis para modelagens. Tal implementag¢do também sera
realizada no IFUSP. Por fim, estudos da interagdo entre complexos entre proteinas e surfactantes

também vem sendo realizadas em meu grupo. Para este caso dados de calorimetria de titulagdo
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isotérmica, fluorescéncia, dicroismo circular e espalhamento de raios X a baixos angulos vém sendo
realizados de modo a prover informagdes termodinamicas e estruturais dos complexos formados

(Sun et al., submitted).
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A new method for analysis of scattering data from lamellar bilayer systems is
presented. The method employs a form-free description of the cross-section
structure of the bilayer and the fit is performed directly to the scattering data,
introducing also a structure factor when required. The cross-section structure
(electron density profile in the case of X-ray scattering) is described by a set of
Gaussian functions and the technique is termed Gaussian deconvolution. The
coefficients of the Gaussians are optimized using a constrained least-squares
routine that induces smoothness of the electron density profile. The
optimization is coupled with the point-of-inflection method for determining
the optimal weight of the smoothness. With the new approach, it is possible to
optimize simultaneously the form factor, structure factor and several other
parameters in the model. The applicability of this method is demonstrated by
using it in a study of a multilamellar system composed of lecithin bilayers, where
the form factor and structure factor are obtained simultaneously, and the

Printed in Singapore — all rights reserved

1. Introduction

Lamellar systems of lipid bilayers have been widely used as
model systems for biological membranes. They allow the study
of, for example, phase transitions and interactions between
membranes and with biological macromolecules. The organi-
zation of the lipid molecules on the microscopic level is closely
related to the macroscopic properties of the membrane and
determines key properties such as elasticity, permeability to
small molecules, and interactions with proteins or peptides.
X-ray scattering techniques are particularly suitable for
obtaining information on the microscopic organization of the
molecules. Since the pioneering work of Luzzati & Tardieu
(1974), many researchers have developed new methods to
analyze experimental data, allowing determination of relevant
parameters characterizing the lamellar structure.

Several methods for analyzing X-ray scattering profiles for
lamellar systems have been proposed. Seminal work using
Gaussian functions to describe the electron density profile was
described by Pape & Kreutz (1978) and by Nagle & Wiener
(1989); however, these methods are very sensitive to the first
estimate of the parameters describing the profile, ie. they
require good a priori information about the signs and the
positions of the Gaussians. The situation is even more
complicated when multilayered lamellar systems have to be
described, and several strategies for modeling the form factor
and structure factor effects have been proposed (Nallet e al.,
1993; Nagle et al, 1996; Petrache et al, 1998). More recently,

obtained results provided new insight into this very well known system.

an approach was presented by Pabst et al (20005), where
Gaussian functions were again used to describe the lamellar
cross-section profile, and as the coupling between the form
factor and structure factor was taken into account, the full
scattering intensity profile could be described by this method.
However, the approach was restricted to the use of only two
Gaussian functions to avoid model instabilities, as previously
mentioned by other authors (Pape & Kreutz, 1978).

An approach to overcome instabilities in the modeling of
electron density profiles was introduced in the so-called
square-root deconvolution method, originally proposed by
Glatter (1981). It enables the retrieval of the electron density
profile for a given geometry (planar, cylindrical or spherical)
by describing the electron density profile by a set of basis
functions (step functions) and using these for modeling the
pair distance distribution function. The method was originally
applied to scattering data from uncorrelated objects (ie
without structure factor effects) but later was also adapted for
including possible high-order arrangements (Fritz & Glatter,
2006). However, one of the limitations of this approach is the
need to make the intermediate step of first determining the
pair distance distribution function, which might preclude the
optimization of other structural features that might also be
present, such as, for example, free bilayers (Pabst et al., 2000a).
On the other hand, the main advantage of this procedure is the
possibility of retrieving the electron density profile in a free
form without any previous assumptions. The number of
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degrees of freedom in the expression for the electron density
profiles is usually large and this means that the solution has to
be ‘stabilized’. This stabilization can be done by the addition
of a smoothness constraint to the usual )(Z as a penalty func-
tion with a certain weight relative to )(2 The weight of the
penalty function is determined by the use of the point-of-
mflection method during the minmmization procedure (Glatter,
1977). A similar two-step analysis method for analysis of
specular reflectivity data was introduced by Pedersen (1992).
A new and more sophisticated approach is to model the lipid
membrane based on scattering density profile methods
(Heberle et al., 2012). This approach permits the inclusion of
molecular information and the use of molecular dynamics
simulations as inputs for the fitting of scattering data.
Although this method can provide more advanced results, it
requires several pieces of a priori information about the
system and its composition and fine details about the lipid
molecules. As will be described below, the Gaussian decon-
volution approach, on the other hand, does not require any a
priori information for the fitting procedure and the obtained
profile can be used as input for other more sophisticated
analyses.

In the present work a new method is presented for modeling
small-angle X-ray scattering (SAXS) experimental data for
systems containing both unilamellar and multilamellar planar
membranes. As will be discussed in the next section, a model
approach similar to that used by Glatter (1981) in his decon-
volution method can be used to stabilize the modeling of the
electron density profile by a set of Gaussian functions.
However, the main advantage of this approach is the fact that
the scattering intensity is adjusted and not the pair distance
distribution function. This is similar to the method introduced
by Pedersen & Hamley (1994a4,h) for analysis of specular
reflectivity data. By the new method it is possible to retrieve a
smooth electron density profile for which the calculated
intensity gives the best fit of the experimental data. The
approach allows, by the use of a least-squares procedure, the
simultaneous determination of the amplitudes of the Gaussian
functions that describe the electron density profile and several
other parameters, such as, for example, those describing
structure factor effects, background efc.

The new method is applied for determining the swelling
properties of a lamellar phase composed of lecithin bilayers,
providing a good fit quality for the full set of experimental
scattering curves for a series of increasing degree of
membrane hydration. New insight emerges from the analysis
of the experimental data on the structure of the bilayer as
extracted from the electron contrast profile. It is shown that
the Caillé parameter, which characterizes the flexibility of
lipid membranes together with intermembrane interactions,
passes through two regimes. This provides information on the
role of hydration and fluctuation forces for stabilizing the
lamellar structure.

2. Theoretical model description

The scattering from a system of scattering objects can be
described by the following expression:

I(g) = c[Psn(q)S(9)}, ®

where ¢ is related to the concentration of particles in the
system, Pin(q) = |F(g)f is the form factor of the three-
dimensional objects and carries information about particle
shapes and contrasts, and S(g) is the system structure factor,
which carries information about possible interparticle inter-
actions and ordering. The parameter g is the modulus of the
scattering vector and it is given by ¢ = 4arsin(6)/1, where 26 is
the scattering angle and A is the wavelength of the radiation.
The brackets ‘{ }* indicate that in the general case these
two contributions have to be averaged together in the calcu-
lation. For locally highly anisotropic systems, like planar
systems or large vesicles for example, where the transverse
dimensions are much larger than the perpendicular dimension,
the form factor can be described by a product of a form factor,
for the perpendicular direction {one-dimensional function),
and a factor 1/¢° related to the transverse dimensions. In this
case, equation (1) can be rewritten as (Glatter & Kratky,
1982)

I{g) = (/P P(DHS()}. 2

An often used approach is to employ the decoupling
approximation and treat the form factor and structure factor
separately (Kotlarchyk & Chen, 1983). For a multilayered
lamellar system, with periodicity d, the structure factor is well
described by the modified Caillé theory (MCT) (Zhang ef al.,
1994):

Smer(@) =142 g {(1 — n/N)cos(ngd)

x exp[—(d/2m) v ] P73

The mean number of coherent scattering bilayers in the stack
is denoted as N, and y is Euler’s constant. The Caillé para-
meter 7 is related to both the bending modulus K of lipid
bilayers and the bulk modulus B for compression (Zhang et al.,
1994; Caille, 1972):

kT

= W @

7
In this expression & is Boltzmann’s constant and T is the
absolute temperature. The description of the form factor can
be done at several levels of detail. The form factor has to
describe the differences in electron density for the molecules
constituting the bilayer. In addition, for several applications it
is a good approximation to assume that the bilayer is
symmetric with respect to its center. One of the simplest
approximations is to consider the two-step model given by
Worthington (1969), Nallet et al. (1993) and Brotons et al
(2005):

P(q) =@/ Apysinlg(Sy + 57)] — Apy sin(gdy)
+ Apysin(gdp)Y, ()

where Apy and A py are, respectively, the head group and tail
group electron density contrasts and 8y and §r are the
respective sizes of the head group and tail group regions. Since
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this expression is very simple, it usually gives too crude a
description of the electron density profile and in several cases
a better description is needed. With a similar step-model
strategy, Glatter and co-workers developed the deconvolution
square-root method (Glatter, 1981; Fritz & Glatter, 20006),
where the electron density is described by a series of step
functions. The height of the steps i1s determined using a
constrained least-squares fitting procedure. However, in this
approach the fit is done to the pair distance distribution and
not directly to the experimental intensity. The intermediate
step of determining the pair distance distribution function by a
Fourier transform can cause several limitations for the
method.

Another strategy was proposed by Pabst et al. (2000b), who
suggested to model the bilayer using two Gaussian functions: a
central Gaussian placed at the origin, which models the central
part of the bilayer where hydrocarbon tails from the opposite
sides meet, and a second Gaussian placed at a certain distance
for modeling the head group region. The central part is known
to have negative contrast with respect to a water buffer for
X-rays, whereas the head groups are electron rich and have a
positive contrast. This model is also a crude approximation of
the electron density profile since it assumes that the tail groups
have almost the same electron density as the water and that it
is only the most central part of the bilayers, where the
hydrocarbon chains meet, that have a negative contrast.
However, surprisingly, the model is sufficient to obtain a
reasonable description of the scattering data for several
examples in the literature (Pabst er al, 2000a). The smooth-
ness introduced by the Gaussian profiles seems to improve the
fit quality as compared to the simple two-step model.
However, this model also fails for high-quality data, in parti-
cular for high g values where high-resolution information on
the structure is probed. In the present work we combine the
advantages of the Gaussian description of the electron density
profiles with the stability introduced by Glatter in the free-
form method. This enables a more flexible and stable
modeling procedure.

In the new approach, the profile is described by a set of
equally spaced Gaussian functions. During the optimization, it
is necessary to constrain only the amplitudes of the Gaussian
functions and not the other model parameters. As will be
shown in the next section, this can be done by an appropriate
change of the design matrix of the least-squares problem,
introducing the Lagrange multiplier A only at the necessary
positions in the matrix. During the fitting procedure, the
Lagrange multiplier is varied and the other parameters are
optimized for each A value. By using the point-of-inflection
method, it is possible to obtain the A value by an automatic
procedure that gives both a good fit to the scattering data and
the optimum constraint of the Gaussian amplitudes.

With this approach is possible to obtain a smooth profile
that can describe more accurately the electron density of the
lipid bilayer simultaneously with the optimization of the
structure factor and other model parameters. In the following
we present the procedure for symmetric and asymmetric
bilayers.

3. Symmetric bilayer

For the description of a symmetric planar bilayer, a given
number, #,,.., of Gaussian functions are used for describing
the profile. This basis of functions is constructed in such a way
that there is a central Gaussian at z = 0 and that the rest of the
Gaussians are at equidistant positions mirrored so that a
symmetric profile is obtained. The central Gaussian can
represent the ends of the bilayer tail groups and the other
centrosymmetric Gaussians build the remaining parts corre-
sponding to the tail groups and the head groups. The electron
density is thus described by

Pmax

p(2) =2, a,[Gi(z,2,,0) + Gz, =2, D]/(1 +8,),

(©

5,=1 n=1,
Enl = 0’ R = 27 37 Frjaxs
where

Gz, 2,,0) = [1/o(2m) P exp[—(z — 2,)’ 20°]  (7)

and the Kronecker delta function d,; is used to avoid double
counting of the central Gaussian (z; = 0). n is the order of
Gaussian used. The profile is defined by the values of the
amplitudes a,,.

The half-bilayer width Z is defined as the distance between
the center of the bilayer and the position where the last
Gaussian reaches a width of two standard deviations (o). With
this definition, the positions of the Gaussians and the standard
deviation (o value) are calculated as follows:

7, =@m—120, o=Z/2r,(2In2)"7] ®

This choice of the centers and standard deviation gives a
reasonable overlap between the Gaussian functions, enabling
the construction of smooth profiles. The choice of the number
of Gaussian functions (#,,,) will depend on the level of detail
that is needed to build the profile. Since the scattering profile
contains a low information content (Moore, 1980) a general
rule that can be adopted is to use the minimum required
number of terms for the modeling, which can be obtained from
a few simple tests. If the number of terms used is larger than
the ideal value, the obtained profile will have the same shape
but some artificial oscillations. A typical profile built using
equation (7) is shown in Fig. 1{a). One of the advantages of
using a Gaussian set of functions for the representation of the
profile is that, for the one-dimensional case of centrosym-
metric bilayers, the Fourier transform of the electron density
has an analytical solution, providing the scattering amplitudes
(Abramowitz & Stegun, 1972; Pabst et al., 20004)
F(g, n) = (2n)'"0 exp(—a’q’ /2) cos(gz,). )

The final profile scattering amplitude of the lamellar cross
section is just the sum of all the F{q, ) terms,
Flg) = 3 a,Flg.n), (10)

n=1

and the form factor of the infinite lamellar system is

1280 cCristiano L. P. Oliveira et al. + Gaussian decanvolution

1. Appl. Cryst. (2012). 45, 1278-1286

65



66

research papers

P(g) = [F@)|. (11)

A theoretical simulation is shown in Fig. 1(b), where a profile
with four Gaussian functions was used and combined with the
structure factor of the modified Caillé theory to provide the
combined I(g) intensity.

4. Asymmetric bilayer

An expression for the form factor from the asymmetric bilayer
was proposed by Brzustowicz & Brunger (2005):

Plg) = (F(q)) = Py laaporop exp[—4* (0 + o) /2]
X cos[q(zk - Zk/)]}, (12)
1.2+ VA
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Figure 1

(a) Construction of the electron density profile using four Gaussians (G1,
G2, G3 and G4) with four different amplitudes (—1, —0.3, 1, 0.3). They
are shown by four different line styles. The final resultant electron density
profile from the Gaussian model is shown as a solid thick line. (5) Final
intensity and the corresponding form factor and structure factor. In each
case the instrumentally smeared (solid line) and ideal nonsmeared
(dotted line) curves are presented. In this simulation the number of layers
used was N = 50, the interplanar distance d = 73.5 A, the half-bilayer size
Z =30 A and the Caillé parameter » = 0.12.

where o; are the Gaussian widths, a; are the Gaussian ampli-
tudes and z; are the Gaussian centers, with respect to a
common origin. For this case the construction of the profile is
slightly different. Since the symmetry is lost, the electron
density profile is given by

plz) = "’“g 4,G.(z. 2, 0). 13)

In this case, Z, which is a measure of the full bilayer thickness,
the centers of the Gaussians and the standard deviation are
defined and related as follows:

z,= (=10, o=2/[n,,(2n2)"]. (14)
This choice of the centers and standard deviation gives again a
reasonable overlap between the Gaussian functions, enabling
the construction of smooth profiles. A typical profile obtained
using equation (13) and the corresponding scattering intensity

calculated by equation (12) are shown in Fig. 2.

5. Final intensity expression

The expressions given in the previous sections permit the
calculation of the scattering intensity for the proposed elec-
tron density profiles. In the case of multilamelar planar
membranes (or large vesicles), this electron density profile will
be a repeating unit and a structure factor has to be included
for describing the ordered stacks. In the present context it is
the structure factor from the modified Caillé€ theory [equation
(3)] that is used, and the final scattering intensity of the cross-
section structure of the system is then (Pabst et al., 2000a)

Lyv(g) = [|F(Q)|2SMC1"(Q) + Ndiff|F(Q)|2]a (15)

where the second term is included for describing the diffuse
scattering that might appear from the presence of single
bilayers in the system. Instrumental smearing effects, which
are a consequence of the collimation of the camera pinholes,
wavelength bandwidth, detector resolution efc., can be taken
into account by smearing the intensity expression by the
resolution function R({g}, ¢) as described by Pedersen et al.
(1990). The final expression used to describe the data from
multilamellar planar bilayers is

Ierr(q) = ScyLyp v (())/ 4" + Back, (16)

where Sc; is an overall scale factor and Back is a background
expression. All parameters are optimized during the data
fitting. One of the main advantages of this approach is the fact
that the scattering intensity is adjusted and not the pair
distance distribution function. In this way, it is very simple to
add an additional contribution for the scattering, like particle
flexibility (which would lead to a polymer-like contribution at
high angles) or a given low scattering angle contribution, and
optimize all parameters in the same least-squares fit. Using the
above-mentioned procedure it is possible to perform a full
curve fitting, retrieving simultaneously information about the
form factor and structure factor.

J. Appl. Cryst. (2012). 45, 1278-1286
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6. Optimization method 10° 3
In the previous section, expressions for 10t ]
the theoretical intensity for planar
bilayers with and without structure 108 4
factor effects have been given; we - &
distinguish the theoretical intensity ‘% T 102 4
here as I™°%(g). As mentioned above, ; 05 ;
the next step is to optimize the model £ £ 100 4
parameters, which is done by a least- £ g
squares procedure. The coefficients ;-. 00 G 10° 4
are obtained by the minimization of ’
the weighted x? (or mean deviation): 107 5

M 2 102 4

= Y (1) — 4(q)] /2. 051
=
17 1074
where M is the number of experi- -1.0 T T T ) 10
mental points; I°®(g;) and o, are the -40 -20 0 20 40 00 01 02 03 04 05 06
experimental data and the standard A a (A
errors, respectively. Since the theore- . @ ®)
Figure 2

tical intensity is not expressed as a
linear combination of the model coef-
ficients, the minimization of equation
(17) requires the application of a
nonlinear least-squares procedure.
There several minimization
methods available in the literature, and in the present work we
applied the Marquardt-Levenberg algorithm (Pedersen, 1992,
1997; Glatter & Hainisch, 1984). The set of normal equations
that need to be solved iteratively are

are

7

YayAa,=—6, p=12,...J, (18)
v=1

where J is the number of fitting parameters and Aag, are the
changes in the parameters a, at each interaction. The iteration
procedure is continued until the changes are zero within some
specified limit. The matrix «,,, and the vector 8, are given as
follows:

o 0™ (g,) 01™(g,)
S
im1 Ay a, (19)
Z (g,
— Iexp ; _Imod ; o M 0_12
pu= 2 = )] = 4

As required for any nonlinear procedure, a set of starting
values has to be used. For the case where only the electron
density profile is modeled, an initial square function where all
parameters have the same value, chosen in such a way that the
forward scattering value is reproduced, is good enough to
ensure the convergence of the minimization procedure. For
more complicated cases where both form factor and structure
factor are optimized, some prior knowledge or manual
adjustments are required. In all cases, because of the low
information content in the scattering profiles and the fact that
they describe a very small fraction of the reciprocal space, the
solution of the inverse scattering problem (obtain real-space

(a) An electron density profile constructed using five Gaussians. The profile is symmetric (Sym, solid
curve) and becomes increasingly more asymmetric (Al efc.). This asymmetry is obtained by an
appropriate choice of Gaussian amplitudes. (b) Calculated intensity for the different profiles.
Interestingly, the breaking of the symmetry induces significant changes in the form factor profile.

information from the reciprocal-space data) usually leads to ill
posed problems, generating solutions with large oscillations
that have no physical meaning. In order to overcome this
problem, it is necessary to add model constraints, which lead
to solutions that are more physically reasonable. One proce-
dure is to add a stabilizing function (N,) to x*

Pl N

N.=> (”n+1 — an) , x>+ AN, = min, (20)

n=1
where P is the number of parameters that are to be
constrained (P < J). The modified normal equations are
(Pedersen, 1992; Pedersen & Hamley, 1994a,b)

P

> (@ + 2K, )Aa, = —(B,+2L,), n=12,...,P.
v=1
@D
The matrix of components K., is defined as
1 -1
-1 2 -1 0
-1 2 -1
K= (22)
0 -1 2 -1
-1 1
On the right hand of equation (21) L, is given by
a; —a; fori=1,
L,=12a—a,, —a_, for2<i<P-1, (23)
@ — d;_; for i = P.
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In general only a subset of the fit parameters are used to
describe the profile, and therefore just this subset have to be
constrained. Therefore P <J and the sum in equation (20) will
run only over the parameters that are to be constrained. For
example, when fitting the form factor and structure factor,
only the amplitudes related to the form factor (electron
density profile) have to be constrained, whereas the para-
meters in the structure factor or background factors should
not.

The weight of the constraint relative to x> is given by the
parameter A (also called Lagrange multiplier), which can be
determined by the point-of-inflection method, as described by
Glatter (1977). In this method, the optimum A value (i) is
obtained using graphs of the dependency of N, the first
derivative of N, the second derivative of N, and the mean
deviation as a function of A. The parameter A is generally
varied over ten or more orders of magnitude with equidistant
steps on a logarithm scale. In this so-called stability plot, the
value given by a position where N, is on a plateau, the first
derivative is at a minimum and the second derivative is posi-
tive, while the mean deviation is still low, is the optimum
Lagrange multiplier. By an appropriate scaling of all these
quantities, it is possible to build a functional that can be
minimized in order to give the most suitable Ay

Aopt = min[g, X% + 51N + &I(NY 1] (24)

where ¢, ¢; and ¢; are normalization parameters and the
prime and double prime denote the first and second deriva-
tives of N, against A. The normalization is performed in such a
way that the variables are restricted to the interval from O to 1.
This minimization can be easily performed by fitting a para-
bolic function to the functional, and the minimum of the

—x—Log(N )
—o— Mean Deviation P
--0--(N)’
AN
© Parabolic fit

1.0 4

0.8

0.6 -
w
[
=
s
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Figure 3

Automatic determination of the optimum Lagrange multiplier value. The
information about the mean deviation value, the smoothness parameter
N, and its derivatives against A are combined and adjusted by a parabolic
fitting in order to provide the optimum value.

parabola provides the optimal value A,y This procedure can
be implemented to give an automatic determination of Ay It
has previously been successfully applied for indirect Fourier
transformation of small-angle scattering from particulate
systems (Oliveira et al., 2009), providing a reliable determi-
nation of A,p. Automatic determinations of the Lagrange
multiplier in indirect Fourier transformation procedures had
already been proposed by other authors (Semenyuk &
Svergun, 1991; Hansen, 2000).

The constrained optimization method and the automated
point-of-inflection procedure for determining the optimum
Lagrange multiplier A were implemented for the Gaussian
deconvolution method, permitting the determination of the
cross-section electron density profile through the simulta-
neous fitting of form factor and structure factor in systems of
planar multilayers. An example of the automatic determina-
tion of the Lagrange multiplier is shown in Fig. 3. The
applicability of this method will be demonstrated in the
examples in the following.

7. Application
7.1. Hydration effects on lamellar multilayers

Lamellar phases were prepared by hydrating soya lecithin
(Avanti Polar), used without any further purification, using
Milli-Q water in desired proportions. The density of lecithin
was considered as 1070 kg m ™ and samples of various volume
fractions were prepared along the dilution line. The homo-
geneity of the samples was achieved by shaking and centri-
fugation processes. X-ray scattering was performed on
‘powder’ (randomly oriented lamellar) samples, placed in glass
capillaries using the laboratory SAXS equipment (Bruker
Nanostar) at the Institute of Physics of the University of Sao
Paulo. The experiments were performed at room temperature
(~295 K). X-ray experiments in wide-angle X-ray scattering
geometry have shown that for this temperature all the samples
are in the fluid lamellar phase, as confirmed by a broad band at
g =15 A (not shown here). The beam diameter is about 1 mm
at the sample position, which leads to smearing effects that
have to be taken into account in the modeling procedure
(peak broadening) (Pedersen et al., 1990). In the standard
SAXS setup (0.01 < ¢ < 0.38 A™"), up to three Bragg reflec-
tions could be observed in the experimental scattering curves,
as illustrated in Fig. 4 for varying lipid volume fractions (¢). In
the figure, it can also be observed that the intensity of the
second-order peak decreases with increasing lipid content,
and it is completely absent for the more concentrated sample:
¢ =0.87. This effect, however, cannot be ascribed to a decrease
of smectic ordering, since the distance between the
membranes is decreasing.

Using the analysis method presented above (with 7,y fixed
and chosen to be equal to 4) it was possible to obtain the form
and structure factors that give the best fit to the scattering
intensity, shown in Fig. 4 as dashed and dotted lines, respec-
tively. It was observed that the local minimum of the form
factor moved in g space with decreasing amounts of water,
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which reflects structural changes in the bilayer. Therefore it is
not possible to fit the set of experimental curves by the same
form factor. The changes become more evident for samples

I(a) (arbitrary units)

Figure 4

with high concentrations, where the minimum of the form
factor approaches the second-order peak of the structure
factor.

Ap (arbitrary units)

8

9=0.781

)5 /(> )> <> )/> )/> ),5

q (A1)
@

-40

-30 20  -10 0

10 20 30

rd)
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(a) Experimental scattering curves of the lamellar phase for varying lipid volume fraction {¢). The solid thin lines shown for ¢ = 0.582 represent the
resolution functions at the three peak positions. The dashed lines are the form factor and the dotted lines are the structure factors obtained from the
minimization procedure described in the text. The solid lines represent the final fitted scattering intensity. (5) Electron density profiles and definition of
effective membrane thickness 4. In all cases the curves were shifted for clarity.
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(a) Variation of lamellar period, d, and membrane effective thickness, &,
for varying lipid volume fractions. The dashed line indicates the
separation of the two dilution regimes (see discussion in text). ()
Behavior of the Caillé parameter. The second dashed line was added to
identify the confined regime.

In the diluted regime, for lipid volume fractions lower than
0.65, the lamellar phase has attained the hydration limit, with
an interplanar distance of approximately 62 A, and coexists
with water in excess. In this regime, the lamellar period and
membrane thickness do not change significantly (Fig. 5a)
compared to the variations taking place for lipid volume
fractions above 0.65. In this second regime the lamellar period
decreases with dehydration, and the membrane effective
thickness § increases by approximately 6 A. In the literature a
smaller variation of bilayer thickness has been reported, about
2 A (McIntosh er al., 1987). However, the determination of
this parameter was based either (i) on previous assumptions
about the conformation of carbon chains and polar groups,
which were made to obtain the electron contrast, or (ii) on
pair correlation function calculations, which, in contrast to the
present study, were not optimized during the fitting procedure
(Nagle et al., 1996; Zhang et al., 1994; McIntosh et al., 1987).

The behavior of the Caillé parameter, 1, also indicates
significant changes in membrane elasticity upon dehydration,

as shown in Fig. 5(b). Three regimes can be identified: the first
one, corresponding to the maximum hydrated lamellar phase,
has a constant and high value of the Caillé parameter; the
second regime has an exponential decrease of the Caillé
parameter with increasing lipid volume fraction; finally, a third
regime can be identified, corresponding to a strong confine-
ment of bilayers and typical separation distances (d — §)
smaller than ~8 A. For such small separation distances, the
hydration force (McIntosh et al., 1987; Parsegian et al., 1979) is
dominant and responsible for a strong repulsion between
bilayers, resulting in a constant value of the Caillé parameter
of ~107%

8. Conclusions

Although many studies of lecithin lamellar systems have been
published in the literature, the application of the Gaussian
deconvolution method to fit the experimental small-angle
X-ray scattering data of lecithin lamellar phases has revealed
new aspects of the structure and elastic properties of such
systems. The determination of the membrane thickness and
the Caillé parameter are of crucial importance for obtaining
information on the interactions between the membranes. The
results presented here showed that dehydration does not
consist only of removing water from the space between the
bilayers, but also affects the membrane structure with conse-
quences on its elastic properties. The change of behavior of
the Caillé parameter in the confined regime occurs when the
water space between bilayers is reduced to a few layers of
water molecules, which seems to play a major role for the
elastic properties of the bilayers. The exponential dependence
of the Caillé parameter on the lipid volume fraction shows
that, because of membrane fluctuations, the interactions
between the membranes in the dilution range are not domi-
nated by steric interactions and that dipolar electrostatic
interactions arising from water organization are probably also
relevant.

These new aspects of the lecithin lamellar system could only
be obtained by the full curve fitting and simultaneous opti-
mization of the form factor and structure factor that is possible
with the Gaussian deconvolution method. The obtained
electron density profile can be subject to further analysis; for
example, specific assumptions about the membrane compo-
nents (Heberle et al., 2012) would permit the determination of
the individual contributions. The new results obtained for the
simple lecithin system demonstrate the robustness and
potential of this modeling approach, which can be applied to
any mono- or multilayered systems.
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ABSTRACT: We investigate the behavior of multilamellar
phases composed of lecithin and a commercial cosurfactant
(Simusol), which is a mixture of ethoxylated fatty acids. Using
X-ray scattering and a new procedure to fit the data, relevant
parameters characterizing the lamellar structure were deter-
mined as a function of membrane composition, varying from
100% of lecithin to 100% of Simulsol. Scattering data
illustrating the swelling of the lamellae for different amounts

of cosurfactant are presented with the respective behavior of ~™
Simulsol

the Caillé parameter. With this experimental approach, we
show that the incorporation of ethoxy brushes onto the lipid
surface enhances repulsive interactions arising from membrane
fluctuations and changes the interactions at the interface
between bilayers.
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H INTRODUCTION

Lamellar systems composed of regularly stacked bilayers have
been used to investigate several biological processes,'
providing important knowledge on fundamental aspects such
as interactions between membranes,” ® and also on many
biotechnological applications.”~"? The structure is periodic only
across the direction perpendicular to the membrane surface
whereas in the other two dimensions the bilayers behave as a
fluid. The fluidity of the membranes comes either from the
orientational and translational disordering of surfactant
molecules or from the flexibility of hydrocarbon chains.'*™*®
Thermal fluctuations in membranes give rise to repulsive
interactions as a result of the mutual steric hindrance when they
are in close proximity. Such interaction plays a fundamental
role for stabilizing the lamellar structure since its range and
strength competes with van der Waals attraction for flexible
enough bilayers.'*™*

X-ray and neutron scattering techniques have proved to be
powerful tools to obtain a detailed picture of the lamellar
structure.”*~*® Thermal fluctuations deeply affect the (quasi)
long-range positional order, resulting in an enhanced diffuse
scattering. The appropriate analysis of the scattering data brings
information not only about the structure of the lamellar phase
but also on its elastic properties. In this context, a major
variable is the so-called Caillé parameter, which carries coupled
information on both the bending constant of membranes and
the compression modulus of the stack.””

In previous reports, some of us demonstrated the ability of
mixed lecithin/Simulsol phase to host DNA fragments and
form lipoplexes from neutral lipids.**™>* Our findings have
shown that steric forces in lamellar system play a major role for
complexation with DNA and hydration of the system (and

<7 ACS Publications  © 2013 American Chemical Society

consequently, its smectic periodicity) is able to drive confine-
ment of nucleotides in-between bilayers. The confinement
induces a rich polymorphism of supramolecular ordering of
DNA-double-chains embedded in lamellar stacks. In the current
work, we further investigate on steric interplay in these
lecithin/Simulsol phases by using a recently developed model
to analyze X-ray scattering data.™

We investigate the stability of lamellar structures, when the
range and strength of steric repulsive interactions are
modulated by varying the amount of (short) amphiphilic
polymers playing the role of a cosurfactant grafted at the
membrane surface. The experimental approach consists in a
systematic variation of the membrane composition, by adding
the cosurfactant to the bilayers composed, initially, of lecithin, a
common lipid. The cosurfactant, commercially known as
Simusol, is a mixture of ethoxylated fatty acids with, typically,
about 10 ethoxy groups. Because of its nonionic nature, the
overall charge of the membrane remains neutral since lecithin is
a zwitterionic molecule. The incorporation of single chain
molecules to the bilayer is expected to increase its flexibility;
however a second effect related to the hydrophilic part of the
cosurfactant molecules is found: an extra repulsion of steric
origin between membranes with an extended range depending
on both grafting density and chain length, arises because water
at room temperature is a good solvent for the ethoxylated part
of the cosurfactant. Different domains of interactions between
membranes can be experimentally accessed, by varying two
experimental parameters. The first one is the hydration of the
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lamellar phase, which affects the distance between bilayers. The
second is the membrane composition with consequences on
both the flexibility and the range and strength of the extra steric
repulsions.”®*

We determine relevant parameters of the lamellar structure
by varying the membrane composition from 100% of lecithin to
100% of Simulsol and scanning a dilution line for each
composition. In the analysis of X-ray scattering data, the
electron density profile is modeled by a set of symmetrical
Gaussian functions.” The fitting is performed directly to the
scattered intensity, using a partial constrained least-squares
routine, which allows the simultaneous determination of the
form and structure factors and several other parameters that
describe the model, such as bilayer thickness and Caillé
parameter. The systematic variation of composition combined
with the analysis method reveals a new regime of intermem-
brane interactions that is not accessible for membranes
composed of pure lecithin.

B THEORETICAL BACKGROUND

The stability of lamellar phases is usually described as the
interplay between attractive van der Waals interactions and
repulsive forces that can be of different natures.'¢™'?3¢73%
Experimentally, for highly dehydrated compositions where
bilayers are almost in contact a strong short-range repulsive
interaction has been observed, which is known as hydration
force.** A second repulsive mechanism, conceptually a subtle
consequence of the previous one, was proposed by Helfrich,'®
considering the fluid aspects of the membranes, which can
present undulations. It gives rise to a repulsive force that for
flexible enough bilayers is comparable in order of magnitude
and range to the (attractive) van der Waals forces. One of the
simplest possible approaches is to assume that the various
interaction potentials can be added. In this case, the free energy
density of a multilayered structure composed of noncharged
flexible bilayers could be tentatively written as>®*'

V= Viya T Veaw + Vina (1)

with Vyq, Viaw, and Vg referring to hydration, van der Waals,
and undulation forces, respectively.

When bilayers are brought closer together, there is a loss of
configurational entropy associated to bilayer undulations. This
is accompanied by an increase in free energy and, according to
Helfrich, this contribution is expressed as'

2 (kT
Vo, = 3L(L)

128\ ka? (2)

where k is the bending rigidity of the bilayer, a is the membrane
separation, and T is the temperature. The free energy density
can then be written as

CH[1L 2
127| a® (a + 5M)2 (a+ 25M)7’

_ 3 (kyT
F Ve 2| 2B
byd 128\ xa?

©)

with H equal to the Hamaker constant of the bilayer—solvent
system; Oy the membrane thickness, and Ay is the decaying
length of the hydration force. Other attempts to describe
theoretically the potential between membranes have been done,
introducing modifications in the above expressions. Such trials
have resulted in predictions about the stability of the lamellar

phase and the nature of the transition from bounded to
nonb?;mgeg states, depending on the strength of interac-
tions.” "~

The membrane fluidity has been recognized as an important
parameter driving long-range repulsive forces and displacing the
minimum_energy to larger values of membrane separation
distance.'”*~* This problem has been theoretically'’~***>%
and experimentally*®*****"** 3ddressed using different ap-
proaches. In literature, there are experimental works investigat-
ing on the dependence of bending rigidity upon membrane
composition and salt content in aqueous solutions.*>*’~%!
More recently, computational simulations have been conducted
to investigate the molecular origin of bending rigidity.**™*

From the experimental point of view, information about
elastic properties of lamellar phases can be obtained using X-ray
scattering techniques. Since thermal fluctuations destroy long-
range positional order, Bragg peaks become broader and the
intensity of high order peaks decays very fast. As above-
mentioned, the analysis of full-range scattered intensities
provides detailed information, not only about the global
structure but also on thermal fluctuations.”®™>® The Caillé
parameter describes the decaying of elastic correlations and is
given by:*

qoszT

"~ 82vBK (4)

where K and B are the curvature and compression modulus of
the lamellar phase, respectively, and q is the wave vector of the
first-order Bragg peak.

Global analysis of X-ray scattering data has been used for
investigating several lamellar systems dominated by undulation
forces.”*** It has been shown that the experimental values of
Caillé parameter then follow a universal expression given by

_ 4, o)
'7_3(1 D) s)

providing experimental evidence of the expression derived by
Helfrich for the undulation force. In this expression, D is the
smectic period, equal to 27/4,, related to the previously defined
geometric parameters by D = dy + a.

B MATERIALS AND METHODS

The mixture of lipids was prepared by cosolubilizing in cyclohexane
soya lecithin (Avanti Polar) and Simusol 2599 PHA (Seppic) in
suitable proportions. These products (initially chosen®™>*** despite
their complex analytical compositions because they are pharmaceutical
excipients complying with the European Pharmacopoeia) were used
without further purification and the solvent was evaporated in a
desiccator. The major constituent of soya lecithin is dilinoleoylphos-
phatidylcholine and its specific mass is 1.01 g/cm3. The major
constituent of the hydrophobic part of Simulsol is oleic acid (~72%)
with also palmitic (~11%) and stearic (3%) acid chains in noticeable
amounts. The ethoxylated chain consists of polyethylene glycol (PEG)
with 10 monomers on average but the longest chains may contain up
to 20 monomers.”® The average length estimated for the polymer
chain is 3—4 nm fully extended but longer chains up to 7 nm can also
be present. The specific mass is 1.02 g/cm’.

The membrane composition is expressed in terms of the percentage
in mass of Simulsol incorporated to lecithin membranes. The lamellar
phase was prepared by adding the lipid mixture and distilled water
(Milli-Q) in proper quantities. The samples were submitted to shake
and centrifugation processes until homogeneity was achieved. The
composition of the lamellar phase is expressed in terms of the total
lipid volume fraction (¢y;,), that is, lecithin plus Simulsol. The
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membrane composition was varied from 100% of lecithin to 100% of
Simulsol and for each composition the lipid volume fraction was
varied, scanning the dilution line.

X-ray scattering experiments were performed in samples placed in
glass capillaries using a laboratory equipment (Nanostar-Bruker) with
resolution Aq = 0.334 nm™", is related to the beam size and detector
resolution that defines the minimum distance that can be resolved in
the reciprocal space by the experimental setup. This resolution also
creates a peak broadening which was taken into account in the
modeling procedures. The experimental data were expressed as a
function of the scattering vector g, which is the reciprocal space
momentum transfer modulus. This vector is given by q = (47 sin 6)/4,
where 1 is the radiation wavelength (0.154 nm) and 20 is the
scattering angle. In the standard configuration where 0.1 nm™' < q <
3.5 nm™', up to three Bragg reflections could be observed in the
concentrated regime. Experiments at higher angles with q values in the
range 0.5—30 nm™" were also performed aiming to check the nature of
the lamellar phase. For some samples, experiments were performed at
the Soleil Synchrotron facility, SWING beamline, with beam energy of
12 keV (4 = 0.103 nm), Aq = 0.038 nm™", and accessible q vectors in
the range from 0.3 to 17.45 nm™'. The lower the value of the Aq
(higher resolution in q space), the sharper the Bragg peaks will appear
on the scattering data. All scattering experiments were performed at
room temperature (~22 °C).

As a complementary technique, polarizing microscopy observations
were carried out to verify whether the samples presented the typical
texture of lamellar phases.

B EXPERIMENTAL RESULTS

The experimental scattering data were analyzed with a recently
published modeling procedure,”® where the electron density profile is
described by a set of Gaussian functions and the fitting is performed
directly on the scattered intensity. With this modeling method, the
parameters describing the form and structure factors of the system are
optimized simultaneously. The quality of the fitting is quite good
(except for very low angle region) as it is shown in Figure 1 for
scattering data obtained from both a laboratory equipment and
synchrotron source. It is important to note that since resolution effects
are included in the fitting procedure the full q range of the
experimental data can be described for data obtained in equipments
with different resolution values. The analysis method was therefore
applied to the whole set of experimental data.

1(q) [a. u]

(a) (b)

Figure 1. Scattering experimental data (symbols) and the respective
theoretical fits (solid lines) for two membrane compositions (Simulsol
mass fraction): 30% (a) and 90% (b). In (b), the scattering curves
were obtained in a Synchrotron line.

In Figure 1, it is possible to note that as the phase is hydrated the
peaks become broader and the second order Bragg reflection
disappears. The scattering curves are indexed to a single smectic
phase except in a narrow band where we assume that two lamellar
phases coexist. The biphasic domain occurs for lipid volume fraction
around 0.7 with width Agy, & 0.05 and Simulsol content between 10
and 80% in mass. An example of coexisting phases is shown in Figure
1a for gy, = 0.75 with the respective fitting curve. The assumption of
two coexisting lamellar structures is supported by optical observations
in polarizing microscopy (data not shown). One phase is clearly
similar to the one present at similar lipid volume fractions and the
coexisting phase could be described as a phase with larger periodicities.
It might be related to a phase of pure Simulsol. Since the scattered
intensity from one of the lamellar phases is much lower than the other,
one can conclude that this phase corresponds to a small fraction of the
system as well as presenting a low number of correlated planes. In the
following, the analysis of scattering curves concerning the data
obtained for the single lamellar phase domain will be presented only.

A broad peak at q ~14 nm™", characteristic of a fluid lamellar phase,
was observed for wide-angle experiments (WAXS data not shown), in
the whole dilution range and membrane compositions explored in this
work.

The effect of the cosurfactant amount on the swelling behavior of
the phase is presented in Figure 2a, where data is obtained from the
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Figure 2. (a) Swelling behavior of the lamellar phase for different
amounts of cosurfactant incorporated to the lamellar phase. The solid
lines are fits of eq 6 to experimental data. The dashed line is a guide to
the eyes and illustrates the swelling regime and the dilution limit of the
pure lecithin lamellar phase. (b) Asymptotic lamellar period D,
obtained by extrapolating 1/¢y,—co.

structure factor parameter gy It can be noted that lamellar stacks
composed of pure lecithin attain a maximum dilution limit with
smectic periodicity equal to 6.3 nm. On the other hand, lamellae
containing cosurfactant are able to incorporate larger amounts of
water, attaining higher periodicities around 12 nm for 80% Simulsol
(Figure 2a). The evolution of the smectic step as a function of the
inverse lipid volume fraction cannot be described with the simple
dilution law, namely D = Sy/qy, which is encountered in many
lamellar systems. This simple law is derived from geometric
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membrane composition was varied from 100% of lecithin to 100% of
Simulsol and for each composition the lipid volume fraction was
varied, scanning the dilution line.

X-ray scattering experiments were performed in samples placed in
glass capillaries using a laboratory equipment (Nanostar-Bruker) with
resolution Aq = 0.334 nm™", is related to the beam size and detector
resolution that defines the minimum distance that can be resolved in
the reciprocal space by the experimental setup. This resolution also
creates a peak broadening which was taken into account in the
modeling procedures. The experimental data were expressed as a
function of the scattering vector g, which is the reciprocal space
momentum transfer modulus. This vector is given by q = (47 sin 6)/4,
where 1 is the radiation wavelength (0.154 nm) and 20 is the
scattering angle. In the standard configuration where 0.1 nm™' < q <
3.5 nm™', up to three Bragg reflections could be observed in the
concentrated regime. Experiments at higher angles with q values in the
range 0.5—30 nm™" were also performed aiming to check the nature of
the lamellar phase. For some samples, experiments were performed at
the Soleil Synchrotron facility, SWING beamline, with beam energy of
12 keV (4 = 0.103 nm), Aq = 0.038 nm™", and accessible q vectors in
the range from 0.3 to 17.45 nm™'. The lower the value of the Aq
(higher resolution in q space), the sharper the Bragg peaks will appear
on the scattering data. All scattering experiments were performed at
room temperature (~22 °C).

As a complementary technique, polarizing microscopy observations
were carried out to verify whether the samples presented the typical
texture of lamellar phases.

B EXPERIMENTAL RESULTS

The experimental scattering data were analyzed with a recently
published modeling procedure,”® where the electron density profile is
described by a set of Gaussian functions and the fitting is performed
directly on the scattered intensity. With this modeling method, the
parameters describing the form and structure factors of the system are
optimized simultaneously. The quality of the fitting is quite good
(except for very low angle region) as it is shown in Figure 1 for
scattering data obtained from both a laboratory equipment and
synchrotron source. It is important to note that since resolution effects
are included in the fitting procedure the full q range of the
experimental data can be described for data obtained in equipments
with different resolution values. The analysis method was therefore
applied to the whole set of experimental data.

1(q) [a. u]

(a) (b)

Figure 1. Scattering experimental data (symbols) and the respective
theoretical fits (solid lines) for two membrane compositions (Simulsol
mass fraction): 30% (a) and 90% (b). In (b), the scattering curves
were obtained in a Synchrotron line.

In Figure 1, it is possible to note that as the phase is hydrated the
peaks become broader and the second order Bragg reflection
disappears. The scattering curves are indexed to a single smectic
phase except in a narrow band where we assume that two lamellar
phases coexist. The biphasic domain occurs for lipid volume fraction
around 0.7 with width Agy, & 0.05 and Simulsol content between 10
and 80% in mass. An example of coexisting phases is shown in Figure
1a for gy, = 0.75 with the respective fitting curve. The assumption of
two coexisting lamellar structures is supported by optical observations
in polarizing microscopy (data not shown). One phase is clearly
similar to the one present at similar lipid volume fractions and the
coexisting phase could be described as a phase with larger periodicities.
It might be related to a phase of pure Simulsol. Since the scattered
intensity from one of the lamellar phases is much lower than the other,
one can conclude that this phase corresponds to a small fraction of the
system as well as presenting a low number of correlated planes. In the
following, the analysis of scattering curves concerning the data
obtained for the single lamellar phase domain will be presented only.

A broad peak at q ~14 nm™", characteristic of a fluid lamellar phase,
was observed for wide-angle experiments (WAXS data not shown), in
the whole dilution range and membrane compositions explored in this
work.

The effect of the cosurfactant amount on the swelling behavior of
the phase is presented in Figure 2a, where data is obtained from the
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Figure 2. (a) Swelling behavior of the lamellar phase for different
amounts of cosurfactant incorporated to the lamellar phase. The solid
lines are fits of eq 6 to experimental data. The dashed line is a guide to
the eyes and illustrates the swelling regime and the dilution limit of the
pure lecithin lamellar phase. (b) Asymptotic lamellar period D,
obtained by extrapolating 1/¢y,—co.

structure factor parameter gy It can be noted that lamellar stacks
composed of pure lecithin attain a maximum dilution limit with
smectic periodicity equal to 6.3 nm. On the other hand, lamellae
containing cosurfactant are able to incorporate larger amounts of
water, attaining higher periodicities around 12 nm for 80% Simulsol
(Figure 2a). The evolution of the smectic step as a function of the
inverse lipid volume fraction cannot be described with the simple
dilution law, namely D = Sy/qy, which is encountered in many
lamellar systems. This simple law is derived from geometric
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considerations where the area per lipid molecule at the bilayer—solvent
interface is constant, and the bilayers are rigid enough to remain flat.
The observed departure from the geometric swelling law being from
below, it cannot be ascribed here to bilayer undulations, by the way, a
rather small effect.*”*”~% It is thus the consequence of a significant
increase of the (effective) area per lipid/cosurfactant molecule as
dilution proceeds, itself presumably resulting from conformational
changes (or perhaps even transitions, when the lamellar—lamellar
phase separation is encountered at low hydration for most membrane
compositions for instance) of the Simulsol ethoxy heads, as argued
below from a different perspective. As the lamellar phase is hydrated,
the period tends to a limiting value and an attempt of describing the
behavior of D as a function of 1/¢y;, can be done with the help of the
parametric function

5,
D = D, tanh| —
Doo(plip (6)

where Dy, is the maximum lamellar period extrapolated for 1/¢y,— oo,
that is, pure water, and Jy; is a parameter that can be interpreted as the
membrane thickness in the highly dehydrated limit. As shown in
Figure 2a, this phenomenological expression provides a reasonable fit
to the swelling data, even though the parameter D, is obviously not
precisely defined when the departure from the simple swelling law is
small—80% Simulsol being the most questionable sample in this
respect.

Larger limiting lamellar periods can be obtained with the
incorporation of cosurfactant to the lecithin lamellar phase with D,
values around 15—18 nm for certain compositions (Figure 2b).
Nevertheless, the dependence of D, on the amount of Simulsol does
not follow a simple monotonic function, and 50% visually marks a kind
of boundary between two otherwise qualitatively similar domains, one
rich in lecithin and the other rich in Simulsol.

The evolution along dilution lines of the structure factor-related
Caillé parameter reveals a conspicuous behavior (Figure 3). The
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Figure 3. Caillé parameters obtained from fits to the scattering curves,
varying the amount of cosurfactant incorporated to the lipid
membranes and the hydration. The two dashed lines are only guides
to the eyes.

presence of cosurfactant in the membrane introduces significant
changes in elastic fluctuations and two distinct hydration regimes can
be observed, apparently universal and independent of the amount of
cosurfactant incorporated to the bilayer. Two roughly exponential
dependences on hydration are observed with a change taking place for
a lamellar period of approximately 6.5 nm. Taking dy = 4 nm as the
typical value that results from fits of eq 6 to our data, such a distance
corresponds to a separation between membranes equal to 2.5 nm, a
value comparable to the extended length of the polymer chains of
Simulsol molecules, consisting on average of 10 ethylene glycol
monomers.

In the more hydrated regime, the Caillé parameter attains values
close to 1, usually characterizing very flexible membranes. Considering
the lamellar period in the range of 10—12 nm, the distance between

bilayers is typically 2.5—3 times larger than the membrane thickness
and the membranes should be weakly interacting. The behavior of the
Caillé parameter shows that in fact the incorporation of single chain
molecules into the lecithin bilayers contributes for increasing
membrane flexibility, opening a new regime of interactions that was
not present in the lamellar phase composed of lecithin only.
Another remarkable effect, related to cosurfactant polymer chains at
the interfaces of bilayers, has emerged from our investigations. It is
revealed by our form factor model description of the scattering
intensity and can be noticed by comparing the electronic contrast of
the bilayers, as shown in Figure 4a, for increasing amounts of
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Figure 4. (a) Electronic contrast obtained from the fitting procedure
for a lamellar period approximately equal to 8 nm and varying amount
of Simulsol. In the figure, r = O represents the center of one bilayer,
and the definition of negative and positive contrasts is taken by using
the electron density of water as reference. Inset: Effect of the
cosurfactant on the membrane thickness, as it results from the electron
density profile. (b) Schematic representation at maximum swelling of
lipid bilayers initially composed of lecithin with incorporation of
Simulsol molecules.

cosurfactant at constant lamellar period, D & 8 nm. The contrast of the
polar region becomes less pronounced and broader as the amount of
Simulsol in the membrane increases. The membrane thickness, not to
be confused with parameter 8y in eq 6, being obtained from the
electronic profiles considering the distance between the points where
the contrast falls to the half of the maximum value,”® its values are
plotted in the inset of Figure 4a. The increase in membrane thickness
with Simulsol content also appears as a two-step effect.

We tentatively propose that a kind of transition from mushroom to
brush conformation of the ethoxy chains takes place for increasing
density of Simulsol grafted on the bilayer surface,”” as shown
schematically in Figure 4b. The experimental data indeed suggest that
such a transition occurs when the Simulsol amount in the membrane
grows from 40 to 60%; as it appears in Figure 4a, the contrast of the
polar region becomes diffuse in this range of grafting density with a
significant and rather sharp increase of about 2 nm in the effective
membrane thickness (inset in Figure 4a) mainly due to the hydrophilic
part of the chains.

Hl DISCUSSION AND CONCLUSIONS

The results presented in this paper show that the systematic
variation of the membrane composition and hydration changes
both structural and elastic properties of the lamellar phase. The
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incorporation of cosurfactant modifies the swelling properties,
as well as the dilution limit, of the lamellar phase, an effect
already reported in the literature®>** It also opens a new regime
of interactions between bilayers that was not present in the
lamellar phase composed of lecithin only and that may explain

the stability of complexes where DNA is incorporated into the
30-32,34

lamellar structure

We have explored a wide range of membrane compositions
and hydrations and we observed that the behavior of the Caillé
parameter is apparently well described by a master curve,
independent of the amount of cosurfactant, as a function of
hydration. At low water amounts, a first regime can be
identified, characterized by a strong longitudinal (i.e., along the
stacking axis) confinement with the typical separation distances
comparable to the length of the polymer chains. Although the
bilayers are expected to become more flexible with the
incorporation of ethoxylated fatty acids, the longitudinal
confinement of the hydrophilic end of the cosurfactant severely
restricts undulation fluctuations and elastic properties are
therefore still dominated by the contribution of short-range
interactions: In this limit, lateral confinement effects of the
hydrophilic part of Simulsol (mushroom-to-brush transition for
instance) appear irrelevant. In the second regime, the Caillé
parameter increases slower than in the first one and the values
may become as large as 1, indicating very flexible and rather
weakly interacting bilayers. Since hydration is now significant,
lateral confinement effects presumably come into play. It may
then seem paradoxical that they do not affect the Caille
parameter, but the universality of the Helfrich mechanism
should be remembered. Indeed, membrane flexibility does not
enter eq 5. The cancellation between an increased bending
modulus K and a decreased compression modulus B in the
product KB that enters eq 4 apparently still operates, even
though the Helfrich mechanism does obviously not dominate
interbilayer interactions for our dilute lecithin-Simulsol systems.

Lateral confinement effects are rather directly observed in
electron density profiles for Simulsol-rich bilayers and water
content large enough. We believe that they are also indirectly
suggested by the surprising shape of Figure 2b, because a
Simulsol-rich behavior can be distinguished from a lecithin-rich
one when the cosurfactant content reaches the value where
electron density profiles start to spread. The nonmonotonous
evolution of the dilution limit in each region could then be
associated to the mushroom-to-brush transition through the
delicate interplay between steric (repulsive) and van der Waals
(attractive) interactions driving the unbinding transition®*>*
but the actual relevance of this qualitative argument remains to
be firmly established. Work is currently in progress in this
respect.

In summary, the incorporation of ethoxylated cosurfacant
provides a tool for controlling the intensity of repulsive
interactions between bilayers. Whereas the hydrophobic part of
the molecules modifies the membrane flexibility, the density
and the length of polymer chains allows a fine control for
modulating the interactions between membranes and the
regime of fluctuations. We believe that such mechanism could
open an interesting experimental window to explore interfacial
phenomena in flexible membranes found in biological
structures.
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corresponding small-angle scattering intensity is presented. Starting from a set
of vertex positions, available from a large and extensible database, it is possible
to build several types of bodies using spherical subunits. A fast implementation,
based on the Debye formula using a histogram of distance, is then used to
compute the theoretical scattering intensity. Since the model is built from the
definition of a small set of parameters, it is possible to perform an optimization
of structural parameters against experimental data. Finally, affine size
polydispersities can be easily included by the rescaling of the histogram of the
positions used in the calculations. Several examples of the calculations are
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1. Introduction

Particles with nanoscale dimensions have an enormous range
of applications in almost all areas. From colloidal suspensions
to magnetic materials, nanoparticles play a very important role
since they might control the chemical and physical properties
of such systems (Jones, 2002; Uchida et al., 2007). Therefore,
there is a large group of techniques that are aimed at the
characterization of such systems, providing important and, in
several cases, complementary information. Some of the key
techniques for such studies are the scattering methods. In this
class, small-angle scattering (SAS) can give important infor-
mation about the particle dimensions, shapes, polydispersity,
orientation efc., among several other structural parameters.
Since it is a simple and non-invasive technique, it can be
applied in a broad range of applications, particularly to
investigate colloidal systems directly in solution. A reasonably
large region of the sample is illuminated by the X-ray or
neutron beam and therefore the scattering data are a result of
an ensemble average over a very large number of particles.
Because of these properties the SAS technique is a unique
way to investigate nanoscaled particles.

An interesting example of nanoparticles is the particles
obtained by programmed assembly of DNA structures. With
recent important developments in bioengineering and bioin-
formatics, it is possible to design sequences of DNA that can
assemble in programmed pre-defined shapes. There are
several examples of such constructs in the literature. The first
proposition of DNA self-assembled structures in the literature
was made by Seeman for an assembly with a cubic shape
(Chen & Seeman, 1991), and later for a truncated octahedron

! This article will form part of a virtual special issue of the journal, presenting
some highlights of the 15th International Small-Angle Scattering Conference
(SAS2012). This special issue will be available in early 2014.

presented, demonstrating the method and its applicability.

(Zhang & Seeman, 1994). However, those propositions were
only theoretical models. The approach was then successfully
implemented experimentally, providing the self-assembly of
DNA in the form of an octahedron (Shih et al., 2004; Andersen
et al., 2008; Falconi et al., 2009; He et al., 2010), a tetrahedron
(Goodman et al., 2005; He et al., 2008; Kato et al.,2009; Li et al.,
2009), trigonal bipyramids (Erben et al., 2007), a dodecahe-
dron (He er al., 2008), an icosahedron (Zhang et al., 2008;
Bhatia et al., 2009) and a truncated icosahedron (He et al.,
2008). It was also possible to build hybrid structures with
synthetic connections at the vertices (Aldaye & Sleiman, 2007;
Zimmermann et al., 2008; Yang et al., 2009), and large struc-
tures, based on the development of a DNA origami technique
(Rothemund, 2006; Dietz et al., 2009; Douglas et al., 2009;
Endo er al., 2009; Ke et al., 2009). In other applications, it was
shown that it was possible to encapsulate proteins (Erben et
al., 2006) and nanoparticles (Erben et al., 2007; Yang et al.,
2009) inside of a DNA polyhedron. There are several exam-
ples of the assembly of DNA nanostructures with high
symmetry (e.g. Seeman, 2010), and Han et al. (2011) have used
the DNA origami approach to build structures with high
curvature. In all cases, after the experimental assembly, it is
necessary to be able to confirm the formed shape and the
assembly efficiency. One common procedure to check the
assembly formation is gel chromatography (Douglas et al.,
2009), where by the indication of the molecular weight, the
assembly can be inferred. Although this procedure gives a
good indication of the correct assembly, it is not a measure of
it. Electron microscopy techniques permit a direct visualiza-
tion of such structures and can, in several cases, provide a
three-dimensional reconstruction (Kato et al., 2009). Never-
theless, such techniques can have limitations since they might
require quite invasive sample treatment for the experiments,
which can influence the results. Also the information obtained
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about the assembly efficiency on the system is limited because
such methods usually cover a very small volume of the system
(Andersen et al., 2008). Scattering methods, on the other hand,
are non-invasive methods, which can be applied directly in
solution and provide ensemble-averaged results on a very
large number of particles. The main drawback of the scattering
techniques is that they provide information in reciprocal
(Fourier) space. It has been shown that an ideal situation is the
combination of electron microscopy techniques and scattering
methods, since it might enable a better investigation of the
system (Andersen et al., 2009; Oliveira et al., 2010) with direct
visualization of the structure as well as information on the
ensemble-average structure of the particles.

Although scattering experiments are relatively simple, the
data analysis and interpretation can be quite complicated. The
scattering intensity of a sample is given as the absolute square
of the Fourier transformation of the scattering length density
contrast with additional ensemble-average and orientation-
average operations. Because of this, analytical expressions are
restricted to simple shapes and geometries (Pedersen, 1997).
More complicated shapes cannot be described analytically
and, for such cases, alternative methods are required.

In this work a useful procedure is presented, where models
with a large number of possible geometries can be easily built
and the corresponding scattering intensity calculated. Since
the number of parameters describing the models is very low,
they can be quickly optimized against experimental data. A
special scheme is presented to efficiently model the assembled
DNA structures.

2. Theoretical aspects, methods and results
2.1. Small-angle scattering (SAS) and model calculation

In a typical SAS experiment, the incoming beam passes
through the sample, probing a large number of randomly
oriented particles, which then leads to an ensemble averaging
of the total scattering intensity that also includes averaging
over the orientation of the particles. A general expression for
the measured scattering intensity is given by

1(q) = NAP*V’P(q)S,,(q). m

In this expression, ¢ is the modulus of the scattering vector
[defined as g = (47/A)sin6, where 20 is the scattering angle and
A is the wavelength of the monochromatic beam]|, N is the
average number of particles illuminated by the beam, Ap is
the scattering length density contrast between the particles
and the medium in which they are immersed, and V is the
particle volume. P(q) is the normalized particle form factor
[P(0) = 1], which is the squared Fourier transformation of the
particle scattering length density contrast, averaged over all
possible particle orientations:

2
_1A@\ || [, Ap(x) exp(iq - r)dr
P(")_<A(0)2>Q_<[ Ty Ap(r)dr @

Here q is the three-dimensional scattering vector, Ap(r) is the
particle scattering length density contrast distribution at

position r and the angle brackets () indicate an average over
the solid angle 2. This equation reflects that the form factor
P(q) is directly related to the particle shape. It is interesting to
note that, for X-rays, the scattering length density contrast is
proportional to the difference in electron density between the
particles and the medium. The term S,(q) is the (effective)
structure factor, which describes possible particle interactions.
For very dilute systems, the structure factor always approaches
a constant value of unity and, therefore, the expression for this
case reduces to

I(q) = NAP*V*P(q) = NI(q), ©)

where the last equal sign is valid for identical particles without
any internal degrees of freedom like flexibility, so that /;(q) is
the scattering intensity of a single particle. Therefore the
measured intensity, which corresponds to the sum of a large
number of scatterers, is a direct representation of the scat-
tering from a single particle and can provide information
about its structure. There are several methods in the literature
for data analysis and modelling of SAS data (Glatter, 1977,
Glatter & Kratky, 1982; Feigin & Svergun, 1987; Semenyuk &
Svergun, 1991; Pedersen, 1997). However, the application of
traditional methods for programmed self-assembly structures
has some intrinsic peculiarities. Even with the loss of infor-
mation related to the ensemble average of the randomly
oriented particles, the so called ab initio methods can provide
reasonable three-dimensional models directly from the one-
dimensional experimental data (Svergun & Stuhrmann, 1991;
Chacoén et al., 1998; Svergun, 1999; Walther et al., 2000). These
methods can also be combined with knowledge of the atomic
resolution structure of proteins, DNA and RNA in order to
obtain the overall organization of the complex that fits the
scattering data (Petoukhov & Svergun, 2005). However, the
restored models are not unique and there might be several
possible models that fit the experimental data (Svergun et al.,
1996; Volkov & Svergun, 2003; Petoukhov & Svergun, 2013).
In order to increase the reliability of such procedures, the
modelling of the scattering data has been combined with
external information, for example, the inclusion of model
constraints, symmetry conditions and contrast variation data
(mostly available for neutron scattering), and also, in very
recent applications, the inclusion of simultaneous modelling of
scattering and NMR data (Evrard et al., 2011; Wassenaar et al.,
2012). Such procedures and methods constitute a very useful
tool box for modelling structures for biological complexes in a
growing number of applications (Petoukhov & Svergun,
2013). However, there are some cases where such methods can
fit the scattering data but the resulting models are not in
agreement with the known shape. Such a limitation occurs
either from the lack of external information that can be used
or from the lack of the proper symmetry constraint available
in the programs. One example is the case of the programmed
self-assembly of DNA cages, which can adopt highly symme-
trical shapes (Douglas et al., 2009) on which it might be diffi-
cult to apply ab initio methods in the modelling of the
corresponding scattering data (Andersen et al., 2008; Oliveira
et al., 2010). On the other hand, since the expected shape for
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these cases is known, one could a priori build the scattering
length density profile p(r) and calculate the theoretical
intensity. However, this approach depends on the calculation
of a Fourier integral and the orientation averaging, which can
be solved analytically or semi-analytically only for simple
shapes, like spheres, cylinders and ellipsoids (Pedersen, 1997).
For more complex shapes, equation (2) is not directly applic-
able and alternative methods have to be used. One very
powerful method is the finite element technique, where the
model is built using small subunits like spheres or points
(Glatter, 1972). In the case of spherical subunits, the
normalized scattering intensity can be calculated using of the
Debye formula (Debye, 1915):

,
1(q) = (1/M3y) 3= MOM()A(9)A(q) sin(ary)/(ary),  (4)

where A;(q) and M(i) are, respectively, the normalized scat-
tering amplitude and the scattering mass [M(i) = V(i)Ap, the
product of the subunit volume and the scattering length
density contrast] of the ith homogeneous sphere, P is the total
number of subunits in the model, r; is the distance between
the ith and jth sphere, and

P

Mo (i) = 32 M. 5)

i,J
The computation requires prior construction of a model
composed by the known subunits. It should be noted that the
term subunits refers only to the small beads that are used to
build the model. Having the model, the calculation can be very
time consuming for models composed of a large number of
subunits since equation (4) involves a double summation and
the computation time grows with the square of the number of
subunits [O(P?)].

In order to speed up the calculation, it is possible to replace
the double sum by a single sum on the histogram of pair
distances h(r). This histogram is calculated using all the
subunits on the model and it is weighted by the local electron
density of each point (Glatter, 1972; Pantos & Bordas, 1994):

Iq) = (l/M%(n)[é 10)+24°0) 35 ) sin(qu)/wrk)},
©)

where ny;,s is the total number of channels (bins) in the
histogram, A(g) is the normalized form factor amplitude of
the subunit and A(r) is the histogram of pairs of distances. In
this calculation, the approximation is made by the discretiza-
tion of the distances over the histogram channels. This
implementation permits the fast computation of the theore-
tical scattering intensity since the sum is now made over the
histogram channels and, therefore, the computation cost is of
the order of the number of channels O(#y,,). The construction
of the histogram, however, still goes as P* but it is performed
only once for all g values.

If the number of points that composes the model is suffi-
ciently large (typically more than 5000 subunits), it is also
possible to speed up the histogram calculation. This is

performed by the division of the points into several blocks.
The definition of the block size can be coupled to the
maximum value of the scattering vector, gn... As a rule of
thumb, the subunit radius has to be smaller than 7/g., to
eliminate any influence of the subunit size on the calculation
of the scattering intensity (Glatter, 1972). This information
can also be used for an automatic determination of the block
size. For each block the histogram is calculated individually,
and at the end, all the contributions are summed. As also
shown by other authors (Hansen, 1990; Pedersen et al., 2012),
this procedure speeds up the computation of the histogram
since it now runs with ~(P*/nyoue), Where nyoae is the
number of blocks the system is split into. Finally, having the
histogram, one can easily introduce affine polydispersities by
the rescaling of the histogram itself (Pedersen et al., 2012). In
this way the ‘affine polydispersity’ indicates that all dimen-
sions of the model are scaled by the same relative value.
Another very effective procedure for fast computation of
scattering intensities is the use of spherical harmonics as
proposed by Stuhrmann and Svergun (Stuhrmann, 1970;
Svergun & Stuhrmann, 1991; Svergun, 1999), but this
approach is not used in the present work.

2.2. Short program description

The procedures presented in this work enable the model-
ling, simulation and optimization of bodies with different
geometries and shapes. A database with more than 100
different shapes (see the complete list in Table 1) containing
information of vertex position and edge connectivity for the
structures is used. There is also an implementation that allows
the automatic connectivity of any set of points in a three-
dimensional arrangement. Such large feasibility is to our
knowledge not available in any of the procedures present in
the literature (Zhou er al., 2005). With this information
different types of models can be built: solid, shell-like and
edge-like structures. The models are represented by the use of
spherical subunits, which allows the precise computation of
the theoretical intensity. The main advantage of this approach
is that the model construction only requires a very low number
of parameters for its description, even for very complicated
geometrical bodies. This enables an easy optimization of the
model against experimental data. The optimization is
performed by the use of standard least-squares methods
(Press, 1992; Pedersen, 1997). The routines were written in
Fortran90. Images of the models were built using the programs
MolMol (Koradi et al., 1996), the UCSF Chimera package
(Pettersen et al., 2004) and the PyMOL Molecular Graphics
System (Schrodinger LLC, Version 1.3, 2010; http:/www.
pymol.org).

2.3. Procedures to create models composed of subunits

In the present work, two general strategies were used to
build the models composed of subunits. In one case, the
subunits with a given radius form a compact set with well
defined positions to build up the model. This approach, which
will be called the finite element (FE) method, is used for the
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Table 1

Structures with high symmetry.

0 Tetrahedron 57 Pentagonal dipyramid (J13) 100 Metabiaugmented hexagonal prism (J56)

1 Cube 58 Elongated triangular dipyramid (J14) 101 Triaugmented hexagonal prism (J57)

2 Octahedron 59 Elongated square dipyramid (J15) 102 Augmented dodecahedron (J58)

3 Dodecahedron 60 Elongated pentagonal dipyramid (J16) 103 Parabiaugmented dodecahedron (J59)

4 Icosahedron 61 Gyroelongated square dipyramid (J17) 104 Metabiaugmented dodecahedron (J60)

5 Small stellated dodecahedron 62 Elongated triangular cupola (J18) 105 Triaugmented dodecahedron (J61)

6 Great dodecahedron 63 Elongated square cupola (J19) 106 Metabidiminished icosahedron (J62)

7 Great stellated dodecahedron 64 Elongated pentagonal cupola (J20) 107 Tridiminished icosahedron (J63)

8 Great icosahedron 65 Elongated pentagonal rotunda (J21) 108 Augmented tridiminished icosahedron (J64)

22 Triangular prism 66 Gyroelongated triangular cupola (J22) 109 Augmented truncated tetrahedron (J65)

23 Pentagonal prism 67 Gyroelongated square cupola (J23) 110 Augmented truncated cube (J66)

24 Hexagonal prism 68 Gyroelongated pentagonalcupola (J24) 111 Biaugmented truncated cube (J67)

25 Octagonal prism 69 Gyroelongated pentagonal rotunda (J25) 112 Augmented truncated dodecahedron (J68)

26 Decagonal prism 70 Gyrobifastigium (J26) 113 Parabiaugmented truncated dodecahedron (J69)

27 Square antiprism 71 Triangular orthobicupola (J27) 114 Metabiaugmented truncated dodecahedron (J70)
28 Pentagonal antiprism 72 Square orthobicupola (J28) 115 Triaugmented truncated dodecahedron (J71)

29 Hexagonal antiprism 73 Square gyrobicupola (J29) 116 Gyraterhombicosidodecahedron (J72)

30 Octagonal antiprism 74 Pentagonal orthobicupola (J30) 117 Parabigyraterhombicosidodecahedron (J73)

31 Decagonal antiprism 75 Pentagonal gyrobicupola (J31) 118 Metabigyraterhombicosidodecahedron (J74)

33 Rhombic dodecahedron 76 Pentagonal orthocupolarontunda (J32) 119 Trigyraterhombicosidodecahedron (J75)

34 Triakis octahedron 77 Pentagonal gyrocupolarotunda (J33) 120 Diminished rhombicosidodecahedron (J76)

35 Tetrakis hexahedron 78 Pentagonal orthobirotunda (J34) 121 Paragyrate diminished rhombicosidodecahedron (J77)
36 Trapezoidal icositetrahedron 79 Elongated triangular orthobicupola (J35) 122 Metagyrate diminished rhombicosidodecahedron (J78)
37 Hexakis octahedron 80 Elongated triangular gyrobicupola (J36) 123 Bigyrate diminished rhombicosidodecahedron (J79)
38 Pentagonal icositetrahedron (dextro) 81 Elongated square gyrobicupola (J37) 124 Parabidiminishedrhombicosidodecahedron (J80)

39 Rhombic triacontahedron 82 Elongated pentagonal orthobicupola (J38) 125 Metabidiminishedrhombicosidodecahedron (J81)
40 Triakis icosahedron 83 Elongated pentagonal gyrobicupola (J39) 126 Gyrate bidiminished rhombicosidodecahedron (J82)
41 Pentakis dodecahedron 84 Elongated pentagonal orthocupolarotunda (J40) 127 Tridiminished rhombicosidodecahedron (J83)

42 Trapezoidal hexecontahedron 85 Elongated pentagonal gyrocupolarotunda (J41) 128 Snub disphenoid (J84)

43 Hexakis icosahedron 86 Elongated pentagonal orthobirotunda (J42) 129 Snub square antiprism (J85)

44 Pentagonal hexecontahedron (dextro) 87 Elongated pentagonal gyrobirotunda (J43) 130 Sphenocorona (J86)

45 Square pyramid (J1) 88 Gyroelongated triangular bicupola (J44) 131 Augmented sphenocorona (J87)

46 Pentagonal pyramid (J2) 89 Gyroelongated square bicupola (J45) 132 Sphenomegacorona (J88)

47 Triangular cupola (J3) 90 Gyroelongated pentagonal bicupola (J46) 133 Hebesphenomegacorona (J89)

48 Square cupola (J4) 91 Gyroelongated pentagonal cupolarotunda (J47) 134 Disphenocingulum (J90)

49 Pentagonal cupola (J5) 92 Gyroelongated pentagonalbirotunda (J48) 135 Bilunabirotunda (J91)

50 Pentagonal rotunda (J6) 93 Augmented triangular prism (J49) 136 Triangular hebesphenorotunda (J92)

51 Elongated triangular pyramid (J7) 94 Biaugmented triangularprism (J50) 137 Tetrahemihexahedron

52 Elongated square pyramid (J8)

95

Triaugmented triangular prism (J51)

Octahemioctahedron

53 Elongated pentagonal pyramid (J9) 96 Augmented pentagonal prism (J52) 139 Small ditrigonal icosidodecahedron
54 Gyroelongated square pyramid (J10) 97 Biaugmented pentagonal prism (J53) 140 Dodecadodecahedron

55 Gyroelongated pentagonal pyramid (J11) 98 Augmented hexagonal prism (J54) 141 Echidnahedron

56 Triangular dipyramid (J12) 99 Parabiaugmented hexagonal prism (J55)

construction of models with a relatively small number of
subunits. In the other case, the model is built by the use of a
large number of points, which are randomly distributed within
the structure. This approach, which will be called the Monte
Carlo (MC) method, usually uses a larger number of subunits.
Depending on the application, one method might be more
suitable than the other, as will be demonstrated by the
examples below. In general, the MC method can be used to
build complex models, either solid or shell-like, since the large
number of subunits can be combined to describe the inter-
faces. On the other hand, the FE method uses a small number
of subunits and is suitable for cases where the subunit itself
can be seen as an important model element. For example, for
the cases of DNA-like structures or protein-like structures, the
subunits can describe the backbone of such structures. Also,
the two approaches can be combined, permitting a more
flexible procedure. One example of such an application is
shown in Fig. 1, where a cube is built. The corners constitute
the vertices and a model can be generated by placing an array
of small subunits along the edges of the cubes. The construc-
tion of other polyhedron types is very easy if information

o
© © .
°
[ ] ° e
(a)
(©)
Figure 1

Construction of the model. Starting from the set of vertex positions (a),
the skeleton of the model can be built by just connecting the vertices (b).
In order to enable an easy computation of the intensity the vertices can be
represented using spherical subunits (c¢). The vertices can be connected
using more elaborate edges like ones with DNA-like double helices (d).

J. Appl. Cryst. (2014). 47, 84-94

Cassio Alves et al. + Modelling of high-symmetry nanoscale particles 87



research papers

3V

Pref
Vi

Vs
Po
(x,y,2)

(a) (b)

Figure 2

Considerations about positions and planes. The vector n is the normal to
the plane defined by the vectors v; and v,. Also, the vector v; connects the
reference point p,.s on the plane to a given point p. (a) If v3 - n =0, py is in
the plane. If v3 - n <0, py is on the negative semi-space of the plane, and if
vs - > 0, po is on the positive semi-space of the plane. (b) p, is inside of
the tetrahedron when v; - n < 0 for all vectors n = v; X v, built with the
vectors vy, v, oriented in a counterclockwise direction on the faces.

about the positions of the vertices and faces is available. Such
information on Cartesian coordinates of the vertices as well as
the connectivity between them is indeed available in the
literature (Coxeter, 1973) and on the web (Andrew Hume’s
Polyhedron Database; http:/www.netlib.org/polyhedra/). An
automatic procedure was developed in the present work for
reading this information and building several types of models
from the vertices. It is possible to construct the skeleton of the
polyhedron, placing spheres at the edge positions (Fig. 1c). It

is also possible to place DNA-like structures at the edges and
connect the double strands at a given corner in an appropriate
way (Fig. 1d). The latter approach uses the FE method and it
has already been successfully applied for the study of trun-
cated octahedron systems (Oliveira et al., 2010).

If the information about the connectivity between the edges
is not known, a prior procedure for generating this is required.
Given a set of coordinates representing the polyhedron
vertices, is possible to use an adaptation of the Chand &
Kapur (1970) algorithm and the Jarvis (1973) algorithm for
generating the skeleton of the polyhedron. The data structure
used in this case assumes that the polyhedron is convex, ie.
each edge divides no more than two faces and each face
divides the semi-space into semi-regions, and that each semi-
region starts at the corresponding side of this face. In
summary, the program searches for the first three vertices in a
certain direction and makes a triangular face. Starting from
this first triangular face, the other triangular faces are
constructed by the proper selection of vertices, in such a way
that the new triangles have a common edge with a previous
one. The correct face is chosen in order to have the minimum
angle between the current and the new face. The process is
repeated until all the most peripheral points are considered.
By the use of the Euler relation [equation (7)], the poly-
hedrons can be built automatically using the three-dimen-
sional Gift Wrap (GW) (Preparata & Shamos, 1985)
algorithm. A relation exists between the number of vertices, v,

the number of faces, f, and the
number of edges, e,

v4f=e+2. )

Information about the position of a
given point (inside or outside the
object) can easily be obtained by
simple scalar products. For a given
face plane, the vector normal to this
face can be found with three points
at the plane face, n = v; X v,

10 (Fig. 2a), where v; and v, connect
the points pairwise. With the normal
vector n it is possible to determine at
which side of the plane a given point

shell spheric
core-shell spheric

Po(x, y, z) is located. Let v5 be a
vector starting on the plane face and
ending at the position p,. If the
scalar product between the normal
vector n and vector v3is v; - n <0, py
is placed at the internal side (nega-
tive semi-space) of the plane. If
v;-n > 0, po is placed on the

] plate R=1000L =300 ] 1
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Figure 3

Computation of test examples for simple bodies. The calculation for solid spheres, spherical shells,
spherical core-shell structures (a) and cubes, short rods and plates (b), compared with theoretical
intensities. The very good agreement between the curves demonstrates an accurate calculation of the

scattering intensity by the use of the Debye formula.

external side (positive semi-space).
Finally, if v3-n = 0, po lies on the
plane of the face. If we extrapolate
this procedure to all polyhedral
faces, it is possible to determine if p,
is inside or outside the body
(Fig. 2b).

10"

q(A")
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This definition of internal and external regions of a given
object can be applied in several model strategies. If one
considers only the edges, a skeleton-like model can easily be

constructed. By the use of the above method, solid or shell-
like models are easily built. This approach is the basis for the
construction of more sophisticated models, as shown in the
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Figure 4

Computation of affine polydispersity by rescaling
intensities are compared with the theoretical curves obtained from equation (8).

the histogram of distances. The simulated

next section.

2.4. Test examples

In order to test the whole procedure,
bodies with simple geometries were built
to enable a comparison with the known
analytic expressions (Pedersen, 1997).
These results provide the necessary
validation before the computation of the
scattering for more sophisticated
models. Fig. 3 shows the computation for
spheres, spherical shells and core-shell
models with negative/positive contrasts,
as well as for cubes, rods and plates.

Affine polydispersities can be intro-
duced in the models by the rescaling of
the histogram as described by Pedersen
et al. (2012). Briefly summarized, the bin
size of the histogram is kept fixed and
the original histogram is expanded or
shrunk according to a given distribution.
The rescaled histograms are weighted by
the distribution function and the square
of the scattering mass, and then
projected onto the bins. As mentioned
above, with this procedure all dimen-
sions of the model are scaled by the
same relative value. As a result, the final
histogram can be used in the calculation
of the intensity. The precision of such an
approach can be confirmed by the
calculation of simple geometrical bodies
for which the theoretical intensity can be
computed. A general expression for
polydisperse systems is given by

Iq) = o PXRMRP(g, R)R
VT D ®MAR) R

)

®

where Dy(R) is the number distribution,
M(R) = V(R)Ap is the scattering mass
given by the product of the particle
volume and the scattering length density
contrast, and P(g, R) is the normalized
form factor. It is possible to have
different types of distributions by a
combination of the number weight and
the volume factor. For the volume
weighted  distribution [Dy(R) =
Dn(R)M(R)], the scattering mass term is
combined with the number distribution
and for the intensity weighted distribu-
tion [Dy(R) = Dn(R)M*(R)] the square
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of the scattering mass is combined with the number distribu-
tion. These variations are very useful when comparing the
model with real experimental data.

Fig. 4 shows the intensity with the polydispersity calculated
by the use of the histogram rescaling and the theoretical
computation using the full analytical calculation [equation
(8)]. In all cases, the polydispersity was assumed to have
Gaussian form. One can clearly see that the affine poly-
dispersity calculations applied on the histogram are in very
good agreement with the theoretical curves. Altogether, these
simulated tests give the necessary support for the application
of the method to the computation of intensities of any
proposed shape.

2.5. SAXS simulation of polyhedron shapes

The applicability of the method is demonstrated on the
computation of scattering intensities from geometrical bodies.
Starting from a set of vertices, solid, shell-like and skeleton-
like bodies were built and the intensities were calculated using
the above-mentioned methods.

Several examples are shown in Fig. 5. Using the same
geometries (cube, octahedron, icosahedron, triangular prism
and hexagonal prism), a set of constructions is shown with the
respective histograms and theoretical scattering intensity. It is
interesting to note that the obtained histograms and intensities
are remarkably different between those bodies, indicating that
the small-angle scattering technique is capable of distin-
guishing between them. There are also large differences
between solid and shell-like structures.

As mentioned above, by the use of specially designed oligo
sequences, it is possible to assemble DNA structures into
specific predefined shapes. In the majority of the examples
available in the literature, the structure resembles the
skeleton-like structure that is shown in Fig. 5(a). However, the
edges in this case are built by DNA strands and therefore the
use of a simple array of spheres to represent the DNA helix
can be a too crude approximation, as already demonstrated in
the literature (Oliveira et al., 2010), and which is also clearly
evident from the above simulations. For modelling such
structures the edges can be built using DNA-like double
helices as building blocks. Those parts can be obtained from
known atomic resolution structures available for DNA mol-
ecules and, in order to speed up the calculations, one can use
coarse grain models by only considering the positions of the
C* atoms (or any other that is selected by the user) and
placing spherical subunits at these positions. In this way, the
edges can be built by the double helix and the termini
connected by single strands. Starting from the information on
the vertices and connections (Polyhedron Database; Preparata
& Shamos, 1985) an automatic procedure has been imple-
mented, which builds the whole structure with DNA double
helices and the connections with single linkers (Fig. 5b).

The affine polydispersities can also be included for the
DNA-like structures by the use of the rescaling of the histo-
gram. An example of such an application is shown in Fig. 6
where a polydispersity of 20% in number is included. As a

result, intensity with less pronounced oscillations averaged
over the distribution of sizes is obtained. This approach is not
entirely correct for DNA-like structures since the number of
nucleotides is fixed. As mentioned above, the affine poly-
dispersity assumes that the model keeps its original shape but
varies its size, according to some distribution function. For
DNA-like structures it is known that, owing to some degree of
flexibility in its structure, the particle shape can fluctuate and a
more correct approach would be to create an ensemble of
shapes and take averages over it. Since the correct creation of
such an ensemble may demand molecular dynamics simula-
tions, this procedure can be a very complicated and cumber-
some task (Falconi er al., 2009; Oteri et al., 2011). Nevertheless,
because of the low resolution of the SAS data, affine poly-
dispersity might provide similar results to the ensemble
average over different shapes, principally for not too large
variations in shape.

There are several routes to design nanomaterials to work as
nanocapsules or nanocages. Beyond the design of nanocages
using DNA and blending of DNA with organic and inorganic
molecules (Sleiman et al., 2011), other materials can be used
such as metal-organic polyhedrons (Seidel & Stang, 2002;
Hamilton & MacGillivray, 2004; Perry et al, 2009), viral
capsids and other protein cages (Uchida et al., 2007) which
have also presented the possibility of use as nanocontainers or
nanocapsules. In this approach, it was demonstrated that it is
possible to transport different kinds of molecules inside or
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Figure 6
The influence of affine polydispersity for DNA cages. (a) Histogram of
pair of distances. (b) Calculated scattering intensity. The polydispersity
smears out the oscillations in the scattering intensity.
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attached to the nanocapsules (Uchida et al., 2007; Bhatia et al.,
2009; Walsh er al., 2011). Inspired by these experiments, an
example of the combination of shapes is presented in Fig. 7,
where an icosahedral shell-like structure with a DNA cage in
its interior is simulated. In this simulation the initial model of
the DNA cage, built by the use of the FE approach, provided
the arrangement of spheres in a well defined way. This
arrangement is later replaced by random points in an MC box
in such a way that the DNA cage has the same density of
points as the icosahedral shell. This step is necessary to ensure
the correct relative electron density values. The procedure
enables an easy construction and calculation of the scattering
intensity for the composed model.

As a final example, the construction of a model for a given
set of points is shown in Fig. 8. In this case a set of points is
selected and the GW algorithm creates the connectivity of
such points by the definition of triangular faces. The points
may correspond to regular polyhedra or to any random
arrangement of points (Chand & Kapur, 1970; Jarvis, 1973;
Preparata & Shamos, 1985). Having this information about
faces and edges, all of the modelling approaches mentioned
before can be applied. In the example shown in Fig. 8, two
random sets of vertices are created, one with five vertices and
other with nine vertices. The GW algorithm defines the outer
faces of the polyhedra as triangles and, as an example of
application, builds them with DNA double helices (Fig. 8b).
The corresponding histogram and scattering intensity are
shown for the case of thin edges and DNA-like edges (Figs. 8a
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Composition of a shell-like structure with a DNA cage in its interior. (a)
Models assumed. (b) Histograms of pairs of distances for each model. (¢)
Calculated scattering intensities. The assumed sizes and relative electron
densities for each object are given on the figure. The procedure enables
an easy construction and calculation of the scattering intensity for the
composed model.

and 8c). This procedure can be used as a general framework
for modelling scattering data. The selection of random points
can be combined with an heuristic procedure in order to
enable the optimization of the shape against experimental
data. This procedure has not yet been implemented but it
might be a potential ab initio modelling method for SAS data.

3. Conclusions

A useful method for the fast construction of high-symmetry
objects and the computation of scattering intensity is
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Figure 8

Example of the model construction based on a set of random points. (a)
Histograms of pairs of distances for each model. (b) The obtained model
for five and nine random points composed of linear arrays of spheres and
DNA-like strands, respectively. The superposition of such models is just
for comparison. The points were randomly generated on a surface of a
sphere and the GW algorithm was used to build the object, as described in
§2.3. (c) Calculated scattering intensities.
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presented. Starting from a set of vertex positions, different
types of models, such as solids, shell-like, edge-like and DNA-
like models, can be built. Also, as presented in the results, the
methods can be combined, permitting a versatile toolbox for
the calculation of the small-angle scattering from complicated
models.

By the use of a large and expandable database of shapes, it
is possible to have access to a large number of shapes of
regular polyhedra. Also, by the use of the GW method, it is
possible to build polyhedrons from any collection of points
defining a convex solid.

A specific procedure was developed permitting the
construction of DNA-like structures for any geometry. This
procedure fills an existing gap in the literature where several
DNA cage-like structures have already been assembled but
the major experimental technique used to investigate the
structure has been that of microscopy. As demonstrated in
several works (Andersen er al, 2008, 2009; Oliveira et al.,
2010), the use of scattering methods permits a direct access to
the ensemble-average structure and, therefore, also gives
information on the assembly efficiency.

The possibility of combining several types of models,
including also models with different electron densities for each
component with a low number of parameters describing the
system, provides a powerful tool for modelling and analysing
scattering data.

The procedure is implemented in a program called
POLYGEN, which is available upon request to the corre-
sponding author.

CLPO was supported by FAPESP, CNPq and INCT(Fcx).
CA was supported by CAPES, CNPq and INCT(Fcx).
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Effect of Oxidation on the Structure of Human Low- and High-Density
Lipoproteins

Cristiano L. P. Oliveira,* Priscila R. Santos, Andrea M. Monteiro, and Antonio M. Figueiredo Neto
Instituto de Fisica, Universidade de Sao Paulo, Sdo Paulo, Brazil

ABSTRACT This work presents a controlled study of low-density lipoprotein (LDL) and high-density lipoprotein (HDL) struc-
tural changes due to in vitro oxidation with copper ions. The changes were studied by small-angle x-ray scattering (SAXS)
and dynamic light scattering (DLS) techniques in the case of LDL and by SAXS, DLS, and Z-scan (ZS) techniques in the
case of HDL. SAXS data were analyzed with a to our knowledge new deconvolution method. This method provides the electron
density profile of the samples directly from the intensity scattering of the monomers. Results show that LDL particles oxidized for
18 h show significant structural changes when compared to nonoxidized particles. Changes were observed in the electrical
density profile, in size polydispersity, and in the degree of flexibility of the APO-B protein on the particle. HDL optical results ob-
tained with the ZS technique showed a decrease of the amplitude of the nonlinear optical signal as a function of oxidation time. In
contrast to LDL results reported in the literature, the HDL ZS signal does not lead to a complete loss of nonlinear optical signal
after 18 h of copper oxidation. Also, the SAXS results did not indicate significant structural changes due to oxidation of HDL
particles, and DLS results showed that a small number of oligomers formed in the sample oxidized for 18 h. All experimental
results for the HDL samples indicate that this lipoprotein is more resistant to the oxidation process than are LDL particles.

INTRODUCTION

Cholesterol is a hydrophobic molecule that is essential for
the structure of the cell membrane and is a precursor of
bile acids, vitamin D, and other steroids. Plasma lipo-
proteins are responsible for the transport of cholesterol
between cells. These quasispherical particles of different
size and composition are composed of a lipid core of triglyc-
erides and cholesterol esters surrounded by a monolayer of
phospholipids, free cholesterol, and apolipoproteins (Apo).
Apolipoproteins are essential for the structural integrity of
the particle in addition to controlling lipoprotein meta-
bolism through binding to specific cell-membrane receptors
(1,2). The low-density lipoprotein (LDL), responsible for
the delivery of cholesterol to peripheral tissues, has only
one apolipoprotein (ApoB, predominantly B-100) (3),
whereas high-density lipoproteins (HDLs), which mediate
the inverse process of cholesterol transport (4), contain
several apolipoproteins (e.g., ApoA, C, and E) (5,6).

It is well established that lipoproteins play a key role in
atherosclerosis. This illness is the leading cause of death
in the western world. It is characterized as a dynamic and
progressive inflammatory disease that promotes lipid depo-
sition in the arteries that may result in the formation of
atherosclerotic plaques in the intima of the vessel. Elevated
(reduced) plasma levels of LDL (HDL) are associated with
an increase of coronary artery disease (CAD) (7,8).

LDL particles can undergo a modification process due to
the action of reactive oxygen species (ROS) and reactive
nitrogen species (RNS). The oxidation of LDL is a complex
process that begins with the peroxidation of some polyunsa-
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tured fatty acids (PUFAs), mainly phospholipids and choles-
teryl esters. Moreover, the oxidation products cause changes
in the ApoB conformation and affect the functional pro-
perties of LDL (9). Structural and/or chemical changes
generate different types of modified LDL particles
(mLDL), of which one of the most common is oxidized
LDL (oxLDL). OxLDL is removed by intima macrophages
via scavenger receptors that are not downregulated, causing
an excessive intracellular accumulation of LDL and foam-
cell formation (10). This process characterizes the first
phase of atheroma plaque formation. Studies show that in
contrast, HDL may play an antiatherogenic and antithrom-
botic role (11) by protecting LDL against lipid peroxidation
and reducing the deleterious effect of the oxLDL (12-14).
There are few methods to quantify the oxLDL in the
plasma. Gomez et al. (15) developed a new method to
determine the concentration of oxLDL by measuring the
nonlinear optical response of LDL solutions. The Z-Scan
(ZS) technique was used to investigate the nonlinear optical
properties of native LDL and oxLDL. The higher the degree
of oxidation of LDL particles, the smaller was the nonlinear
optical signal. Applying the ZS technique, Monteiro et al.
(16) showed that periodontitis patients have higher concen-
trations of modified LDL compared to individuals without
periodontal disease. Moreover, periodontal treatment
reduced the concentration of oxLDL in the plasma (17).
The use of small angle x-ray scattering (SAXS) to study
the structure of HDL and LDL particles dates back to the
1970s. Laggner and co-workers suggested that HDL parti-
cles were spherical objects with an average diameter of
9.6 nm (18). That work and others of the same period pre-
sented the first electron density profiles of HDL and LDL
particles obtained by SAXS measurements made using
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simplified procedures, which were only capable of
providing an overview of the internal structure of these
lipoprotein particles. Scattering results also suggested that
the LDL particles are spherical in shape, with an average
diameter of 24 nm and a possible lamellar organization of
the lipid core (19,20). Since these seminal works, methods
for analyzing results obtained using the SAXS technique
have evolved significantly. The deconvolution square-root
procedure proposed by Glatter (21,22) has been applied in
several studies of lipoproteins (23). Such studies represented
important advances in understanding the structure of lipo-
proteins. For example, SAXS results for measurements of
in vitro oxLDL particles showed no major structural
changes in samples oxidized with copper for <25 h (23).
Over the past 40 years, knowledge about lipoprotein struc-
ture has expanded considerably, but several questions about
cholesterol packing in the inner region of LDL particles and
the conformational orientation of apolipoproteins remain
(24-26). Recent studies with cryomicroscopy point to a
lamellar organization of cholesterol in the inner region of
LDL particles and to the influence of triglycerides on the
temperature at which the transition from this lamellar phase
to a disorganized one occurs (27).

In this work, we investigate the structure of LDL and
HDL particles using the SAXS technique and present to
our knowledge a new approach for analysis of these data.
This approach was originally developed by Oliveira and
co-workers to model experimental curves of scattering
intensity and obtain electron density profiles of lamellar
systems (28). The model was adapted to systems with spher-
ical symmetry so that it could be used for LDL and HDL
SAXS data. The obtained fits of the experimental scattering
curves are significantly better than those reported in the
literature (19,20,23), producing more accurate and reliable
curves for the electron density profile. The discussion of
the results and analysis of the structural properties of the
particles is complemented by dynamic light scattering
(DLS) measurements and the nonlinear optical response of
the particles. As this response has already been discussed
in the literature for LDL particles, ZS experiments were per-
formed with HDL solutions to get a complete set of data for
both lipoproteins.

MATERIALS AND METHODS
Isolation and oxidation of LDL and HDL

Blood was drawn from healthy normolipidemic donors, and the plasma was
obtained after centrifugation at 1000 x g at 4°C for 15 min. Benzamidine
(2 mM), chloramphenicol (0.25%), phenylmethylsulfonyl fluoride
(0.5 mM), gentamicin (0.5%), and aprotinin (0.1 U/mL) were added to
the plasma. LDL (1.006 < d < 1.063 mg/dL) and HDL (1.063 < d <
1.21 mg/dL) were isolated by density difference in a sequential ultracentri-
fugation (29) process at 10° x g at 4°C, using the rotor of an ultracentrifuge
(Hitachi Ultracentrifuge, Tokyo, Japan). The obtained samples with LDL
and HDL were dialyzed for 24 h at 4°C against phosphate-buffered saline
(PBS), pH 7.4. The LDL and HDL were put through a filter with micro-
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meter-sized pores (Millipore, Schwalbach, Germany), and the protein con-
centration was determined using a bicinchoninic acid protein assay kit
(Pierce, Stowe, VT), with bovine serum albumin as standard.

In vitro oxLDL and oxHDL were obtained by incubation of native LDL
(naLDL) and HDL (naHDL), respectively, with 20 uM CuSO4/mg protein
at 37°C (30). The samples were oxidized for 5, 30, and 60 min, 6 h, and 18 h
(Table 1). At each predefined time, the oxidation reaction was inhibited
with the addition of 1 mM of EDTA to the sample solution. After this pro-
cedure, HDL and LDL samples are ready to be used.

Z-scan

The ZS setup was composed of a continuous-wave Nd:YVO, (A = 532 nm)
Verdi V10 laser from Coherent (Santa Clara, CA), with a Gaussian profile
beam. In this setup, the laser beam was chopped at 17 Hz and focused by a
25.4 mm lens with focal distance f = 150 mm, which gave a Rayleigh
length of zo = 3.84 = 0.20 mm (31). In these conditions, the beam (consec-
utively) illuminates the sample during the time interval Az = 30 ms. A sil-
icon photodetector (PDA36A, THORLABS, Newton, NJ), positioned at the
far field, collected the transmitted light. All HDL samples were investigated
using glass sample holders 200 um thick and 180 mW of incident power of
the laser on the samples. In the ZS experiment, the sample is moved along
the z axis, around the laser-beam focus position. The detector collects the
transmitted light as a function of the z-position and time /(z,7). At a given
z-position the transmittance is recorded during the time 0 < # < At. The
z-dependence of the normalized transmittance, I'n(z), is written as (31):

I(z,t = 0) —I(z,t = A¢)

() = I(z,t = Ar)
2(z/z) 2 1
—0 0 .
1+ (z/2) N 1+ (z/2) W

where 6 is a dimensionless parameter that measures the strength of the
thermal lens formed in the sample. The typical ZS-position-dependent curve
has a peak and a valley. The peak to valley amplitude is proportional to the
parameter 6. Thus, the bigger @ is, the larger is the peak-to-valley amplitude
and, consequently, the thermal lens strength. Each measurement was repeated
10 times in 80 different z-positions around the beam waist. The data were
analyzed using the Thermal Lens model (31). More details about the setup,
data acquisition, and data treatment can be found in a previous work (32).

SAXS

LDL SAXS measurements were performed at the Brazilian Synchrotron
Light Laboratory (LNLS) at the SAXS1 beamline (33). The sample holder,
a cell with dimensions 1 x 4 x 8 mm® and mica windows, was connected to
a thermal bath, enabling LDL sample measurements with the temperature
controlled at 22°C. The wavelength of the incoming monochromatic

TABLE 1 Descriptions of all lipoprotein samples
Sample Description
nalLDL Native LDL

oxLDL-05min
0xLDL-30min
0xLDL-60min

LDL oxidized with Cu for 5 min
LDL oxidized with Cu for 30 min
LDL oxidized with Cu for 60 min

oxLDL-6h LDL oxidized with Cu for 6 h
oxLDL-18h LDL oxidized with Cu for 18 hours
naHDL Native HDL

oxHDL-30min
oxHDL-60min
oxHDL-18h

HDL oxidized with Cu for 30 min
HDL oxidized with Cu for 60 min
HDL oxidized with Cu for 18 h
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x-ray beam was A = 1.48 A, and the distance between the sample and the
detector was set to 3200 mm, providing a g (scattering vector modulus)
interval from 0.006 to 0.25 A™!, where g = 4m(sin£)/A and 2£ is the scat-
tering angle. The 2D scattering data were collected on a Pilatus 300k detec-
tor (Dectris, Baden, Switzerland), and integration of the SAXS patterns and
data treatment were performed using FIT2D software (34). Error estimation
and normalization to absolute scale were performed with the SUPERSAXS
package (C. L. P. Oliveira and J. S. Pedersen, unpublished). A beam size of
300 x 100 um was used. This beam size is further convoluted with a detec-
tor resolution of 172 um. The experimental setup provided a spacing in
g values of Ag = 0.00042A".

HDL SAXS measurements were performed on the laboratory SAXS
instrument Nanostar (Bruker, Billerica, MA) at the Institute of Physics,
University of Sdo Paulo. This equipment is improved by the use of micro-
focus source Genix3D coupled with Fox3D multilayer optics and two sets
of scatterless slits for beam definition, all provided by Xenocs (Sassenage,
France). The samples were kept on a quartz capillary glued to a stainless-
steel case, which facilitated proper rinse and reuse of the sample holder,
permitting an accurate background subtraction. The scattering of water
measured on the same sample holders was used to normalize the data to
absolute scale. The sample temperature was controlled by a circulating
bath and was kept constant at 25°C. Several 900 s frames were recorded
for each sample to monitor radiation damage and beam stability. The wave-
length of the incoming monochromatic x-ray beam was A = 1.54 A (Cuy,)
and the sample-to-detector distance was 0.67 m, providing a ¢ interval from
0.009 to 0.35 A~". The 2D scattering data were collected on a Vantec2000
detector (Bruker), and integration of the SAXS patterns was performed
using Bruker SAXS software. The data treatment, normalization to absolute
scale, and averaging procedures were performed using the SUPERSAXS
package (C. L. P. Oliveira and J. S. Pedersen, unpublished). A beam size
of 1 mm in diameter was used. This beam size is further convoluted with
a detector resolution of 160 um. The experimental setup provided a g-value
spacing of Ag = 0.00142A".

The treated and normalized SAXS data for the sample series of LDL and
HDL is shown in Fig. S1 in the Supporting Material.

SAXS data analysis and modeling

The analysis of the SAXS data was performed in several steps. First, the
data were analyzed by the indirect Fourier transformation (IFT) method
(35) in a slightly different implementation (36,37). The IFT fits for several
data sets and the corresponding p(r) functions are shown in Fig. S2, a and b.
From these analyses, initial information about size, shape, and possible
aggregation were obtained. For the LDL samples, it was observed that
the presence of oligomers or larger aggregates depends on the level of
oxidation. Interestingly, for the HDL samples, no aggregation was detected.
To be able to analyze the contribution only from the LDL particles, not from
the aggregates, it is necessary to decouple the form and structure factors of
the scattering data. We were able to do so using the generalized IFT method
(GIFT) (36). In this case, a theoretical function is used for the structure-
factor contribution and it is possible, by simultaneous optimization of the
p(r) function (form-factor) and structure-factor parameters, to obtain
the theoretical form factor without the structure-factor contribution. For
the case of HDL, this decoupling procedure was not necessary.

Having the form factors for each case, a new analysis method was used.
This procedure is based on the square-root deconvolution method originally
proposed by Glatter (21,22), but with a different implementation, similar to
that proposed by Oliveira (28). In the original method proposed by Glatter,
modeling was performed by fitting the p(r) curve. This approach limits the
generality of the model, since only spherical (cylindrical and lamellar)
systems could be studied, without the inclusion of any kind of anisotropy.
In the proposed new method, since the scattering data are adjusted, it is
possible to introduce several types of anisotropy, e.g., as polydispersity,
as well as to perform a simultaneous fitting of additional backgrounds to
the scattering data and several other types of contribution (28).
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The description of the normalized intensity form factor (P(¢)) and ampli-
tude form factor (A(g)) is performed using an analytical or semianalytical
expression that can be written as

/0°° D(r)m(r)zPMo,,(q, r)dr

[ pemyar

P Mop(q) = )

/OWD (F)ym(r)* Ayion (g, r)dr
[ pwmera

AMOD (q) = ) (3)

where a number distribution polydispersity in size was assumed. Several
types of distribution, for example, Shulz-Zimm distributions, can be
assumed. The function m(r) depends on the assumed geometry. For sphe-
roidal particles, m(r) = V, where V is the particle volume. Different geom-
etries may have different weighting functions. The intensity and amplitude
form factors, Pp,,(g) and Ay,,(g) for ellipsoidal particles are given by

/2 2
1
PMon(q) = /(FM[CI"‘(K&a)}exp{*zqzdim}) sin a da
0

)
/2
1
Auon(q) = / Fulg,r(R, & o)lexp [ - quaim] sin a da,
0
©)

where r(R, ¢, @) = R(sinza + ¢ coszaz)”2 is the radial element for the

integration, R is the transversal radius, and ¢R is the vertical radius of the
ellipsoid of revolution. The Gaussian term on the formula provides a smear-
ing of the interface.

The function F(g,R) describes an ellipsoidal particle with several shells
of different electron density (Fig. 1) and is given by

R

max

FIGURE 1| Schematic drawing of the model used to obtain the electron
density profile of lipoproteins. R,y is the maximum radius of the particle
and ¢ is its anisotropy. Thus, if & = 1, the particle is spherical, if ¢ < 1, it is
an oblate spheroid, and if ¢ > 1, the particle has the shape of a prolate
spheroid.
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Fu(g) = M, pim(R,)Fs(q,R,)+
y ©)
Z(P{ = piz1)m(R;)Fs(q, R;)
i=2

My = pim(R) + > m(R;)(p; = picy); )

i=2

where p; is the electron density for the ith layer, N is the number of shells/
layers describing the model, and Fg(g.R) is the amplitude form factor for a
sphere of radius R:

3[sin(¢R) — gR cos(gR))
(4R)’ '

Fs(q,R) = ®)

The final expression used for fitting the theoretical data is

1(q) = Sc,Puon(q) + Sc,Pper(q) + Back. )

In this expression, the form factor Pyop(g) is defined in Eq. 1, S¢; and Sc»
are scale factors, Back is a constant background, and Pp,;(q) is the intensity
factor for the scattering from a Gaussian chain, given by

Pper(q) = 2[exp(—u) +u — 1]/1,42, (10)

where u = Rg%q?, where Rg is the average radius of gyration of the Gaussian
chain. This expression was used to describe two general features of the lipo-
protein systems that may directly affect the scattering data. The first is the
presence of proteins on the surface of the lipoprotein (ApoB for LDL and
several proteins for HDL), which introduce a break in symmetry in the sys-
tem that naturally makes the form-factor minima shallower. Also, those pro-
teins can have floppy or flexible regions that can also be described by Eq. 10.

In the results shown in this work, a total of N = 10 shells was considered
in Eq. 6. The modeling parameters are the electron densities, p;, of each
shell; the maximum radius of the particle; the polydispersity in radius,
assuming a Shulz-Zimm distribution; the particle anisotropy, & (>1 for pro-
late and <1 for oblate); two scale factors, S¢; and Sc», the radius of gyration
of the Gaussian chain, and a constant background. All these parameters
were optimized in the same fitting procedure. We used a nonlinear partially
constrained least-squares fitting (28,38) in which the p; values are stabilized
by the use of a Lagrange multiplier that is varied during the fitting proce-
dure. The best value of this Lagrange multiplier is automatically determined
by the modeling procedure.

Dynamic light scattering (DLS)

The DLS technique was used to evaluate the particle-size distribution on the
samples. LDL measurements were performed using a Zetasizer Nano ZS
(Malvern, Worcestershire, United Kingdom) at the Institute of Chemistry,
University of Sdo Paulo. The experimental setup was composed of a
633 nm wavelength laser beam and a photon detector positioned at 7°
(with respect to the detector). HDL measurements were performed using
a 90Plus Particle Size Analyzer (Brookhaven, Holtsville, NY) located at
the Institute of Physics, University of Sdo Paulo. The setup was composed
of a laser beam with wavelength 657 nm and a detector positioned at 90°.
Temporal autocorrelation curves were obtained using standard routines of
the acquisition programs. Through standard DLS models and the Contin
method (39), we calculated the average diameter of monomers and clusters
comprising the samples. The DLS experiment was performed in homodyne
mode on both instruments.
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RESULTS
SAXS results
Low-density lipoproteins

The analysis of LDL samples started with the use of the IFT
method. The obtained pair distance distribution functions,
(p(r)), for all samples showed a well-defined monomeric
region and a second region that could be related to the pres-
ence of small oligomers in the samples (data shown only in
Fig. S2, a and b). Decoupling of the monomer contribution
(form factor) and the small-oligomer contribution (structure
factor) was performed using the GIFT method (36). One
example of fitting and its contributions is shown in Fig. 2.
In this case, we used a structure factor of a fractal system
(40). One can clearly see that this model is able to describe
the full SAXS curve. It is easy to see that the form factor
detaches from the experimental data for small g values, sug-
gesting that this region of the scattering data is dominated
by larger objects, the LDL oligomers, which are then
described by the structure factor. The presence of such olig-
omers is supported both by IFT analysis of LDLs (Fig. S2 b)
and by previous TEM studies (41). In all LDL samples, the
clusters were best fitted as fractals, with fractal dimension
compatible with 3.0, indicating that they were volume
(3D) fractals. Since just a few points are related to the struc-
ture factor on the SAXS profile, the average size/correlation
of such fractals (the so-called cutoff length on the model
used (40)) was not well defined and varied between ~2000
and ~4000 A. In any case, the modeling of such oligomers
is an approximation and has to be viewed as a procedure
to decouple the best form factor for this system.

The maximum appearing at g = 0.17 A~'in the experi-
mental scattering data (Fig. 3 a), is related to the repetition
distance of ~37 A associated with a lamellar packing of
the lipid content in the LDL core (27). The lamellae are
composed of two bound molecules of cholesterol esters.

P(a)
——$(q)
— WGIFT

--+--- Chain Back

I(q) [arb. u.]

--=-=- Fit without Chain Back
—— Deconvolution

10° . :
10 10"

qlA’]
FIGURE 2 Example of data fitted with the GIFT and deconvolution

methods, showing the contribution of each component in the fit. For details,
see text.
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FIGURE 3 GIFT applied to LDL SAXS data. (a) Fitting (solid curve) of
scattering data of LDL samples by the GIFT method. Also shown are the
form factors (dashed curves) obtained from the decoupling procedure. (b)
Pair distance distribution functions, p(r), obtained with the GIFT method
for LDL samples.

This maximum appears in the scattering data of all samples,
but oxLDL-18 h has a broader maximum. These results
show that the internal lamellar packing is preserved, at least
partially, during the oxidation process.

The p(r) curves obtained for the LDL particles show very
similar features in the region between 0 and 300 A for native
LDL (naLDL) and oxLDL samples (Fig. 3 b). The
maximum at ~200 A is shifted to higher values in
the oxLDL-18h sample, which might indicate changes in
the electron density profile of LDL in this sample. The
p(r) curves obtained for the other oxLDL samples did not
show clear differences when compared to the p(r) from
the nalLDL sample.

Using the GIFT method, it is possible to obtain a good
extrapolation for the form factor at angles lower than that
given in the original experimental data. This is very impor-
tant when using the deconvolution procedure to improve
modeling stability. By using this to our knowledge new
modeling method, it is possible to obtain a very good fit of
the experimental data and calculate the electron density pro-
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file of the lipoproteins. To fit the form factor, we used a fixed
anisotropy of 0.9, because LDL particles are known to be
slightly oblate (42). The fixation of this parameter was neces-
sary to improve the modeling stability, since anisotropy and
size polydispersity can be correlated. The fitting parameters
were the average radius, the size polydispersity, the constant
background, and the scale factors. The radius of gyration of
the Gaussian chain was determined for native LDL (nalLDL)
as 54 + 5 A, and this value was kept fixed for the other
oxLDL samples. The fitting results can be seen in Fig. 4 a
and the electron density profiles are shown in Fig. 4 b.

It is possible to observe several oscillations in the
LDL electron density profile, which can be understood as
variations on the electron density profile of the LDL
particle. Interestingly, the positive-negative variation
observed between ~100 and 140 A, corresponds approxi-
mately to the length of phosphatidylcholine, the primary
phospholipid in the LDL outer layer. This outer particle
surface also has the presence of ApoB, which may slightly
alter the height of these oscillations and probably is
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FIGURE 4 Deconvolution procedure applied to modeling of LDL SAXS
data. (a) Form factor fitted with the deconvolution modeling procedure.
Experimental data (open squares) and model fit (solid lines) are shown.
(b) Electron density profiles of LDL samples obtained with the deconvolu-
tion modeling procedure.
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responsible for the negative density that occurs for radius
values >140 A. For radius values <100 A, it is possible
to observe other systematic variations in the electron density
profile that are related to the well-defined region (oriented)
in the center of the particle. This large variation in electron
density profile may be due to the existing lamellar organiza-
tion within LDL particles, which is associated with the
maximum correlation curves scattering at g = 0.17 AL 1t
is noteworthy that the sample oxLDL-18h has a significantly
different electron density profile when compared with less
oxidized and native LDL profiles. This difference indicates
changes in both the core region and the phospholipid layer
on the 18-h-oxidized particles.

The parameters obtained by deconvolution are shown in
Table 2. As can be seen, there was no evolution of the
mean radius of particles as a function of sample oxidation
time. Moreover, size polydispersity of LDL particles
increased significantly for the oxLDL-18h sample. Taking
into account that polydispersity is ~15 A for all samples,
the obtained particle sizes are consistent with those pre-
sented in the literature (27,41).

Interestingly, there is a significant change in the Debye
scale factor (Sc, in Eq. 9) for the sample oxidized for
18 h (Table 2). This can be interpreted as an increase in
the amount of flexible chains of ApoB exposed on the sur-
face of LDL particles. This result is consistent with the
idea that LDL oxidation occurs initially on the lipids and
also at ApoB hydrophobic sites (43.44). These sites, initially
immersed in the region of phospholipid carbon chains,
become exposed when oxidized.

High-density lipoproteins

HDL samples did not show evidence of oligomerization,
and therefore, it was not necessary to apply the GIFT
method to retrieve the form factor. Fig. 5, a and b, shows
the experimental scattering data fitted with the IFT method
and the obtained p(r) curves. As can be seen from the scat-
tering intensity and corresponding p(r) curves, the results
with HDL are very different from those obtained with the
LDL samples. This indicates that there are important struc-
tural differences between the two types of lipoprotein. From
the results, one can see that the oxidation process in HDL
induces small changes in the scattering intensities and p(r)
curves, indicating that no significant structural changes are
induced by oxidation.

TABLE 2 Parameters obtained by the deconvolution
modeling procedure for LDL samples

Sample Radius (A) Polydispersity (A) Sca
naLDL 1557 + 2.8 143 = 04 0.19 + 0.05
05 min 155.6 = 1.0 1434 = 0.24 0.203 + 0.008
30 min 156.1 = 0.8 14.07 = 0.22 0.206 *+ 0.007
60 min 1554 = 1.0 14.11 = 0.25 0.204 = 0.008
06 hours 156.7 = 1.1 1442 = 0.20 0.206 * 0.008
18 hours 156.0 + 2.8 158 + 0.6 0.292 + 0.018
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FIGURE 5 Indirect Fourier transform applied to HDL SAXS data. (a)

HDL scattering intensity data fitted with the IFT method. Experimental
data (open squares) and model fit (solid lines) are shown. (b) HDL pair dis-
tance distribution function curves, p(r), obtained by the IFT method.

Fig. 6 a shows the experimental scattering data for HDL
fitted with the deconvolution method. The results obtained
with this method are shown in Table 3. Fitting results
were obtained by fixing particle anisotropy at 1.0. This
assumption was based on data from several studies in the
literature that indicate that HDL particles are practically
spherical. Also, similar to the LDL case, the fitting proce-
dure is not stable if both anisotropy and polydispersity are
optimized, since they make similar contributions to the scat-
tering intensity. Another important aspect is that the contri-
bution from a Gaussian chain was not important and always
gave scale factors close to zero, with large uncertainty.
Because of this, this parameter was not considered in the
analysis procedure, and was fixed at zero. This is an inter-
esting result and suggests that for HDL, the proteins should
be located around the entire surface and not only in a partic-
ular region, as in the case of the LDL. Also, oxidation does
not induce the appearance of floppy or flexible regions in the
HDL structure.

HDL electron density profiles (Fig. 6 b) present a posi-
tive-negative variation between ~40 and 60 A, which may
correspond to the phospholipid monolayer region with the
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FIGURE 6 Deconvolution procedure applied to the modeling of LDL
SAXS data. (a) HDL scattering intensity data fitted with the deconvolution
modeling procedure. Experimental data (open squares) and model fit (solid
lines) are shown. (b) Electron density profiles for HDL samples obtained
with the deconvolution modeling procedure.

proteins immersed. This region does not vary between the
different samples, suggesting that it is not affected by the
oxidation of the samples. Likewise, all the curves converge
to zero in the same radius value, indicating that the particle
diameter does not change due to oxidation. Some small
changes in the electron density profile are observed mainly
below 30 A and may be induced by oxidation effects.

The HDL electron density profiles have far fewer oscilla-
tions than those obtained for LDL samples, in agreement
with the fact that these two lipoproteins have important
structural and size differences. HDL particles have a less
organized core than LDL particles and higher relative size
polydispersity. In addition, the proteins that compose the

TABLE 3 Parameters obtained by the deconvolution
modeling procedure for HDL samples

Sample Radius (A) Polydispersity (A)
naHDL 55+6 85 = 1.0
30 min 55+3 83 =08
60 min 56 £ 7 87 £ 1.1
18 hours 55+6 89 = 1.0
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two lipoprotein structures are very different. Although
LDL particles have only ApoB, HDLs may contain serveral
apolipoproteins, the amount varying from particle to particle
(45). This variable number of proteins in HDL particles
makes them intrinsically less monodisperse and with a
less well defined structure compared to LDL particles.
These peculiarities of HDL particles are reflected on the
obtained electron density profiles and on the model results.

In any case, since it was not possible to observe any sig-
nificant structural difference in HDL electron density pro-
files induced by copper oxidation, the SAXS results and
modeling indicate that HDL particles are more resistant to
copper oxidation than are LDL particles.

DLS results

A comparison of the temporal autocorrelation curves of all
LDL samples (Fig. S3 a) indicates that only the sample
oxidized for 18 h shows a significant change. This difference
is probably related to the increase in size polydispersity of
the sample, which was also observed on the SAXS analyses.
Fig. S3 a shows a slight variation in the temporal autocorre-
lation curve of oxLDL-6h as well. The experimental data
and the fitting curve are slightly more visible from 300 us
and further.

It is possible to estimate the average diameter of the
particles in each sample through the diameter distribution.
The average diameter is taken as the maximum of the distri-
bution and the uncertainty of each diameter as the width at
two-thirds of the maximal high.

Experimental autocorrelation data from HDL samples
can be seen in Fig. S3 b. The main information present in
these curves is the appearance of clusters in the oxHDL-
18h data, which is characterized by a slower decay
compared to other autocorrelation curves. Although for
naHDL and other oxidation curves the autocorrelation
data reach (near) zero when 7 = 100 us, the oxHDL-18h
data reach (near) zero when 7 = 400 us. These clusters
have diameters estimated at 50 = 17 nm, which may
explain why they have not been observed in SAXS measure-
ments, as the resolution of the experimental setup was
~70 nm. The obtained mean radius of each sample is pre-
sented in Table 4.

TABLE 4 Radius values obtained through DLS measurements

Sample Mean diameter (nm)
naLDL 20 =6
oxLDL-05min 20 £ 6
0xLDL-30min 20 £ 6
0xLDL-60min 19 6
oxLDL-6h 20+ 6
oxLDL-18h 21 =7
naHDL 5723
oxHDL-30min 73 £25
oxHDL-60min 75 +£29
oxHDL-18h 8 +4
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ZS results

Typical results for normalized transmittance as a function of
z-position of the sample are presented in Fig. 7 a. It can be
observed that the peak-to-valley distance decreases with an
increase in sample oxidation time. Through the fit to the
experimental data using the thermal lens model (Eq. 1),
we obtained the parameter 6 of each sample, which is pro-
portional to the peak-to-valley distance. Results show a
decrease of # as a function of sample oxidation time
(Fig. 7 b). A similar behavior was observed with LDL
particles (32,41). LDL samples stop presenting a nonlinear
optical response (6 = 0) at ~90 min of in vitro oxidation
with copper, whereas HDL samples presented a nonlinear
optical response (under the same experimental conditions)
even after 18 h of in vitro oxidation time. This indicates
that there are important differences between the two lipo-
protein types in the oxidation process and also supports
SAXS results indicating that HDL particles are more resis-
tant to oxidation than LDL particles.
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FIGURE 7 Results from ZS analysis. (a) Average nonlinear transmit-
tance curves of naHDL, oxHDL-30min and oxHDL-18h. The solid and
dashed lines are fits obtained with the thermal lens model. (b)  parameter
as a function of oxidation time for HDL samples, obtained with the thermal
lens model.
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DISCUSSION

The values of the average particle diameters for LDL and
HDL samples obtained using the DLS and SAXS techniques
show that oxidation process does not alter particle size. On
the other hand, the SAXS data of LDL samples indicate that
the size polydispersity of particles increases when the sam-
ples are subjected to long oxidation times (e.g., 18 h). Inter-
estingly, in the case of HDL particles, there appeared to be
no evidence of increased size polydispersity of particles as a
function of sample oxidation time.

SAXS results also showed that LDL particles have a
lamellar packing of cholesterol in their core. This organi-
zation remains, at least partially, even after 18 h of
in vitro oxidation with copper ions. In contrast, SAXS
curves of HDL showed no characteristic peak associated
with repetition distance, which indicates that HDL particles
have a disorganized lipid core.

LDL samples in the different stages of oxidation pre-
sented the formation of small aggregates, which could be
modeled as volume fractal clusters by using the GIFT
method of analysis. However, due to the limited experi-
mental resolution, it was not possible to obtain a precise
size for such clusters. Moreover, from the analysis of the
HDL SAXS results (at least on the angular range covered
in the experiments), no formation of aggregates or oligo-
mers was observed. On the other hand, the DLS technique
indicated that the oxHDL-18h sample showed formation
of larger aggregates. However, since the fraction of such
aggregates was very small, and since their size is near that
of SAXS setup resolution, it was not possible to detect their
influence on the SAXS data.

None of the LDL samples oxidized for up to 6 h showed
any change in the intensity scattering data and electron
density profile compared to the naLDL results. However
the oxLDL-18h sample presented important differences:
an increase of polydispersity, differences across the electron
density profile, and an increase in the Gaussian chain scale
factor. The increase of size polydispersity of particles on the
sample oxidized for 18 h was also confirmed by the DLS
data. Interestingly, for the oxXLDL-18h, the electron density
profile differs from that of the naLDL not only in the inner
core, but also in the outer shell region of the particles
(Fig. 4 b), which might indicate an important change over
the complete structure of the lipoprotein. Finally, the
observed increase in the Gaussian chain scale factor can
be understood as an increase in the number of flexible or
floppy regions on the protein sequence, which may indicate
that somehow the oxidation is changing the protein struc-
ture, either by making it less structured or by causing
some regions of the protein that were attached to the surface
detach and become loose. All these results provide indica-
tions regarding the structural changes induced in the LDL
particles due to the oxidation process. It is well known
that oxidative modification of LDLs leads to loss of

97



98

Oxidation Effect on Human LDL and HDL Lipoproteins

recognition by the LDL receptor and a shift to recognition
by scavenger receptors present in macrophages (10). Scav-
enger receptors are not downregulated in response to
increased intracellular cholesterol and the accumulation of
cholesterol leading to the development of foam cells, the
hallmark of the artery lesion known as fatty streak. The
failure in particle recognition by the system is related to
the alteration of the protein structure. Therefore, oxidation
induces changes in the ApoB constituent, making the parti-
cle unable to bind the LDL receptor (46). Such a change
in protein structure was detected in the SAXS results,
mainly by changes on the electron density profile and the
Gaussian chain contribution. On the other hand, HDL sam-
ples showed no significant differences between native and
oxidized samples, indicating that this kind of lipoprotein
is more resistant to oxidation. This resistance to oxidation
is due to the presence of several antioxidant enzymes asso-
ciated with HDL particles, such as paraoxonase (47) and
apolipoproteins (48).

The modeling strategy applied to the analysis of SAXS
data, as well as use of the to our knowledge new deconvolu-
tion procedure, provided a unique way to study lipoproteins,
permitting calculation of the electron density profile directly
from the experimental SAXS data. In all the cases pre-
sented, we were able to obtain a very good fit to the exper-
imental data.

It is interesting to compare the ZS results obtained with
HDL and LDL particles. Since all lipoproteins present sim-
ilarities in their overall structure, it is possible that the mech-
anism of thermal lens formation is also similar. The ZS
experiments with HDL samples showed that the decrease
of the 6 parameter as a function of oxidation time occurs
at a lower rate than observed for the LDL samples
(32).Although LDL loses the nonlinear optical response
signal altogether after <2 h of in vitro oxidation, HDL pre-
sents this signal for over 18 h. It has been shown previously
in the case of LDL experiments that the behavior of the
parameter @ is inversely proportional to the sample’s thermal
diffusivity (32). The thermal lens is formed because the
sample absorbs heat from the Gaussian laser beam, which
diffuses radially across it, imposing a temperature gradient.
If the heat propagates slowly, it creates a variation of the
refractive index through the radial direction, which gives
rise to the lens formation. However, the more oxidized the
LDL sample, the greater is the thermal diffusivity, and for
samples oxidized for >90 min, the thermal lens does not
form in the timescale of the experiment (milliseconds)
(32). Recent studies have shown that the increase of thermal
diffusivity is partially associated with the production of
hydroperoxides during the oxidation process (32). From
this picture, one can conclude that the changes in the ZS
signal are related to a global modification in the sample as
a function of the oxidation process, namely, to structural
modifications and chemical reactions occurring in the solu-
tion, which form hydroperoxides. The SAXS results showed
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that when subjected to oxidation, HDL particles presented
significantly fewer structural changes than did LDL parti-
cles. This information on the nanoscale can be directly
correlated to ZS results, which provide information on a
much larger length scale.

CONCLUSIONS

We have presented a controlled and systematic study of
LDL and HDL structural changes due to in vitro oxidation
of the samples with copper ions. SAXS, DLS, and ZS tech-
niques were used to investigate and characterize the struc-
ture of the particles directly in solution. The SAXS data
were analyzed using a to our knowledge new methodology
capable of fitting the experimental scattering data and
providing the corresponding electron density profile and
other structural parameters. We conclude that compared to
previous works using different modeling approaches, this
to our knowledge new modeling approach provides much
more reliable results and therefore seems to be more appro-
priate for the study of lipoproteins in solution. Also, the
SAXS strategy for data analysis and modeling presented
in this work can certainly be used as a guide for analyzing
this kind of nanoparticle in solution. Results showed differ-
ences in the electron density profile both in the cholesterol
core and in the phospholipid monolayer for samples
oxidized for 18 h, compared to native particles. Further-
more, size polydispersity of oxLDL-18h increased, as did
the scale factor of the Gaussian chain contribution. This
term may be associated with changes (loss) in the overall
symmetry of the particle, an increase in the flexible parts
of the lipoprotein, which may indicate structural changes
on the protein that embraces the lipoprotein, or some
breakage of ApoB.

Our SAXS results with LDL samples show that the
lamellar organization of cholesterol in the particle core
remains at least partially structured even after 18 h of oxida-
tion. All these results show that, despite the fact that LDL
particles lose their biological function after an oxidation
process as extensive as that generated by 18 h of incubation
with copper, the overall structure of the lipoprotein is still
similar to that of the native particle. This indicates that
severe changes might occur in ApoB due to oxidation.

With respect to HDL, both optical and structural charac-
terization results reveal that this particle presents a higher
resistance to oxidation than do LDL particles. With the ZS
technique, even after oxidation for 18 h, HDL samples
continue to show a nonlinear optical signal distinguishable
from the background. As in the case of LDL, oxidation of
HDL particles shows a decrease of the amplitude of this
signal as a function of oxidation time, but unlike the case
for LDL, oxidation of HDL particles does not lead to a com-
plete loss of signal. SAXS results did not show any drastic
structural changes due to oxidation of HDL particles. The
DLS technique showed a tendency in the oxHDL-18h
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sample to form a small fraction of aggregates. All the struc-
tural investigations for the nanoparticles presented in this
work indicated that LDL particles are more susceptible to
oxidation than HDL particles.

SUPPORTING MATERIAL

Three figures are available at
supplemental/S0006-3495(14)00469-X.

http://www.biophysj.org/biophys;j/

The authors thank Dennys Reis and Renata N. Bicev for their support on the
DLS measurements. The authors acknowledge the Brazilian Synchrotron
Light Laboratory (LNLS) for SAXS data acquisition (project num.
SAXSI - 10713).

This study was supported by The National Counsel for Scientific and Tech-
nological Development (CNPq), Sdo Paulo Research Foundation
(FAPESP), and the National Institute of Science and Technology of Com-
plex Fluids (INCT-FCx).

REFERENCES

1. Dominiczak, M. H., and M. J. Caslake. 2011. Apolipoproteins: meta-
bolic role and clinical biochemistry applications. Ann. Clin. Biochem.
48:498-515.

2. Harris, J. R., S. Lund-Katz, and M. Phillips. 2010. High density lipo-
protein structure—function and role in reverse cholesterol transport. /n
Cholesterol Binding and Cholesterol Transport Proteins Springer,
Dordrecht, The Netherlands, pp. 183-227.

3. Esterbauer, H., J. Gebicki, ..., G. Jirgens. 1992. The role of lipid
peroxidation and antioxidants in oxidative modification of LDL. Free
Radic. Biol. Med. 13:341-390.

4. Zhang, Y., I. Zanotti, ..., D. J. Rader. 2003. Overexpression of apolipo-
protein A-I promotes reverse transport of cholesterol from macro-
phages to feces in vivo. Circulation. 108:661-663.

5. Movva, R., and D. J. Rader. 2008. Laboratory assessment of HDL
heterogeneity and function. Clin. Chem. 54:788-800.

6. Superko, H. R. 2009. Advanced lipoprotein testing and subfractiona-
tion are clinically useful. Circulation. 119:2383-2395.

7. Badimon, L., R. E Storey, and G. Vilahur. 2011. Update on
lipids, inflammation and atherothrombosis. Thromb. Haemost. 105
(Suppl 1):S34-S42.

8. Mahdy Ali, K., A. Wonnerth, ..., J. Wojta. 2012. Cardiovascular
disease risk reduction by raising HDL cholesterol—current therapies
and future opportunities. Br. J. Pharmacol. 167:1177-1194.

9. Yoshida, H., and R. Kisugi. 2010. Mechanisms of LDL oxidation. Clin.
Chim. Acta. 411:1875-1882.

10. Yu, X.-H., Y.-C. Fu, ..., C.-K. Tang. 2013. Foam cells in atheroscle-
rosis. Clin. Chim. Acta. 424:245-252.

11. Viswambharan, H., X. F. Ming, ..., Z. Yang. 2004. Reconstituted high-
density lipoprotein inhibits thrombin-induced endothelial tissue factor
expression through inhibition of RhoA and stimulation of phosphatidy-
linositol 3-kinase but not Akt/endothelial nitric oxide synthase. Circ.
Res. 94:918-925.

12. Navab, M., S. Y. Hama, ..., A. M. Fogelman. 2000. Normal high
density lipoprotein inhibits three steps in the formation of mildly
oxidized low density lipoprotein: step 1. J. Lipid Res. 41:1481-1494.

13. Navab, M., J. A. Berliner, ..., A. M. Fogelman. 2001. HDL and the
inflammatory response induced by LDL-derived oxidized phospho-
lipids. Arterioscler. Thromb. Vasc. Biol. 21:481-488.

14. Navab, M., G. M. Ananthramaiah, ..., A. M. Fogelman. 2004. The
oxidation hypothesis of atherogenesis: the role of oxidized phospho-
lipids and HDL. J. Lipid Res. 45:993-1007.

Biophysical Journal 106(12) 2595-2605

20.

2

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Oliveira et al.

. Gomez, S. L., R. E. Turchiello, ..., A. M. E. Neto. 2004. Characteriza-

tion of native and oxidized human low-density lipoproteins by the
Z-scan technique. Chem. Phys. Lipids. 132:185-195.

. Monteiro, A. M., M. A. N. Jardini, ..., M. Gidlund. 2009. Cardiovascu-

lar disease parameters in periodontitis. J. Periodontol. 80:378-388.

. Monteiro, A. M., M. A. N. Jardini, ..., M. Gidlund. 2012. Measurement

of the nonlinear optical response of low-density lipoprotein solutions
from patients with periodontitis before and after periodontal treatment:
evaluation of cardiovascular risk markers. J. Biomed. Opt. 17:115004.

. Laggner, P., K. Miiller, ..., A. Holasek. 1973. Studies on the structure

of lipoprotein A of human high density lipoprotein HDL3: the spheri-
cally averaged electron density distribution. FEBS Lett. 33:77-80.

. Atkinson, D. D., R. J. Deckelbaum, ..., G. G. Shipley. 1977. Structure

of human plasma low-density lipoproteins: molecular organization of
the central core. Proc. Natl. Acad. Sci. 74:1042-1046.

Laggner, P., K. Miiller, and O. Kratky. 1976. X-ray small angle scat-
tering on human plasma lipoproteins. J. Colloid Interface Sci.
55:102-108.

. Glatter, O. 1981. Convolution square root of band-limited symmetrical

functions and its application to small-angle scattering data. J. Appl.
Crystallogr. 14:101-108.

Glatter, O., and B. Hainisch. 1984. Improvements in real-space decon-
volution of small-angle scattering data. J. Appl. Crystallogr.
17:435-441.

Meyer, D. F,, A. S. Nealis, ..., S. J. Perkins. 1996. Time-course studies
by synchrotron x-ray solution scattering of the structure of human low-
density lipoprotein during Cu®>*-induced oxidation in relation to
changes in lipid composition. Biochem. J. 319:217-227.

Liu, Y., D. Luo, and D. Atkinson. 2011. Human LDL core cholesterol
ester packing: three-dimensional image reconstruction and SAXS
simulation studies. J. Lipid Res. 52:256-262.

Prassl, R. 2011. Human low density lipoprotein: the mystery of core
lipid packing. J. Lipid Res. 52:187-188.

Prassl, R., and P. Laggner. 2009. Molecular structure of low density
lipoprotein: current status and future challenges. Eur. Biophys. J.
38:145-158.

Ren, G., G. Rudenko, ..., H. J. Pownall. 2010. Model of human low-
density lipoprotein and bound receptor based on cryoEM. Proc. Natl.
Acad. Sci. USA. 107:1059-1064.

Oliveira, C. L. P, B. B. Gerbelli, ..., J. S. Pedersen. 2012. Gaussian
deconvolution: a useful method for a form-free modeling of scattering
data from mono- and multilayered planar systems. J. Appl. Crystallogr.
45:1278-1286.

Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The distribution and
chemical composition of ultracentrifugally separated lipoproteins in
human serum. J. Clin. Invest. 34:1345-1353.

Fernvik, E. C., D. F. Ketelhuth, ..., M. Gidlund. 2004. The autoanti-
body repertoire against copper- or macrophage-modified LDL differs
in normolipidemics and hypercholesterolemic patients. J. Clin. Immu-
nol. 24:170-176.

Carter, C. A., and J. M. Harris. 1984. Comparison of models describing
the thermal lens effect. Appl. Opt. 23:476-481.

Santos, P. R., T. C. Genaro-Mattos, ..., A. M. Figueiredo Neto. 2012.
Behavior of the thermal diffusivity of native and oxidized human
low-density lipoprotein solutions studied by the Z-scan technique.
J. Biomed. Opt. 17:105003.

Kellermann, G., F. Vicentin, ..., I. Torriani. 1997. The small-angle
x-ray scattering beamline of the Brazilian Synchrotron Light Labora-
tory. J. Appl. Crystallogr. 30:880-883.

Hammersley, A. P., S. O. Svensson, ..., D. Hausermann. 1996. Two-
dimensional detector software: from real detector to idealised image
or two-theta scan. High Press. Res. 14:235-248.

Glatter, O. 1977. A new method for the evaluation of small-angle scat-
tering data. J. Appl. Crystallogr. 10:415-421.

Oliveira, C. L. P., M. A. Behrens, ..., J. S. Pedersen. 2009. A SAXS
study of glucagon fibrillation. J. Mol. Biol. 387:147-161.

99



100

Oxidation Effect on Human LDL and HDL Lipoproteins

37.

38.

39.

40.

41.

42.

Pedersen, J. S., S. Hansen, and R. Bauer. 1994. The aggregation
behavior of zinc-free insulin studied by small-angle neutron scattering.
Eur. Biophys. J. 22:379-389.

Pedersen, J. S., and I. W. Hamley. 1994. Analysis of neutron and x-ray
reflectivity data. 2. Constrained least-squares methods. J. Appl. Crys-
tallogr. 27:36-49.

Provencher, S. W. 1982. CONTIN: a general-purpose constrained
regularization program for inverting noisy linear algebraic and integral
equations. Comput. Phys. Commun. 27:229-242.

Teixeira, J. 1988. Small-angle scattering by fractal systems. J. Appl.
Crystallogr. 21:781-785.

Gémez, S. L., A. M. Monteiro, ..., A. M. F. Neto. 2010. Cu and Fe
metallic ions-mediated oxidation of low-density lipoproteins studied
by NMR, TEM and Z-scan technique. Chem. Phys. Lipids.
163:545-551.

Orlova, E. V., M. B. Sherman, ..., A. M. Gotto, Jr. 1999. Three-dimen-
sional structure of low density lipoproteins by electron cryomicro-
scopy. Proc. Natl. Acad. Sci. USA. 96:8420-8425.

43.

44.

45.

46.

47.

48.

2605

Singh, S., R. Suri, and C. G. Agrawal. 1995. Fluorescence properties of
oxidised human plasma low-density lipoproteins. Biochim. Biophys.
Acta. 1254:135-139.

Prassl, R., B. Schuster, ..., M. J. Chapman. 1998. Thermal stability of
apolipoprotein B100 in low-density lipoprotein is disrupted at early
stages of oxidation while neutral lipid core organization is conserved.
Biochemistry. 37:938-944.

Eisenberg, S. 1983. Lipoproteins and lipoprotein metabolism. A

dynamic evaluation of the plasma fat transport system. Klin.
Wochenschr. 61:119-132.

Steinberg, D. 2002. Atherogenesis in perspective: hypercholesterole-
mia and inflammation as partners in crime. Nat. Med. 8:1211-1217.

Durrington, P. N., B. Mackness, and M. I. Mackness. 2001. Paraoxo-
nase and atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 21:473-480.

Kontush, A., S. Chantepie, and M. J. Chapman. 2003. Small, dense
HDL particles exert potent protection of atherogenic LDL against
oxidative stress. Arterioscler. Thromb. Vasc. Biol. 23:1881-1888.

Biophysical Journal 106(12) 2595-2605



Braz J Phys (2014) 44:753-764
DOI 10.1007/s13538-014-0273-z

SOCECHOE BASEERA DE FISICA

GENERAL AND APPLIED PHYSICS

Structural Modifications and Clustering of Low-Density
Lipoproteins in Solution Induced by Heating

Cristiano L. P. Oliveira «+ Andrea M. Monteiro -
Antonio M. Figueiredo Neto

Received: 30 July 2014 /Published online: 21 October 2014
© Sociedade Brasileira de Fisica 2014

Abstract This work presents a systematic study of low-
density lipoprotein (LDL) in solutions subjected to subtle
temperature changes, monitored by small angle X-ray scatter-
ing. From the data analysis, information about the equilibrium
aggregation of the particles, as well as changes on the internal
structure of the lipoproteins, were observed. The electron
density profiles of the LDL particles were retrieved with a
recently developed deconvolution method. Our results indi-
cate that LDL particles keep their structure in the temperature
range from about 22 °C up to 60 °C. Moreover, the formation
of aggregates and their evolution as a function of time were
monitored. Interestingly, when the temperature is raised to
80 °C, the results indicate the rupture of the particle and
unspecific aggregation.

Keywords Lipoproteins - Temperature - Aggregation -
SAXS - Modeling - LDL

1 Introduction

Plasma lipoproteins are heterogeneous particles of different
sizes, composition, and density, whose main function is the
cholesterol transport. These particles are constituted of a non-
polar core, composed of triglycerides and cholesterol esters,
surrounded by a monolayer of phospholipids, free cholesterol,
and apolipoproteins (apo). High levels of the low-density
lipoprotein (LDL), known as “bad cholesterol,” are associated
with high risk in developing a cardiovascular disease. The
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LDL is a particle rich in cholesterol ester and poor in triglyc-
erides and free cholesterol. Moreover, each LDL particle
contains only one macromolecule of apolipoprotein B100
(apoB-100), which is responsible for the integrity of the
particle and metabolism. The LDL structure is very sensitive
to changes in the environment, and this may alter its function.
The mechanism by which LDL in vivo is modified is not yet
completely understood. In a recent publication [1], the chang-
es on the internal structure of LDL and HDL, due to in vitro
oxidation by Cupper, were described. Also, the apo-B100
structure has been shown to be highly sensitive to chemical
modification, such as oxidation induced by free radicals, and
to temperature changes [2]. Thereby, the conformation of apo-
B100 could be modified at higher temperatures, which would
affect its recognition by the LDL cell receptors [3].

Scattering methods allow the study of the particles directly
in solution. Investigations on the LDL structure as a function
of the temperature by using scattering methods were per-
formed in the 1970s by the seminal works of Deckelbaum,
Laggner, and Atkinson [4-6], and more recently by Laggner
and co-workers [2]. However, in all these cases, the data
analysis is limited due to the presence of aggregates (induced
by the temperature increase) and also by the problems on the
retrieval of trustful scattering-length density profile for the
lipoproteins from the scattering data. In a recent work,
Jayaraman and co-workers investigated the thermal stability
of LDL by using different techniques including calorimetric,
circular dichroism, fluorescence, turbidity, and electron mi-
croscopic [7]. Their data show that thermal disruption of LDL
involves irreversible changes in the particle with the release of
neutral lipid from LDL core which coalesce into droplets.
Gursky and co-workers [8] made quantitative kinetic analysis
of thermal stability of LDL suggesting that fusion of LDL is
preceded by other structural changes.

In this work, we present a systematic study of the changes
in the structure of native LDL induced by subtle changes in
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the temperature. Synchrotron radiation small-angle X-ray
scattering data was collected for a series of LDL samples,
and by using advanced modeling methods [1], information
about the formation of aggregates, changes on the internal
structure of the LDL particle, and modifications on the APO B
conformation were obtained.

2 Materials and Methods
2.1 Isolation of LDL

The purification of LDL particles was described elsewhere
[1]. Shortly, blood was drawn from of healthy normolipidemic
donors, and the plasma was obtained after centrifugation at
1,000xg at 4 ° C, for 15 min. Benzamidine (2 mM), chloram-
phenicol (0.25 %), pheny-methyl-sulfonyfluoride (0.5 mM),
gentamicin (0.5 %), and aprotinin (0.1 U/ml) were added to
the plasma. LDL (1.006 < d < 1.063 mg/dl) was isolated in a
sequential ultracentrifugation [9] process at 10°xg at 4 °C,
using the rotor of an ultracentrifuge (Hitachi Ultracentri-
fuge—Japan). The obtained samples were dialyzed for 24 h
at 4 °C against phosphate buffered saline (PBS), pH 7.4. Later,
the samples were put through a filter with micrometer pore
(Milipore—Germany) and the protein concentration was de-
termined using bicinchoninic acid protein assay kit (Pierce,
USA), with bovine serum albumin as standard. The final LDL
concentration was 1.3 mg/ml.

2.2 SAXS

LDL SAXS measurements were performed at the Brazilian
Synchrotron Light Laboratory at the SAXS1 beamline [10].
The sample holder [11], a cell with dimensions 1x4x8§ mm’,
was placed in a device coupled to a water-circulating thermal
bath, enabling LDL solution samples measurements at controlled
temperature. The wavelength of the incoming monochromatic
X-ray beam was A=1.48 A and the distance between the sample
and the detector was set to 3,200 mm, providing a g (scattering-
vector modulus) interval from 0.006 to 0.25 A ™, where g=4 7t
(sinf)/A and 26 is the scattering angle. The 2D scattering data
was collected on a Dectris Pilatus™ 300k detector, and the
integration of the SAXS patterns and data treatment were done
with the FIT2D software [12]. Error estimation and normaliza-
tion to absolute scale were performed by using the SUPERSAXS
package [Oliveira and Pedersen, unpublished]. A rectangular
beam with dimensions 300 x 100 microns was used. This beam
size is further convoluted with the detector resolution of 172 mi-
crons. The experimental setup provided a resolution in q values
of Agq=0.00042 A,

Data were collected at the temperatures: 22 °C (room
temperature), 42 °C, 60 °C, and 80 °C. For the measurement
at room temperature only 5 frames were obtained since the
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sample was stable over time. For the experiments at higher
temperatures, the data collection was performed as follows:
after the system reaches the thermal equilibrium (which is
measured directly on the sample holder and monitored re-
motely), a fresh LDL sample is injected inside the sample
holder and the measurement is started immediately after in-
jection. Several (up to 5) 1 min frames were collected at 0, 5,
10, 20, 40, 60, and 80 min after injection. In all the cases, the
frames were compared and averaged in order to have a single
dataset representing each temperature. After the measurement
on a given temperature, the cell is clean and the PBS buffer is
measured at the same conditions and temperature for a proper
background subtraction. For each temperature, a new fresh
LDL sample was used.
The series of treated data is shown in Fig. 1.

2.3 Initial SAXS Data Analysis and Decoupling of the Form
and Structure Factors

The analysis of the SAXS data was performed in several steps.
At first, the data was analyzed by the Indirect Fourier Trans-
formation method—IFT [13], with a slightly different imple-
mentation [14, 15]. From these analyses, coarse information
about the size, shape, and aggregation behavior are obtained.
Even the fresh LDL solution sample at room temperature
shows the presence of a small fraction of particle’s aggregates.
The number of aggregates was shown to increase for increas-
ing temperatures. In order to correctly analyze the contribution
from the isolated LDL particles and the aggregates separately,
it is necessary to decouple the form factor and structure factor
of the scattering data. This was possible by using the Gener-
alized indirect Fourier Transformation Method—GIFT [14].
We used a theoretical function for the structure factor contri-
bution, and by the simultancous optimization of the p(r)
function (form factor) and structure factor parameters, it was
possible to obtain the theoretical form factor (without the
structure factor contribution) and also a reliable structure
factor function. In this approach, the scattering intensity /(q)
and structure factor S(g) are given by:

1(q) = P(9)S(q) (1)

. 2 RuggZ
S(g) =1+ 5&%exp —q—G] @

3

The form factor P(g) is described by a set of spline func-
tions, which are related to the pair distance distribution func-
tion p(r) of the single particle by a Fourier transform [13]. For
the structure factor S(q), several different models were tested,
but the data series were reasonably described by a simple
model, which assumes that, at low angles, there is a Guinier
Law for a particle (or aggregate) with radius of gyration Rg*¢*,
as shown in Eq. 2. In this model, the scale factor S¢% gives an
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Fig.1 SAXS data for the full series of measurements. a Data at 42 °C. b Data at 60 °C. ¢ Data at 80 °C. In all the cases, the scattering data of the native
LDL measured at 22 °C is shown for comparison. This curve is shifted for a better visualization

indication of the fraction of isolated particles and aggregates
in the system, as described in the next section. As a result from
these analyses, a good approximation for the form factor of the
isolated particles and the structure factor of the aggregates
were obtained.

2.4 Modeling of Aggregates and Evolution of the Aggregation
Fraction

The description of the structure factor as an averaged radius of
gyration for the aggregates allows the calculation of the “the-
oretical” scattering intensity of the aggregates by the simple
extrapolation of the Guinier law to very small ¢ values. From
this curve, it is possible to obtain a pair-distance distribution
curve, which may provide some general indications on the
size and shape of the aggregates. Even though this procedure
intrinsically assumes that the aggregates are globular, it pro-
vides some indications about the overall size and shape of the
aggregates. Additionally, one can use an ab initio procedure to
retrieve possible 3D shapes for the aggregates. This can be
performed by the dummy atom modeling approach (Program
DAMMIN [ 16]). Since one can assume that the aggregates are
composed by isolated LDL particles, in this modeling, we
used the radius of the dummy atoms similar to the average
radius of the lipoproteins. In this framework, the obtained
model for the aggregates is a direct indication of how the
lipoproteins are arranged.

From the modeling results, it is also possible to follow the
evolution of the fraction of aggregates in the sample. For this
calculation, one can assume a simple two-component system:
isolated LDL particles and aggregates. If there is only these
two species in the sample, we have:

1@ = 1@ e +1(9) agg ®3)

For a system of particles, the forward scattering is given by:
1(0) = c(Ap)*V? (4)

where ¢ is the concentration of particles, Ap is the scatter-
ing length-density contrast, and ¥ is the particle volume.
Substituting Eq. 4 in Eq. 3, we have:

1(0) = CLDL(AP)ZV%DL + Cagg(AP)zVigg (35)
e

10) = con(Ap)* Vi, (1 * gg—ﬂgc'> (6)
eV ipr

If one compares Eq. 6 with Eq. 2, one finds that:

72
agg Cagg¥ agg 7)
; 2
coVipg

As demonstrated in the Appendix 1, it is possible to de-
scribe the numerical, volume, and intensity fraction of aggre-
gates and isolated particles as a function of the scale factor
S528¢ and the radii of gyration of the isolated particles RZ”* and
aggregates R#S:

1

Jipp = ———— (8)
agg Rf;“) “
1 SE (S
,. 1
fagg - agg ~ 30 )
1 [R%
I+ S‘égg RLGDL

So, we have for the numerical fraction i="“num” and x=2,
for the volume fraction i="vol” and a=1 and for the intensity
fraction i="int” and «=0. The meaning of these fractions is
related to the weighting of the calculation for each fraction.
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The numerical fraction has no weighting, the volume fraction
is weighted by the particle volumes, and the intensity fraction
is weighted by the volume squared. The latter receives this
name because the scattering intensity (Eq. 4) is weighted by
the volume square, and therefore, this fraction provides the
contribution to the final intensity.

Therefore, from the modeling (Eqs. 1 and 2) and estima-
tions for the radius of gyration of the LDL particles and
aggregates (which are also obtained from the fitting), one
can retrieve the numerical, volume, and intensity fractions
for the monomers and the aggregates for each dataset.

2.5 Modeling of LDL Single Particle

The complete description of the modeling procedure is found
elsewhere [1]. In short, after having the form factors for each
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Fig. 2 Results for native LDL measured at 22 °C. IFT analysis: a
experimental data (circles) and the IFT fit (solid line) and b pair distance
distribution function p(). This curve indicates that the LDL nanoparticles
have a diameter of ~310 A (p(r) curve approaching zero) and the maxi-
mum at round ~430 A indicates the presence of a small fraction of
aggregates. GIFT analysis: ¢ GIFT fit (dashed line) and the calculated
form factor (crosses). From this modeling, it is possible to obtain the
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case, one can apply a deconvolution method, which fits the
scattering data directly, allowing the inclusion of additional
parameters as anisotropy and polydispersity, as well as to
perform a simultaneous fitting of the background and
other contributions. The particle is modeled as an ellip-
soid of revolution with superimposed concentric shells
of different electron densities. The parameters of these
shells define the final radial profile. The polydispersity is
included by integration of the form factor on a given size
distribution. An additional term in the intensity is included
in order to account for the contribution from flexible parts in
the scatterers. The final expression that is used to fit the
scattering data is given by:

I(q) = SclPMQD(q) + SCZPDeb(q) + Back (10)

() (d)

= LDL native|

3 —
%ﬁ s
T Fel
£ ]
= LOL native 1 =
2 —— WGIFT fit 5
x P(q) %
——DECHit %ﬁ
, § 0.02
1074 %
— — — -0.03 . T T y
10 10 10 0 50 100 150 200
qlA") r[A]

structure factor and to estimate the size and shapes of the aggregates. The
theoretical intensity for the aggregates is shown in e as open circles and
the corresponding p(r) curve in f. By using an ab initio modeling, it is
possible to fit the data (solid line in e) and retrieve a 3D model for the
aggregate, as shown in g. Note that the spheres in g have a diameter of
350 A
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Fig. 3 IFT results for the LDL at
42 °C. a SAXS experimental data
for different times (open circles)
and theoretical fit (solid lines). b (a) 1
Pair distances distribution
functions (p(r)). The increase of 3
the height of the p(r) curve for
values larger than 300 A indicates
the increase of the contribution
from the aggregates

I(a)

3 100 min
3 80 min
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In Eq. 10, the form factor Pyop(g) is the normalized-
intensity form factor for the ellipsoid of revolution composed
of multiple shells [1], with maximum radius R and polydis-
persity og. Sc; and Sc, are scale factors, Back is a constant
background, and Ppe,(g) is the intensity form factor for the
scattering from a flexible Gaussian chain with radius of gyra-
tion RgP® [17]. All values of the parameters are optimized by
using a partially constrained least squares procedure [18].

Fig. 4 TFT results for the LDL at

60 °C. a SAXS experimental data

for different times (open circles)

and theoretical fit (solid lines). b (a)
Pair distances distribution
functions (p(r)). The increase of
the height of the p(r) curve for
values larger than 300 A indicates
the increase of the contribution
from the aggregates. For 120 min,
one can see a decrease on the p(r)
height which can indicate either
the breakage of the aggregates or
precipitation of larger aggregates
which effectively decreases the
overall concentration of particle
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3 Results

The analysis of LDL samples started with the use of the IFT
method. The obtained pair-distance distribution function for
the native LDL is shown in Fig. 2a,b and the pair-distances
distribution functions for the different temperature series are
shown in Figs. 3-5. As can be seen from these analyses, the
samples at 42 °C and 60 °C presented an evolution of the

60°C
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Fig. 5 IFT results for the LDL at
80 °C. a SAXS experimental data
for different times (open circles) -
and theoretical fit (solid lines). b ( a)
Pair distances distribution

functions (p(r)). After the first

p(r) (at 0 min) which still

resembles the overall shape of the 4
LDL aggregates for the other
samples (42 °C and 22 °C), the
p(r) curves completely change
which can indicate the disruption

of the LDL particles and the - \
formation of different types of =
e \

25 min

20 min

15 min

5 min

0 min

q[A"]

fractions and types of aggregates over time. Interestingly, the
lipoproteins seem to have an overall shape similar to that of
the native (no modified) LDL. This can be inferred by the
comparison of the initial part of the p(r) functions in Figs. 3-5

Table 1 Summary of results for the GIFT and Deconvolution methods for each dataset

80°C
(b)

p(r) [arb. u.]

-0.24

0

200 400 600 800

r[A]

and the Fig. 2b, which is the one of the native LDL at room
temperature. These results and the systematic increase of the
final region of the p(r) function for these temperatures indicate
the formation of aggregates of LDL particles.

Samples Gift Deconvolution
Sc™® ReS[A] ™ ™ Se Rg™ R[A] ox [A]

LDL 22 °C 1.5+0.6 329+5 0.997 0.003 0.194+0.1 54+1 155+1 14.4+£0.3
LDL 42 °C 0 min 2.1+0.5 380+17 0.99 0.01 0.047+0.001 67+2 139+1 13.5£0.5
5 min 6.0=1.0 377+11 0.98 0.02 0.050+0.001 68+2 141£1 13.3+£0.3
20 min 8.1£1.0 344+9 0.96 0.04 0.054+0.001 662 143+1 13.1+£0.2
40 min 12.0£15 35048 0.96 0.04 0.057+0.001 67+2 145+1 13.0£0.1
60 min 15.1x2.1 344+9 0.94 0.06 0.064+0.001 66£1 146+1 12.6+:0.4
85 min 16.7£1.9 342+7 0.92 0.08 0.070+0.002 68+3 149+1 12.8+£0.2
100 min 18.1£1.7 330+6 0.89 0.11 0.078+0.002 67+1 150+1 115+0.3
120 min 19.1x1.6 32945 0.88 0.12 0.085+0.008 662 154+2 11.3£0.8
LDL 60 °C 0 min 9.0£0.5 327+4 0.94 0.06 0.15+0.02 147+2 161+£3 15£2

5 min 8205 32945 0.94 0.06 0.13+£0.01 117+8 162+£2 16+2

10 min 8.1£0.6 339+5 0.94 0.06 0.16+0.02 132+8 167+£2 14£2

20 min 9.1£0.7 328+5 0.93 0.07 0.21+0.03 1367 167+3 16+2

40 min 8.0+£0.8 346+6 0.93 0.07 0.44+0.03 178+7 170+4 1542

60 min 8.1+0.7 337+6 091 0.09 0.71+0.05 190+9 170£15 16+3

80 min 7.1+£0.5 34945 0.89 0.11 1.16+0.08 240+11 171+£11 14+£5
100 min 6.8+0.5 35245 0.91 0.09 0.96+0.05 224+7 172420 15+6
120 min 6.0+0.3 377+4 0.96 0.04 0.45+0.02 1674 167+3 162

The calculation of the numerical fractions for each sample is also presented (obtained with Eqs. 8 and 9, with «=2)
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Fig. 6 GIFT and Deconvolution (a) (b)
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For the sample at 80 °C, the first frame indicates that the
LDL particles were assembled initially (maybe due to the
heating of the sample inside the cell); but after 5 min, the
SAXS profile and p(r) curve changes drastically, probably
indicating the disruption of the LDL particles and the forma-
tion of non-specific aggregates.

This initial analysis by using the IFT method suggested
that, at the temperatures of 42 °C and 60 °C, the LDL lipo-
proteins (isolated and aggregated, but almost intact) are still

Fig. 7 GIFT and Deconvolution (a
results for the LDL at 60 °C. a

SAXS experimental data for e
different times (open circles),

electron density profiles obtained
for each temperature

)
theoretical fits using Eq. 1 (solid o
lines), decoupled form factor e 1.0
(crosses), and the fit of the form 120 min
factor by using the deconvolution .
procedure (dash lines). b Radial 100 min
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= }
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x 80 min S, 0.0+
Q
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-0.2 4774
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present. However, the increase of the temperature may have
changed its inner structure. In order to investigate this point, it
was necessary to apply the GIFT method to decouple the
particle’s form factor and the system’s structure factor. A
summary of the results obtained with the GIFT method and
deconvolution analysis is presented in Table 1. The fits by
using the GIFT method are shown in Fig. 2 a, b, ¢ for the
native LDL at 22 °C, and in Figs. 6a and 7a for the data at
42 °C and 60 °C, respectively. As it can be seen, the fits by
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using the proposed structure factor can describe the experi-
mental data with high accuracy. Moreover, the corresponding
form factor and structure factor for each dataset are obtained.
From the structure factor, it was possible to obtain information
about the aggregated state as well as the evolution of the
corresponding fractions. In Fig. 2 a—f, the modeling of the
form factor and structure factor, as well as the deconvolution
procedure, is presented for the native LDL measured at 22 °C.
In Figs. 8 a—fand 9 a—f, the aggregation results for the samples
at 42 °C and 60 °C are shown. As it can be seen, it is possible
to estimate the size of the aggregates (panels a, b) in each case
and also obtain a representation of the shape of the aggregates
(panel f). In addition, from the simple aggregation model
described in section 2.4, one can calculate the evolution of

the aggregates, i.c., their numerical fraction, volume fraction,
and intensity fraction contributions (panels d—f). For the data
at 42 °C (Fig. 8), one can see a monotonic increase of the
forward scattering (panel c) indicating a continuous increase
of the contribution of the aggregate. However, from Table 1, it
is possible to see that the radius of gyration of the aggregate
does not present a large variation; whereas, the scale factor

2 shows a systematic increase. This can be converted in the
aggregates numerical fractions, which are shown in panels d—
f. It is interesting to note that even though the numerical
fractions of the aggregates increases only up to 10 % (for
120 min at a constant temperature), the volume fractions of
each population are similar at 60 min and the intensity fraction
is dominated by the aggregates already from the first frame.

3.59
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Fig. 8 Aggregation of LDL at42 °C. IFT analysis: a Scattering intensity
for the aggregates (circles) obtained from the GIFT method. The corre-
sponding p(r) function is shown in b. Calculation of the fractions: ¢
forward scattering for the data collected at 42 °C (circles) indicating a
monotonic increase of the intensity. This indicates a systematic increase
of the contribution of the aggregates. In this graph, the line is for eye
guiding. d Number fraction of monomers (circles) and aggregates (open
triangles). e Volume fraction of monomers (circles) and aggregates (open
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triangles). f Intensity fraction of monomers (circles) and aggregates (open
triangles). All fractions were calculated by using Eqs. 8 and 9 with the
corresponding values for the exponent «. In these graph, the lines are for
eye guiding. Modeling of the aggregates: by using ab initio modeling, it is
possible to fit the data (solid lines in a) and retrieve a 3D model for the
aggregates, as shown in g for each time. Note that the spheres in g have a
diameter of 350 A
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Similar results were obtained for the data at 60 °C, as shown in
Fig. 9. For this case, the numerical, volume, and intensity
fractions of the isolated LDL and aggregates seem to be
almost constant until 80 min. Differently from the data at
42°, the volume fraction of the isolated particles is always
larger than the one of the aggregates. However, the intensity
contribution is still dominated by that from the aggregates.
The data after 100 min presents a strange behavior since the
contribution from the aggregates seems to decrease. This can
indicate the precipitation of the material due to formation of
larger aggregates that are not visible by SAXS. This conclu-
sion is also supported by the decrease of the p(r) function
height at larger values of  (Fig. 4b). All in all, the obtained
results for the data at 60 °C presented more fluctuations than
the one at 42 °C, which can be a consequence of the higher
temperature of the system.

The fits from the deconvolution procedures and the corre-
sponding electron-density profiles for each dataset are also
presented. In Fig. 2 c,d, the results of the native LDL at
22 °C are shown. The modeling method provides a good
fit to the experimental data (panel c) and the characteristic
behavior for the electron-density profile [19]. It is inter-
esting to analyze the differences induced by the tempera-
ture increase in the samples. When comparing the data at
22 °C and the ones at 42 °C and 60°, it is possible to see
that the maximum at g~0.17 A™', which is present at the
room temperature SAXS data, disappears for the samples
at higher temperature. This was already described in the
literature as a phase transition of the lipidic content inside
the lipoprotein, indicating a loss of the ordering [4-6, 19].
In a recent study, by using CryoEM, Molecular Dynamics,
and SAXS [20, 21], it was shown that this maximum is
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Fig. 9 Aggregation of LDL at 60 °C. IFT analysis: a scattering intensity
for the aggregates (circles) obtained from the GIFT method. The corre-
sponding p(r) function is shown in b. Calculation of the fractions: ¢
forward scattering for the data collected at 60 °C (circles) indicating a
monotonic increase of the intensity. This indicates a systematic increase
of the contribution of the aggregates. In this graph, the /ine is for eye
guiding. d Number fraction of monomers (circles) and aggregates (open
triangles). e Volume fraction of monomers (circles) and aggregates (open

triangles). f Intensity fraction of monomers (circles) and aggregates (open
triangles). All fractions were calculated by using Eqs. 8 and 9 with the
corresponding values for the exponent «. In these graph, the lines are for
eye guiding. Modeling of the aggregates: by using ab initio modeling, it is
possible to fit the data (solid lines in a) and retrieve a 3D model for the
aggregates, as shown in g for each time. Note that the spheres in g have a
diameter of 350 A
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related to the ordering of the cholesterol molecules in the
inner core of the LDL particle. This loss of ordering and
“melting” of the inner core is clearly indicated by the electron
density profiles, as shown in our experiment (see Figs. 6 and
7). By comparing the electron-density profile (Ap) obtained
with the native LDL at room temperature (Fig. 2d) with those
obtained at 42 °C and 60 °C (Figs. 6b and 7b), it is possible to
see that the maxima in Ap are broader in the experiments at
higher temperatures. In the case of the native LDL, we ob-
served a periodic behavior of the radial electron-density pro-
file at small values of . This indicates the existence of a local
ordering and gives rise to the maximum in the scattering
profile K(g) at g~0.17 A™!. In the data acquired at 42 °C and
60 °C, this well-defined periodic behavior is lost, indicating
the loss of ordering inside the particle. The electron-density
profiles obtained for each temperature show remarkable dif-
ferences, which may indicate important differences in the
inner arrangement of the lipoproteins.

The contribution from flexible parts in the scatter system is
also an interesting point. The radius of gyration of the Debye
chain (RgP®®) obtained with the sample at 42 °C is slightly
larger than the one obtained at 22 °C (Table 1). This indicates
a small increase of the particle’s shape fluctuation, and even-
tually, a signature of flexible parts on the particle. However,
there is a systematic increase on the scale factor S¢, , which
indicates that these contributions become more and more
important as time goes by. For the data at 60 °C, on the other
hand, the parameters that characterize the flexible contribution
to the scattering change drastically. Our results show an im-
portant and systematic increase on the R and also on S¢,
which indicates that the size of the flexible regions on the
lipoprotein (probably the protein apoB on its surface) and its
contribution to the total intensity increases as time goes by. A
possible explanation for this result can be attributed to the
detachment of some regions of the the apoB-100 from the
particle, causing an important increase of the Rg”®. This
effect is probably due to the effect of the high temperature.

4 Summary and Conclusions

In this work, it is presented a controlled and systematic study of
LDL internal structure and particle’s aggregation due to changes
in the sample’s temperature. A complete analysis and modeling
procedure is proposed, permitting the retrieval of structural pa-
rameters for the LDL particles, shape and evolution of the
aggregates, and also the fractions of the isolated and aggregated
states. By the use of a decoupling procedure and the simple
aggregation model, the evolution of the fraction of the two
species (isolated particles and aggregates) could be retrieved as
a function of temperature. The aggregates overall shapes could
be obtained by the use of ab initio modeling of the scattering
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data. For the isolated particles, the use of the deconvolution
modeling on the scattering data allowed the calculation of the
corresponding radial electron-density profile, which is directly
related to the particle’s internal structure. The loss of internal
ordering, which is associated to a phase transition on the choles-
terol, occurred when varying the temperature from 22° to 42°
(and above) and could be explained by the important change in
the electron-density profiles. Also, by this analysis, it was possi-
ble to follow the changes in the LDL internal structure due to the
increase of temperature. Finally, the use of the Debye chain in the
model provided a direct indication of the degree of the flexibility
and conformation of the apoB-100. The results demonstrated a
remarkable and systematic increase on the degree of flexibility of
the protein, probably due to structural changes induced by
temperature.

The procedure presented in this work provides a general
framework that can be used on the study of dynamical pro-
cesses in lipoprotein systems, allowing the online and in situ
monitoring and modeling of the system. Also, since the cal-
culated electron-density profiles are a direct indication of the
average distribution of the components inside the lipoproteins,
they can be used to check and validate MD simulations for
systems of lipoproteins. The size and shape of the aggregates,
as well as the evolution of the fractions of each species, can be
used as guide for aggregation models of lipoproteins.
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Appendix 1

a) Derivation of Egs. 8 and 9
The scattering intensity for a system composed of two
populations is given by:

1(0),5 = coon(Ap) Vo + Cagg (D) Vg, (al)
1(0),, = coor(Ap)* Vi, (14 SE2) (a2)
where,
CaoeV?
e 8 (a3)
CLpL VLDL
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The fraction of the particles in each population is the ratio
between the number of particles in one population divided by
the total number of particles weighted in a given way. For the
number fraction, it is not necessary to use weighting, for the

volume fraction one has to weight by the volume and for the
intensity fraction the weighting function is the volume square.
It is possible to write a single formula for the fractions if one
uses as weighting function the volume to the power 2-o :

(a4)

( A )2 VZ*oz
f CLoi\2P) Vipr
DL — 220 212«
cror(Ap) Vipr + cage(Ap) Vipr
2— 2- 2—
P oLV ipy _ corVipi/eiotVipy _ 1
JIDL — 2—a 2—a 2—a . 2-a 2-a . 2—a
conVipr + CageVipL <CLDL Vipr + Cage VLDL) feroiVipr 14 Cagg szgg
2—a
CLpL VLDL
i 1 1
SipL =

2 2a a; Va
ag Vioy Vage 1+ SEe (—ﬁ

1+S¢ 72 pra Voo
agg

LDL

)—a jfiDL =

L
| 4 s5%¢ (Tugzj)

For the fraction of aggregates weighted by the volume to
the power 2-«, simple algebraic operations lead to,
P 1
Sage = Tagg)a (as)

agg
S C

VLDL

By inspection, one can show that /7 DL-*—_fflgg*I.

If one assumes that the LDL particles and aggregates have
a globular shape, the volume scales with the cube of the
particle radius of gyration, so

1 1
S = N 3 (ab)
agg [ (RE") agg (RZM\ ™
() )
1

lagg - 1 Rz(z;gg 3a (37)
v (i)

For the numerical fraction, 7=“num” and «=2; for volume
fraction, i=“vol” and «=1; and for the intensity fraction,
i=“int” and «=0.
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