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Resumen

Desde tiempos ancestrales, las moléculas poliméricas, también conocidas como macromoléculas o
moléculas gigantes, han representado un material Util para el desarrollo de la humanidad.
Actualmente, es dificil imaginar el desarrollo de una sociedad organizada sin el uso de materiales
poliméricos. Por ejemplo, desde hace algunas décadas hasta nuestros dias, estos materiales
poliméricos son utilizados para satisfacer diferentes necesidades de gran importancia como son la
construccion de refugios, viviendas (casas, residencias, etc.) y vestimenta; dependiendo del uso
gue se requiera, se emplearan materiales poliméricos sintéticos (tales como el poliéster,
polietileno, polipropileno, teflén, resinas, entre otros) y/o naturales, también conocidos como
biopolimeros (madera, pieles, gomas y resinas naturales, algodén seda, lana). Por otra parte,
diferentes macromoléculas desempefian una funcion de gran importancia bioldgica.
Biomacromoléculas como los acidos ribonucleicos (ADN y ARN), proteinas y polisacaridos son de
vital importancia en distintos procesos bioquimicos para el crecimiento y desarrollo de un
organismo vivo; ademas, proteinas y polisacaridos son utilizados por los organismos vivos como

soportes estructurales de células, tejidos y érganos.

El uso de los materiales poliméricos no sdélo esta limitado a los usos descritos anteriormente. Hoy
en dia una gran variedad de materiales poliméricos, tanto sintéticos como naturales, estan siendo
utilizados en diferentes areas tecnoldgicas como la ciencia de materiales, medicina clinica o
industria farmacéutica, entre otras. Ademas, los procesos de sintesis quimica, hacen posible
disefiar una macromolécula con propiedades fisicoquimicas deseadas. Con este fin, diversos
grupos de investigacion han sintetizado diferentes tipos de copolimeros con caracter anfifilico. El
disefio de la arquitectura molecular del copolimero puede ser tan sencillo como un polimero
lineal, o tan complejo como un copolimero de injerto o tipo estrella; la arquitectura molecular

puede controlarse por medio de procedimientos de sintesis quimica.

Nuestro trabajo de investigacién se divide en dos etapas: la primera parte se enfocé a la
caracterizacion estructural y de las propiedades fisico-quimicas de tres copolimeros de bloque con
potencial interés para ser empleados como sistemas de liberacion farmacoldgica; mientras que en

la segunda parte se ha realizado un estudio del proceso de autoensamblaje en la forma de fibras



amiloides de la proteina albimina de suero humano (HSA), su caracterizacidn estructural y de sus

propiedades fisico-quimicas, y su uso potencial como biomateriales.

Debido a que parte de este trabajo consiste en la caracterizacion de tres copolimeros de bloque,

|ll

describiremos brevemente este tipo de macromoléculas. Para un copolimero, el “esqueleto” de la
cadena macromolecular esta constituido por mas de un mondmero o unidad de repeticion. Por lo
tanto, la estructura molecular de un copolimero de bloque consiste en la unién quimica de dos o
mas macromoléculas de homopolimeros diferentes. De acuerdo al nimero de bloques (unidades
homopoliméricas) estos polimeros se denominan copolimeros dibloque, tribloque o multibloque.

Generalmente, estos homopolimeros son de diferente naturaleza (hidréfilo o hidréfobo)

proporcionando a la macromolécula un caracter anfifilico.

Bajo ciertas condiciones, los copolimeros pueden adoptar una configuraciéon tipo gusano o
espagueti, mientras que para otras, el polimero puede auto-asociarse hasta formar
nanoestructuras regulares. Por ejemplo, si un copolimero de blogue se encuentra en disolucién
acuosa, en donde el agua es un solvente selectivo para uno de los bloques, los segmentos
hidrofobos de las macromoléculas tienden a auto-asociarse, formando estructuras especificas,
evitando el contacto con las moléculas del disolvente. La auto-asociacion origina un amplio rango
de comportamientos de fases, en los que se incluye la formacion de micelas, nanovarillas,
vesiculas o grandes agregados. Estas estructuras poliméricas presentan, en particular, un especial
interés en el drea biomédica. Asi, las estructuras micelares y vesiculares pueden ser utilizados
como sistemas de liberacion de farmacos y proteinas, asi como en el desarrollo de nanoreactores y

de biosensores.

Los copolimeros de bloque de oxialquilenos estan constituidos, generalmente, por el bloque
hidrofilo polidxido de etileno (OCH,CH, es la unidad de dxido de etileno, EO) y por un segundo
bloque hidréfobo que puede ser: un bloque de poliéxido de propileno (PO), un bloque de
poliéxido de estireno (SO) u otro tipo de bloque hidréfobo. En medio acuoso, la estructura de los
agregados que forman estos copolimeros de bloque estad gobernada por el balance de las fuerzas
de interaccidn entre los bloques moleculares que constituyen el esqueleto del copolimero con las

moléculas de agua, y por las interacciones intermoleculares entre las cadenas del copolimero (ya



gue las cadenas hidréfilas se expanden evitando las interacciones entre segmentos que no sean
favorables, mientras que las hidréfobas se contraen para minimizar el contacto con las moléculas
del disolvente). Este tipo de interacciones pueden modificarse por medio de factores fisicos y, de
esta manera, se puede controlar la arquitectura de los agregados. Los factores fisicos que se varian
con mas frecuencia son: el peso molecular, la longitud relativa de los bloques, la estructura de los
bloques hidréfobos, las propiedades en disolucidn, etc. De esta forma, se ha observado que en
disoluciones acuosas diluidas estos copolimeros de bloque anfifilicos se asocian para formar
micelas esféricas. Al aumentar la concentracion del copolimero se obtienen mesofases liotrépicas
cristalinas (geles), en donde las micelas se encuentran altamente empaquetadas en una estructura

clbica centrada en las caras (fcc) o centrada en el cuerpo (bcc).

En el presente trabajo, se estudid el proceso de micelizacion, gelificacion y la estructura de los
agregados de tres copolimeros de poli(éxido de etileno)-poli(dxido de estireno): E0;,S0,,
EQ1,SO14EOg, ¥ EOQ43;50,3EQ,37, donde los subindices indican la longitud de cada bloque. De estos
polimeros, dos tienen la misma longitud del bloque de poli(6xido de estireno) (E0;,S0q0 VY
E01,50414EO40,), mientras que la longitud del bloque EO para el tercer copolimero es mucho mas
largo (EO43;S0:3E0;37). Es importante mencionar que estos copolimeros de bloque fueron
sintetizados en colaboracién con los Profs. David Attwood y Colin Booth de la en la School of
Pharmacy and Pharmaceutical Sciences y en la School of Chemistry of the University of
Manchester, respectivamente. La caracterizacién de estos copolimeros de bloque se realizé en dos
fases: La primera parte consistio en el analisis de las propiedades estructurales y fisico-quimicas de
los copolimeros en el seno de disoluciones acuosas, mediante diversas técnicas experimentales
tales como: medidas de tensidon superficial, medidas de dispersién de luz laser (DLS y SLS),
microscopia 6ptica de luz polarizada (POM), microscopia de transmisién electréonica (TEM) y
microscopia electrénica de barrido (SEM). Por medio de las medidas experimentales para los
copolimeros E01,5044, E01S010EOQ, Yy EOQ137504.3E0,37, combinado con modelos tedricos (segun los
datos experimentales obtenidos) ya publicados, se determinaron la concentracién micelar critica,
asi como propiedades micelares (tamafio de las micelas y nimero de agregacidon) y vesiculares
(para el caso del copolimero EQ04,S0,0); imagenes de los agregados estructurados y el
comportamiento reoldgico. En este trabajo, en particular se observé por primera vez la posibilidad
de que los copolimeros de poli(éxido de etileno)-poli(6xido de estireno) pueden formar

estructuras vesiculares, sin necesidad de aportes externos de energia. Estas estructuras



vesiculares son el resultado de la auto-asociacion del copolimero EO;,S044 en disolucién acuosa, y
se encuentran en coexistencia con estructuras micelares esféricas. Este resultado se confirmé por
dispersion de luz laser, TEM y cryo- SEM. El tamafio de las vesiculas varia entre 60 y 500 nm. Para
los copolimeros EQ4(,SO,0EOQ. Yy EOQ3,S0,3EO+37 Se observaron estructuras en la forma de micelas
alargadas vy esféricas, respectivamente. Comparando el alto nimero de agregacién obtenido para
las micelas del copolimero EO,4,SO,,EQ,, por dispersion de luz laser con el nimero maximo de
agregacion tedrico que corresponderia a una micela esférica, se puede concluir que la geometria
micelar no se corresponde con una geometria esférica, pero si con una geometria mas alargada.
Este resultado es confirmado por medio de imagenes obtenidas por TEM. La prueba de inversion
de tubo se utilizé para definir las fronteras que dividen la fase de un gel blando con la fase de un
gel duro de las disoluciones del copolimero EQ;3;S0:3EQ;3;. De acuerdo con los resultados
obtenidos por reologia, los copolimeros EO01,S045 y E014SO14EOQ;9 no forman geles en el rango de

concentraciones estudiados en este trabajo.

Por otra parte, la capacidad de adsorcidn y de auto-organizacion molecular en una interface de un
copolimero de bloque para formar nanoestructuras bien definidas en dos dimensiones permiten
que estos materiales poliméricos puedan utilizarse como estabilizantes coloidales, o como agentes

recubridores y estabilizantes de espumas y emulsiones.

Asi, un amplio rango de estudios han analizado el comportamiento interfacial de copolimeros de
poli(éxido de etileno)-poli(6xido de propileno)-poli(éxido de etileno) (EO-PO-EQ) 6 “Pluronics”,
copolimeros de estrella de EO-PO-EQ, también conocidos como “Tetronics” y de los copolimeros
poli(éxido de butileno)-poli(éxido de etileno) (BO-EO). Sin embargo, pocos estudios existen sobre
la caracterizacidon en la interfase de los copolimeros de poli(éxido de etileno)-poli(dxido de
estireno). El andlisis de sus propiedades de adsorcién es interesante ya que puede proporcionar
importante informacidn sobre su estabilidad intefacial y posterior agregacion. Asi, en el presente
trabajo, se estudiaron las propiedades de adsorcién en la interface aire-agua y en la interface
cloroformo-agua de los copolimeros E0,S045, E01;SO10EOQ:g y EO0;:3;S0:3EQq37. El trabajo de
investigacion se desarrolld6 mediante las técnicas experimentales: tensiémetro de gota |,
monocapas o peliculas de Langmuir-Blodgett y microscopia de fuerza atémica (AFM). Las cinéticas

de adsorcion de las disoluciones copoliméricas, en ambas interfaces, se determinaron por la

técnica de gota suspendida. Los resultados de tension superficial muestran que la adsorcion en la



interface aire-agua de los copolimeros estudiados disminuye conforme se incrementa la
hidrofobicidad del copolimero. Los datos obtenidos mediante reologia interfacial de la pelicula
copolimérica adsorbida en la interface aire-agua muestran que la capa adsorbida en la interface se
comporta como un sélido en todo el rango de frecuencias analizadas, mientras que la capa
polimérica adsorbida en la interface cloroformo-agua se comporta como un fluido viscoso para el
mismo rango de frecuencias. Las isotermas de compresion, presion superficial vs area (ITvs A), y
las monocapas de Langmuir-Blodgett se obtuvieron con una balanza de Langmuir-Blodgett. Las
diferencias en las isotermas de Langmuir obtenidas para los tres copolimeros de bloque tienen su
origen en la diferente relacion entre los bloques hidréfobo/hidréfilo. Bajo esta consideracion, el
copolimero EQ,3,50,3E0,3; muestra una isoterma de adsorcién con cuatro estados caracteristicos,
mientras que en las isotermas de adsorcion de los otros dos copolimeros (E0:,S010 Y
E01,50410EO;0), solo se observan dos regiones. Las monocapas de Langmuir-Blodgett se obtuvieron
a dos diferentes valores de presion superfcial (5 y 11 mN/m), y sus imagenes topograficas fueron
analizadas por AFM. Para ambas presiones, las imagenes topograficas revelan la existencia de
micelas circulares en la superficie de la pelicula. Sin embargo, el tamafio de las micelas disminuye
con el aumento de la presién interfacial y, a su vez se observa un incremento del espesor de la

monocapa.

En la segunda etapa de nuestro trabajo, se estudiaron los procesos de ensamblaje molecular en la
forma de fibras en disolucidon acuosa de la proteina seroalbimina humana (HSA, sus siglas en
inglés), bajo diferentes condiciones de temperatura, pH y fuerza idnica; y la posible aplicacién de
estas nanoestructuras en diversas aplicaciones como catalizadores o elementos de contraste de

imagen.

In vivo, la agregacién incontrolada de ciertas proteinas estd relacionada directamente con
diferentes dolencias que afectan la salud humana. Uno de los productos de mayor interés
originados por la inadecuada agregacién proteica son las fibras amiloides. Estas estructuras
fibrilares se han detectado en con mas de 20 enfermedades (neurodegenerativas o no) tales como
el Alzheimer, Huntington, el mal de Parkinson, o la diabetes tipo Il, entre otras. La capacidad de
fibrilacion es independiente de la estructura nativa de la proteina, no obstante, la estructura
proteica primaria aparece como un factor importante en las primeras fases del proceso de

formacidn de las fibras amiloides, en su cinética de formacién y en su estabilidad. La fibrilaciéon se



origina debido a condiciones ambientales en las que se promueve la desnaturalizacion parcial o
completa de la estructura nativa de la proteina, por lo que para una proteina o cadena
polipeptidica, la formacion de la fibra amiloide representa una estructura estable alternativa a la

estructura nativa.

Las fibras tipo amiloide presentan caracteristicas termodindmicas y estructurales bien definidas
Estas fibras se caracterizan, en general, por ser lineales, rigidas y sin ramificaciones, con una
anchura que varia entre los 5-12 nm, tal como se ha observado por microscopia de transmisién
electrdnica; ademas, tienen la propiedad de enlazarse a marcadores organicos especificos, como
Congo Red y Tioflavina T. Muestran también un patrén comuin de difraccién de rayos-X
caracteristico para una estructura B-cruzada. Como se mencioné anteriormente, las fibras de
amiloide son responsables de distintas enfermedades como el mal de Parkinson, deficiencia de a-
tripsina, Alzheimer y encefalopatias espongiformes. El origen de estas enfermedades esta asociado
a la conversién de proteinas monoméricas a agregados proteicos insolubles, los cuales se

depositan en los tejidos/érganos del cuerpo.

La proteina plasmatica mas abundante del sistema circulatorio es la albumina (representa
aproximadamente del 52 al 60 % de las proteinas plasmaticas), cuyas funciones son la regulacion
de la presidn osmdtica sanguinea y en el transporte y almacenamiento de moléculas enddgenas y
exdégenas (hormonas, iones, acidos grasos, drogas). A nivel industrial, la albumina tiene un rol
importante en la tecnologia médica, de alimentos, fdrmacos y en el desarrollo de biosensores
debido a sus fuertes propiedades de adsorcién. La HSA es una proteina globular formada por una
sola cadena polipeptidica. La estructura de esta proteina esta constituida por 585 residuos de
aminodcidos, con un peso molecular de aproximadamente 66,500 g/mol. La estructura secundaria
de la HSA consta principalmente de hélices a (60 %); ademas presenta 17 puentes disulfuro, los
gue le confiere una gran estabilidad estructural. La estructura globular de la HSA esta compuesta
por tres dominios principales y seis subdominios unidos por puentes disulfuro. Debido a su
importancia fisioldgica como proteina de transporte y reguladora de la presién osmética, y a su
facilidad de agregacién in vitro, la HSA se puede considerar como un modelo adecuado para
realizar estudios sobre los mecanismos de agregacion proteica, con el fin de obtener una
aproximacién y un mejor entendimiento de los mecanismos de agregacion proteica asociada a la

amiloidogénesis. Ya que la estructura nativa de la HSA carece de cualquier predisposicién a formar



fibras amiloides, la agregacion de la albumina sérica se puede promover cambiando las
condiciones de disolucidn (tales como de pH, altas temperaturas y por medio de agentes quimicos

desnaturalizantes), favoreciendo la desestabilizacidn de la estructura nativa de la HSA.

Asi, en este trabajo se analizé la predisposicion a la fibrilacion de la HSA bajo diferentes
condiciones de disolucién (pH, temperatura, fuerza idnica, composicion del disolvente), asi como
las propiedades fisicas y estructurales de las fibras amiloidales resultantes. Las cinéticas de
agregacion, los cambios conformacionales durante la auto-asociacién de los mondmeros de
albumina y las estructuras de las diferentes estructuras intermedias en la ruta de fibrilacidn se
determinaron por fluorescencia de Tioflavina T (ThT) y absorbencia del Congo red; dicroismo
circular (CD); fluorescencia intrinseca de la HSA; espectroscopia de infra-rojo (FTIR); difraccién de
rayos-X; TEM; SEM y AFM. El proceso de la fibrilacion de la HSA se prolonga durante varios dias de
incubacién, y se lleva a cabo sin la presencia de una fase de demora; excepto cuando las
disoluciones de albuimina se incubaron a pH acido, temperatura ambiente y en ausencia de
electrdlito. La ausencia de la fase de demora se debe al hecho de que la agregacién inicial estd
dirigida por el mecanismo denominado “cuesta abajo”, que no requiere de una alta organizacion
estructural ni de la formacién de nucleos proteicos inestables. El proceso de fibrilacién de la HSA
estd acompanada por un incremento progresivo de la estructura secundaria hoja-B y estructuras
ordenadas al azar; esta transicién se lleva a cabo a expensas de la estructura a-hélice, como se
observd mediante espectroscopia de fluorescencia de ThT, de CD y de FTIR. De acuerdo a las
distintas condiciones de incubacién, la estructura nativa de la proteina se altera de distinta
manera/grado, implicando una variacién en el contenido de las diferentes estructuras secundarias;
estas variaciones implican la aparicién de diversos agregados estructurales que se forman en el
proceso de agregacion fibrilar. Estos agregados pueden tomar la forma de: clisteres oligoméricos
globulares, estructuras rigidas esféricas y agregados en forma de anillos. La formacidn fibrilar
puede tener lugar a través de la asociacion de los intermedios oligoméricos mencionados,
conduciendo a la formacién de protofibras y, posteriormente, fibras. Estas fibras resultantes son
alargadas, con ondulaciones. La longitud de las fibras obtenidas depende de las condiciones de
incubacién. Probablemente las hebras-B que componen la estructura de hoja-B en las fibras de
HSA se encuentran en un arreglo antiparalelo. La apariciéon de fibras amiloides maduras con
estructuras morfoldgicas mas complejas tiene lugar a largos periodos de incubacidn (fibras largas y

rigidas, estructuras planas y alargadas, etc.). La tendencia de los oligdmeros proteicos a alinearse



con las fibras vecinas mas cercanas puede resultar en el crecimiento y maduracién de las fibras
rigidas. Ademas, estas fibras pueden asociarse en otras estructuras supramoleculares tales como
esferulitas e incluso geles fibrilares. La presencia de esferulitas de fibras amiloides se confirmé por
POM, microscopia confocal y TEM. La HSA tiene la capacidad de formar geles fibrilares
entrecruzados, los cuales se forman por medio de interacciones intermoleculares no especificas a
valores de pH que se encuentran lejos del punto isoeléctrico de la HSA, cuando se sobrepasa un
umbral de concentracidén de proteinas y/o de fuerza idnica (punto de gelificacidn), tal como se
observod por reologia. Por otra parte, cuando la HSA se encuentra cerca de su punto isoeléctrico, el
proceso de agregacidon proteica es tan rdpido, que no permite una organizacién estructural
substancial para permitir la formacidon de estructuras ordenadas, formando asi un gel de tipo

particulado.

A pesar de la importancia de las fibras amiloides en el area clinica, actualmente existen otras areas
cientificas que prestan especial interés en el estudio de las propiedades estructurales y de
agregacion fibrilar, en la busqueda de nuevos materiales y posibles aplicaciones en campos de
ingenieria y nanotecnologia. El desarrollo de estructuras a escala mesoscopica es de gran
importancia en el desarrollo de dispositivos opto-electrénicos, como biosensores, materiales
biocompatibles, etc. Usualmente, los materiales nanoestructurados se obtienen a través de dos
estrategias: La primera, llamada “top-down”, consiste en la reducciéon de tamano de un material
mas grande; sin embargo, mediante esta estrategia se obtienen materiales en escala micrométrica
debido a que la reduccién del tamafio sdlo se puede realizar hasta donde las propiedades del
tamafio del material lo permita. En la segunda estrategia, “bottom-up”, se utilizan moléculas
pequefias, como las proteinas, péptidos, fosfolipidos y acidos nucleicos (ADN y RNA) como
elementos constituyentes, que bajo condiciones controladas, permiten obtener estructuras bien

ordenadas gracias a las propiedades de auto-ensamblaje que poseen este tipo de biomoléculas.

Las propiedades de auto-asociacidon y ensamblaje que tienen estos biomateriales permiten, bajo
condiciones controladas, obtener complejos nanoestructurados definidos. Las proteinas son una
alternativa muy atractiva para la construccidon de estas nanoestructuras, ya que ademas de tener
un tamanio fisico adecuado una gran estabilidad (comparado con los estructutras basadasen acidos
nucleicos y fosfolipidos), y unas excelentes propiedades de adsorciéon a sustratos como vidrio,

oxido de silicio, u oro; por otra parte las proteinas presentan una serie de funciones que pueden



ser acopladas, por ejemplo, a circuitos electrénicos durante la construccion de nanodispositivos
gracias a su alta flexibilidad, aun cuando estos materiales son no conductores, pueden recubrirse

con metales conductores.

En la parte final de nuestro trabajo hemos analizado el potencial de las fibras amiloides como
nuevos nanomateriales con potenciales aplicaciones en distintos campos como la catalisis o la
biomedicina Bajo este contexto, en perime lugar se obtuvieron nanocables de oro por medio de
un proceso de crecimiento de “semillas” de oro utilizando fibras de la proteina lisozima como
bioplantillas. Se decidid emplear lisozima pues sus fiobras han sido muy estudiadas y7 presnetan
una geomteria recta sin ramificaciones, muy adecuada para el objetivo de la construccion de un
nanocable metalico. El grado de metalizacién de la fibra se controld por la adiccién secuencial de
sal de oro hasta alcanzar un recubrimiento completo de la fibra. Los hibridos organico-metalicos

obtenidos se utilizaron como catalizadores en la reduccién del p-nitrofenol a p-aminofenol.

Por otra parte, se obtuvieron nanocables magnéticos utilizando como bioplantillas las fibras de
lisozima y de HSA. La obtencién de estos materiales hibridos se realizé por medio de una reaccion
de precipitacidn in situ de la mezcla de sales de hierro Fe**:Fe** en una relacién 1:2, en presencia
de NH,OH, siendo el producto de esta reaccidn nanoparticulas de magnetita. Las propiedades
magnéticas de los hibridos se determinaron mediante SQUID (por sus siglas en inglés:
superconducting quantum interference device), y se compararon con las propiedades magnéticas
de nanoparticulas libres de magnetita, observandose una mejora sustancial en sus propiedades
magnéticas. Finalmente, la posible utilidad de estos materiales biohibridos como agentes de
contraste se corroboré mediante imagenes de resonancia magnética nuclear a diferentes

proporciones de dopado de la fibra proteica.






Abstract

In the present work, we investigated the micellization, gelation and the structure of aggregates of
three poly(ethylene oxide)-poly(styrene oxide)-poly(ethylene oxide) block copolymers (E0;,S01,
EO4,S044E1p and EO43,504,3E0137, where E represents the oxyethylene unit, S the oxystyrene unit,
and the subscripts correspond to the number of monomeric unit constituting the polymeric chain)
in solution. We also investigated the adsorption process and the surface properties of these block
copolymers at the air-water (a/w) and chloroform-water (c/w) interfaces. Since these copolymers
possess a more hydrophobic middle block —the styrene oxide unit, they should gives rise to more
efficient drug delivery systems, in which geometry might play a key role for drug solubilisation and
cell uptake. For these reasons, a detailed characterization of the physicochemical properties of

these copolymers is required.

In this work, the spontaneous formation of vesicles by the block copolymer EO,,S0,, without the
need of external energy input has been observed In aqueous bulk solution. This is the first time
that vesicle formation for styrene oxide based-block copolymers is reported. These vesicular
structures are in coexistence with spherical micelles, as confirmed by dynamic light scattering
(DLS), polarized optical microscopy and transmission and cryo-scanning electron microscopies.
Meanwhile, for block copolymers EQ,,SO,0E;o and EO43;S043EQ;3; only one species is found in
solution, assigned to elongated and spherical micelles, respectively. The adsorption kinetics of
these block copolymers at both (a/w) and (c/w) interfaces were determined by the pendant drop
method. Measurements of their interfacial rheological behaviour showed that the adsorption
layer at the (a/w) interface manifests solid-like properties in the whole accessible frequency range,
whereas a viscous fluid-like behaviour is displayed at the (c/w) interface. The adsorption isotherm
for the block copolymer EQ43;S0:3EQ;3; displays the four classical regions (pancake, mushroom,
brush, and condensed states), whereas for EOQ,,5S0;, and EO4,SO;0E;, copolymers only two regions
were observed. Probably, these observed differences in the monolayer isotherms arose from their

different hydrophobic/hydrophilic block ratios and block lengths.

On the other hand, the fibrillation propensity of the protein human serum albumin (HSA) was

analysed under different solution conditions (varying pH, temperature, ionic strength and solvent
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composition). Fibrillation is an important self-assembly mechanism of proteins which allows them
to achieve an energy state even lower than their own native state. Also, the presence of protein
fibrils has been related to the appearance and development of more than 20 neurodegenerative
and non-neurodegenerative diseases, known as amyloid diseases. Hence, a profound knowledge
about the fibrillation mechanisms and the structure of the resulting protein assemblies is required
to develop new therapeutical strategies, but also to exploit the special structural properties of

such protein aggregates in new technological fields.

In this way, the kinetics of HSA fibril formation under different solution conditions and the
structures of resulting fibrillar aggregates were determined. It was observed that fibril formation is
largely affected by electrostatic shielding: At physiological pH, fibrillation is more efficient and
faster in the presence of up 50 mM NaCl. In contrast, under acidic conditions a continuous
progressive enhancement of HSA fibrillation is observed as the electrolyte concentration in
solution increases. The fibrillation process is accompanied by a progressive increase in B-sheet and
unordered conformations at the expense of a-helix one as revealed by CD, FT-IR and tryptophan
fluorescence spectra. The presence of structural intermediates in the aggregation pathway, such
as oligomeric clusters (globules), bead-like structures, and ring-shaped aggregates suggest that
fibril formation takes place by the competent-association of these aggregates. The resultant fibrils
are elongated but curly, and differ in length depending on solution conditions. In addition, very
long incubation times lead to a complex morphological variability of amyloid fibrils, such as long
straight fibrils or flat-ribbon structures, amongst other. In addition, the formations of ordered
aggregates of amyloid fibrils, such as spherulites, which possess a radial arrangement of the fibrils
around a disorganized protein core, or fibrillar gels were also observed. All these observations lead

to the conclusion that HSA can be used as a suitable model to study protein fibrillogenesis.

On the other hand, the utility of the obtained HSA fibrils as building blocks to construct new and
useful nanomaterials as tested. We reported a method to obtain metallic Au nanowires by using
lysozyme protein fibrils as bioscaffolds to generate a complete gold coating layer on the
biotemplate surface by the attachment of gold seeds and subsequent overgrowth of the coating
layer by sequential addition of gold salt growth solution (seeded-mediated mechanism). We
decided to use lysozyme fibrils since these display a straight and uniform core, which is more

suitable for the generation of nanowires. To obtain full coverage of the protein fibril, suitable
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[Au]/[protein] molar ratio and number of sequential additions of Au ions must be chosen. The
hybrid metallic fibrils have been proved to be useful as catalytic substrates, provided their great
catalytically activity when incorporated in the reduction reaction of p-nitrophenol to p-
aminophenol by NaBH,. On the other hand, we also reported a method to obtain magnetic Fe;0,
nanowires by using HSA and lysozyme protein fibrils as bioscaffolds to generate a magnetic Fe;0,
coating layer on the biotemplate surface by the in situ controlled Fe nanoprecipitation method.
The magnetic properties of the magnetic nanowires have been tested by using a superconducting
guantum interference device (SQUID), and their potential applicability as MRI contrast agents was
analysed by means of magnetic resonance imaging at different Fe doping concentration in

phantoms.
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SYNTHETIC AND NATURAL POLYMERS
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1.1.- Introduction

Since many years ago, polymeric molecules have progressively gained a key role in human’s
life and activity. Many examples about the use of polymers can be easily found in our daily
activity in different fields such as clothing, health care, packing or waste water treatments;
from the early times, humans have taken advantage of polymeric materials in the form of

wood, leather, natural gums and resins, cotton fibres, wool and silk (1).

Polymeric molecules found in Nature also possess very important biological functions as in the
case of nucleic acids, proteins or carbohydrates. These biomacromolecules take part in
different biochemical processes and are necessary in anabolic and catabolic processes;
furthermore, they fulfill an essential structural role during the development and growth of
living organisms as evidenced, for example, in plants, which are mainly built from cellulose
fibres, or animals, composed of linear protein materials such collagen in skin, sinew and bone,
myosin in muscles, and keratin in nails and hair. Polymers are giant molecules built up by
repetitive covalent unions of small chemical units known as monomers. Polymers usually have
high molecular weights and, for this reason, are also called “macromolecules”. They can be

classified in two main groups regarding their origin: synthetic and biological ones. In general,
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synthetic polymers are obtained from processes developed in laboratories while biological
polymers (biopolymers) are found in nature, but many of them can be also synthetically

synthesized (1)-(3).

From a historical perspective, first attempts to obtain lab-synthesized polymers dated from
1868 with the synthesis of cellulose nitrate by the chemical modification of natural polymers
(pyroxin made from cotton and nitric acid with camphor). However, in 1909, Leo Hendrick
Baekeland synthesized a plastic material, the bakelite, which can be considered as the true
first synthetic polymer. From 1920s, different polymers of commercial importance were
synthesised; however, the main interest was focused on controlling their chemical
composition along the synthetic process, and no cautions about a suitable control of the final
molecular structure were considered since the synthesis of macromolecules was an empirical
work. In the middle of 20™ century, chemists and physicists provided new methods to establish
the structural description of polymeric molecules. In this regard, Herman Staudinger’s, a
German chemist who introduced the concept of macromolecule, and W. T. Carother’s, an
American chemist who classified the polymers according to their preparation method (i.e.,

addition and condensation polymers), works deserve special attention.

From a general point of view, polymer molecules show considerable flexibility due to rotation
around molecular bonds. In solution, the shape of these macromolecules alters continuously
due to thermal energy so they can be treated as random coils, even when the rotation around
molecular bonds does allow complete flexibility, while steric and excluded volume effects
oppose the formation of this kind of configuration. For these reasons, dissolved linear polymer
molecules will tend to be more extended than random coils. In addition, polymer-polymer and
polymer-solvent interactions exert an important effect in polymer chain configurations and
must be taken into account. If segments of the polymer chains stick together, then a tighter

configuration than random coil will result, enabling aggregate formation or precipitation (3).

1.2.- Classification of polymers.

Polymers can be classified in many different ways. The most obvious classification is based on
the origin of the polymer; i.e., natural polymers (biological macromolecules) such as proteins,
celluloses or natural gums, and synthetic polymers (non biological polymers). Overall, non-

biological polymers are formed by flexible chains with a relatively “low” number of monomers
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in contrast to biological polymers, which consist of a larger number of monomers and with

stiffer chains.

1.2.1.- Synthetic polymers.

Synthetic polymers can be classified taking into account their physical and chemical
characteristics, molecular structure, polymerisation mechanisms, chemical composition,
building blocks or thermal behaviour. Among all of them, synthetic polymers have been
classified into two classes according to their preparation method: i.e., condensation and
addition polymers. For condensation polymers, the reaction occurs between two
polyfunctional molecules by eliminating a small molecule, for example, water. In contrast,
addition polymers are formed in a chain reaction of monomers which have double bonds in

their molecular structure.

According to polymer structure, it is possible to divide synthetic polymers into three wide
categories: linear, branched (non-linear) and cross-linked polymers. When the structural units
are repeated in only one dimension, linear polymers are obtained. Their molecular structure is
shown in Figure 1.1a. On the other hand, when the monomeric units are repeated in two or
three dimensions through covalent bonds, branched, cross-linked or network polymers are
obtained. In the case of branched polymers (also known as graft copolymers), single side-
branched chains are connected to polymer backbones during the synthesis, and which remain
singly dispersed (see Figure 1b). For cross-linked polymers, adjacent linear chains are
chemically or physically connected to two or more polymer backbones serving as “bridges” to

reticulate the polymeric system (see Figure 1.1c).

a)

| LGNS

Figure 1.1. a) Linear, b) branched, and c) cross-linked polymers.
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On the other hand, in terms of chemical composition, polymers can be classified as
homopolymers and copolymers. Homopolymers are those polymers composed of only one
type of structural unit, whereas copolymers posses two or more different monomers.
Copolymers can be additionally classified considering the sequential and structural order of

their constituent building blocks (see Figure 1.2):

e Random copolymer: the building segments in the backbone follow a random sequence.

e Alternate copolymer: the segments that configure the copolymer show a specific
alternating sequence.

e Block copolymer: the polymer backbone is formed by the covalent bonding of large
sequences of different homopolymers (each one forming a monomer).

e Graft copolymers: the copolymer molecule posses several segments grafted along the

polymeric backbone.

Figure 1.2. Schematic representation of different copolymers: (a) Random copolymer (b)

alternating copolymer, (c) and (d) block copolymer, (e) and (f) graft copolymer.

1.2.2.- Biopolymers.

Natural polymers are vital for the development, growth and perpetuation of any living
organism. Under this consideration, the most important ones are nucleic acids, proteins and
polysaccharides. The building units of these biological polymers are nucleotides, amino acids,
and carbohydrates, respectively. Among all these types, the present work is focused on the
study of proteins since they are an essential constituent of all organisms and virtually

participate in every process within cells.

18



1.2.3.- Proteins.

The most versatile macromolecules in living organisms are proteins. These play an important
and crucial function in almost all biological processes, and are formed by the linkage of
repetitive structural units, called amino acids, through peptides bonds (4). These are covalent
chemical bonds formed between two amino acids, in which the carboxyl group of one
molecule reacts with the amino group of the other, as shown in Figure 1.3. Thus, polypeptide
chains have two different terminal groups: on one side, the polypeptide chain posses an amino
group with positive polarity and, on the other, a carboxylic group with negative polarity. By

convention, the amino group has been considered the beginning of the polypeptide chain.

——

H O H H O H H
| I | Ll |
R—C—CHOH + HIN—C—R —— R—C—C—N—C—R" + H;0
| [
NH,, H COOH NH,, COOR
Amino Acid Amino acad Dipeptide

Figure 1.3. Peptide bond formation between the amino group of one amino acid and the

carboxyl group of the other.

1.3.- (Bio)polymer structure.

It is known from elemental organic chemistry that the physical state of a homologous series of
any type of chemical compound changes as their molecular size increases. From the low to the
high molecular weight end of the molecular spectrum, the members of a series change
progressively from the gaseous state, passing through liquids of increasing viscosity
(decreasing volatility) to low melting solids and, ultimately, terminate in high-strength solids.
Polymers belong to the high molecular weight end of the molecular spectrum, which provides
them very interesting and useful properties such as unusual crystallinity, a wide range of
thermal and mechanical behavior, and high resistance to chemical degradation. All these
properties are related to the chemical and structural aspects of polymers, which can be

divided into three different levels:

1. The monomer chemical structure (primary structure)
2. The single polymer chain (secondary level)

3. Aggregation of polymer chains (tertiary structure)
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Additionally, to obtain a better knowledge about the macromolecular structure, it is necessary
to study the molecular forces existing between polymer chains, such as ionic and covalent
bonds, dipole-dipole interactions, hydrogen bonding, induction forces or van der Waals

interactions, amongst others (5).

1.3.1.- Primary Structure.

The primary structure refers to the atomic composition and chemical structure of the
monomers, which compose the polymeric chains. The electrical and chemical properties of
polymeric chains are much related to the nature and chemistry of the constituent monomers
and the kind of bonds established between them. Also, the macromolecular size of the

polymer is responsible of their physical and mechanical properties.

1.3.2.- Secondary Structure.

To understand the properties of polymers, it is necessary to develop a physical picture of what
these long molecules are really like. The secondary structure is a real physical description of
the polymer, and describes the size and shape of a single individual macromolecule. The
polymer molecular architecture can be influenced by both the nature of monomers and how
they are bonded each other. In order to have a suitable description about the molecular
architecture of a polymer, it is necessary to define two important terms: configuration and

conformation.

Configuration refers to the relative position of the atoms in a polymeric chain, which is
determined by the chemical bonds. The mechanical and thermal properties of polymers are a
function of chain configuration; thus, the configuration of a polymer cannot be altered unless
these bonds are broken. The different possible configurations of polymers which have the

same stoichiometric molecular formula but different structural formulation are called isomers.

There are two main geometrical configurations of polymers: cis and trans. These structures
cannot be changed by physical means (e.g. rotation). The cis configuration originates when
substituent groups are located at the same side of a carbon-carbon double bond. Trans
configuration refers to the case when the chemical substituents are on opposite sides of the
double bond (see Figure 1.4a,b). On the other hand, taking into account the position of the
atoms in a polymer chain three main configurations are observed: atactic polymers, in which
the substituent groups have a random orientation (below and/or above) along the polymeric

backbone; isotactic polymers, where the substituent groups are in the same plane along the

20



main polymeric chain; and sindiotactic polymers, in which the substituent groups are in an

alternating opposite orientation along the polymer backbone (see Figure 1.4c-e).
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Figure 1.4. Schematic representation of the polymers configuration a) cis, b) trans, c) polymer

atactic, d) isotactic polymer, and e) sindiotactic polymer.

Molecular conformation refers to the special spatial orientation of a macromolecule. To
modify the macromolecular conformation it is not necessary to break out covalent bonds, but
it is only necessary to rotate the atoms around single bonds in the polymer backbone.
Therefore, the conformation of a polymeric molecule can be changed, for example, by
application of thermal energy or by interactions between the macromolecules and the solvent
molecules. The great number of possible conformations of macromolecules depends on
different factors such as polymer crystallinity, steric effects or their physical state (i.e., if the
polymer is in solution or in its molten or solid state), with the constraint that macromolecules
tend to adopt a minimum energy conformations state. Typical macromolecular conformations,
as random coil, fully extended chain, folded chain or helix are depicted in Figure 1.5. The
random coil is an asymmetric conformation characterized by a random orientation of
macromolecular segments. It is typical of polymers in solution, of molten polymers and solid

amorphous polymers. All other conformations reported in Figure 1.5 are symmetric and,
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therefore, characteristic of solid crystalline polymers. Hence, when the concept of

macromolecular conformation is limited to a single macromolecule, it defines the polymer’s

2<%

secondary structure.

Random coil Folded chain
PV W W
Full extended chains Helix

Figure 1.5. Secondary structure of polymers.

1.3.3.- Tertiary Structure.

Macromolecular conformation related to several macromolecules arranged together in any
liquid or solid phase defines the polymer’s tertiary structure. Usual tertiary structures are
depicted in Figure 1.6. These can be represented either by a tight arrangement of random coil
chains (spaghetti-like structure) as in molten or amorphous solid polymer; by a fringed-micelle
structure as observed in semi-crystalline solid polymers; or in regularly folded chains or super-

helix tertiary structures as in the case of highly crystalline solid polymers.

Spaghetti-like

Folded chains Super helix

Figure 1.6. Tertiary structure of polymer.

Any polymeric material in the solid state posses great amounts of polymeric molecules in the
form of aggregates. The process of molecular aggregation can lead to the formation of either

crystalline or amorphous materials, which depend on both the polymer molecular structure
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and the available configurations of the polymeric backbone’s building blocks. The ability of
polymer chains to establish a sufficient high number of dipole-dipole interactions, hydrogen
bonding, or van der Waals interactions, amongst others, is also a key factor in promoting and
controlling the molecular aggregation process in spite of the energy involved in this kind of
intermolecular forces is very weak (0.5-10 kcal/mol) if compared with covalent bonds (50-100

kcal/mol)

1.4.- Molecular self-assembly.

Molecular self-assembly is a spontaneous process by which molecules interact with each other
to form well-ordered supramolecular structures. The self-association between molecular
building blocks is mediated through non-covalent association of molecules (molecular
recognition processes). In this way, extraordinarily complex assemblies are formed in various
natural systems, and synthetic preformed molecular building blocks are assembled together by
keeping a delicate balance between non-covalent repulsive and attractive interaction by using
forces such as van der Waals and ionic interactions, metal coordination, H-bonding, m-nt
interactions or hydrophobic forces. This process has motivated many different studies in the
fields of nanotechnology and materials science based on the design of new functional
nanostructures (6)(7). The only requirement for self-assembly is that the building block should
contain moieties able to establish non-covalent interactions in specific environments (6)(7).
Thus, advanced self-assembled nanomaterials have already been prepared from many
different types of molecules such as lipids, synthetic peptides, nucleic acids, low molecular
weight surfactants, dendrons, transition metals, inorganic nanoparticles or polymers (8)(9).
The latter have recently received great attention due to their increasingly scientific importance
and vast utility in a wide range of technological applications by their ability to spontaneously
self-organize into well-ordered aggregates, either in the solid state or in semidilute and dilute

solutions (9)(10).

Nowadays, the self-organization of molecular building blocks is probably one of the most
prominent topics of modern sciences. Indeed, supramolecular self-assembly is the key strategy
of Nature for fabricating multifunctional structures such as enzymes, ribosomes, membranes
channel or transport proteins from rather simple molecules such peptides, sugars and lipids.
For instance, Nature produces complex intermolecular structures with biomolecules, through

the control of biomolecular primary, secondary, tertiary and quaternary structure. The
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presence of electrostatic charge in biomolecular primary structure provides natural systems
with a molecular-level tool to control intramolecular conformation (secondary and tertiary
structure) and intermolecular aggregation (quaternary structure), such as the association of
lipids to form cellular membranes, the protein folding mechanisms to construct functional
peptides and proteins, or the supramolecular organization of relevant biological entities such

as enzymes, ribosomes or transport channels.

In order to mimic the self-assembly processes observed in Nature (10)(11), block copolymers
have become of great scientific importance because of their unique and associative properties
as a consequence of their molecular structure. In particular, synthetic block copolymers can
self-organize spontaneously into unprecedented morphologies (which are related to their
segmental incompatibility), either in solid state or in semidilute or dilute solutions. For
instance, in bulk block copolymers made of thermodynamically incompatible segments phase-
separate into organized discrete nanophases, which can be exploited in many applications
ranging from impact-resistant materials to nanolithography and nanoelectronics. Similarly, in
dilute solutions block copolymers lead to the formation of colloidal aggregates such as
polymeric micelles or polymer vesicles, which have an enormous potential for applications in

cosmetic, the food industry, medicine and biotechnology.

In solution, the main attraction forces leading to block copolymer self-assembly are:
hydrophobic and electrostatic interactions, and hydrogen bonding. In this context, these
macromolecules can be considered as building blocks. In a selective solvent, blocks that can be
solubilized in this solvent tend to get in contact with the main phase, whereas blocks that are
insoluble in the solvent tend to be hidden from the main phase, leading to the formation of
organizated aggregates such spherical micelles, cylindrical micelles or vesicles (12). However,
amphiphilicity is not the only driving force that can be exploited for creating aggregates in
solution. The pairing of complementary charges in the polymer backbone is also a vector for
self-organization. Hydrogen bonding interactions are also important for the development of
self-assembling supramolecular aggregates, in which monomeric units are reversibly bound via

weak non-covalent interactions to form well-ordered structures.

For example, due to the great current interest in the development and improvement of nano-
devices, many of these synthetic block copolymers are being used in nanopatterning using the
top-down and bottom-up fabrication methods (Figure 1.7). The top-up strategy uses physical

engineering tools for carving of materials with a considerable macro-size to obtain a small
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nanodevice. During the process, the lateral dimension of the material is reduced until having a
nanostructured material as occurred, for example, in the case of silicon integrated circuits
fabricated by selective layer deposition. In contrast, the bottom-up strategy takes advantage
of the self-association properties of molecular blocks, which possess nanometric size. The
living cell is a complex construction given by the Nature, and it is the best example for the

bottom-up strategy (8)(13)(14).
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Figure 1.7. Schematic representation of two both strategies used to get nanostructured

materials: a) Top-down and b) Bottom-up.

On the other hand, peptides and proteins show also amphipathic properties. The
intramolecular fold of these macromolecules allows to show specific faces or display specific
regions toward the bulk solvent phase; in this way, it is logical to assume that these regions
have hydrophilic or hydrophobic nature. For instance, the cylindrical structure of the a-helix
contain a sequence of hydrophobic amino acids which are positioned on one side of the
cylindrical face, and another sequence of hydrophobic amino acids on the opposite face of the
cylindrical structure. For B-sheet structure, hydrophobic and hydrophilic amino acids of a
polypeptide chain can be ordered in an alternating way. In this manner, the side lateral chains

of the amino acids are on opposite faces into the B-sheet structure (8).
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2.1.- Introduction

There are many analytical techniques suitable for the characterization of synthetic and
biological macromolecules. This chapter is a brief summary of the basic theoretical background

and experimental setups used to perform the different experiments discussed in this Thesis.

In aqueous solutions of amphiphilic self-assembled systems, the aggregation process mostly
depends on concentration or/and temperature. The most usual experimental tools to follow
their self-assembly process into structural aggregates (micelles, vesicles...) are surface tension,
fluorescence spectroscopy, light scattering or nuclear magnetic resonance, amongst others. On
the other hand, the structural characteristics of the resulting self-assembled nanostructures
can be determined by techniques such as X-ray diffraction, light scattering or electron and

atomic microscopies.

2.2.- Surface tension

The critical micelle concentration (cmc) of amphiphilic systems and, in particular, in block
copolymer solutions can be determined by measuring their surface tension (y) as a function of
concentration. Surface tension depends on polymer concentration below its cmc and,
therefore, such behavior is denoted by a fairly sharp decrease in a y vs. log (c) plot. There are
several methods for determining the surface tension of amphiphilic polymer solutions such as
the Du Noly ring, the Wilhelmy plate, the pendant drop, the bubble pressure or the sessile
drop methods. The most common ones are the Du Nody ring and Wilhelmy plate techniques

(15).

2.2.1.- Wilhelmy plate method

The Whilhelmy plate method measures the force (F) with which a platinum plate of known
perimeter (L= I+d) is pulled downward by an interface, in our particular case the air/water
and air/chloroform interfaces. The surface tension force, Ljycosé, is equal to the weight of the
liguid meniscus adsorbed onto the plate and detected by a balance (16), which can be

expressed through the following equation:

w = 2(l+ d)ycosb 2.01
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where w is the meniscus’ weight detected by the balance, @is the contact angle defined by the
meniscus shape on the wet platinum surface plate, and | is the width and d the plate thickness,
respectively (Figure 2.1). Considering @ very small and the plate thickness negligible compared

with its width, the former expression is simplified to:

w = 2yl 2.02

Wilhelmy W

Contact

angle

Figure 2.1. lllustration of a fully wet Wilhelmy plate in contact with an aqueous solution.

2.2.2.- Monolayers and Langmuir-Blodgett films

Many insoluble substances such as long chain fatty acids, alcohols, surfactants and polymers
can be spread from a solvent onto water to form a one-molecule thick film, called monolayer.
Molecules in a monolayer can be arranged in different ways, especially when they are closely
packed, depending on the lateral forces between them (17). The obtention of surface
pressure-area isotherms is one of the main methods used to study monolayer formation.
Surface pressure, 71, is the reduction of the surface tension due to the presence of the
monolayer: I1 = y, —y, where j is the surface tension of the solvent (usually water), and y
the surface tension of the system. Surface pressure-area isotherms are often measured for

films/monolayers compressed using a Langmuir trough (Figure 2.2).

In general, an insoluble substance is spread from a volatile solvent to ensure the formation of a
uniform monolayer, and its area is controlled through a moveable barrier. The horizontal force
necessary to maintain the float at a fixed position is measured using a torsion balance, which

provides the surface tension values. Since only micrograms of materials are present in
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monolayers, it is necessary to ensure that the water is as pure as possible (17). On the other
hand, it is also possible to deposit the monolayer film onto a solid substrate, or build up a
multilayer by successive depositions of monolayer films. In this case, this technique is called
Langmuir-Blodgett and the films are named Langmuir-Blodgett (or LB) films. A monolayer is
adsorbed homogeneously with each immersion or emersion step, thus films with very accurate
thickness can be formed. This thickness is accurate because the thickness of each monolayer is
known and can therefore be added to find the total thickness of a Langmuir-Blodgett film.
These LB films are of great interest since they enable the construction of functional multilayer
stacks which can be used in molecular electronic devices, such as gas sensors, diodes or in

semiconductor devices as insulators in transistors.

to
force
transducer

film Moveable

Figure 2.2. Scheme of a Langmuir trough.

When a monolayer is compressed on the water surface, several phase transformations can be
observed. These changes are almost analogous to those present in bulk phase matter, where
the most common states are gas, liquid and solid. The phase changes may be readily identified
by monitoring the surface pressure IT as a function of the area occupied by the film (surface
pressure-area isotherm) (18). This is the two dimensional equivalent of the pressure-volume
isotherm for bulk materials (gas/liquid/solid). Figure 2.3 shows the surface pressure-area
isotherm plot of a hypothetical long chain organic monolayer material (e.g., a long-chain fatty
acid). This diagram displays most of the characteristic features observed for long chain
compounds (18). The shape of the surface pressure-area isotherm depends on the lateral
interactions between molecules. These, in turn, depends on the molecular packing, which is
influenced by factors such as the size of the hydrophilic group, the presence of polar groups,

the length and number of hydrocarbon chains, and their conformation.

Briefly, in the gaseous state (G) the molecules are far enough apart on the water surface so
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that they exert little force one on another. As the surface area of the monolayer is reduced,
the hydrophobic chains of the molecules will begin to interact. The liquid state formed is
generally called the expanded monolayer phase (E). At this stage, molecules at the water
surface are in a random rather than in a regular orientation, with their polar groups in contact
with the subphase. As the molecular area is progressively reduced, a condensed (C) phase may
appear. In the condensed monolayer state the molecules are closely packed and are oriented

with the hydrophobic groups pointing away from the water surface.

Surface Pressure (a.u.)
|

Area per Molecule (a.u)
Figure 2.3. Surface pressure-area isotherm for a chain organic monolayer.

2.2.3.- Axisymetric drop shape analysis (ADSA)

Axisymetric drop shape analysis (ADSA) is a drop shape technique for measuring the interfacial
surface tension, . This method can be performed on the measured profiles of captive bubbles,
sessile drops, pendant drops or bubbles. The principle of the technique is based on the
determination of the drop shape by the balance between: i) the force of gravity which deforms
the drop and ii) the surface tension which resists the deformation by minimizing the drop
surface area (17). The relationship between these two forces is described by the Laplace

equation (19):

V(1+1)=AP 2.03

Ri Ry

The Laplace equation is written in terms of the surface tension, y, the principal radii of the
drop, Riand R,, and the pressure difference across the curved interface, AP. The pressure

drop has two contributions, AP = AP, — pgz, where AP, is the pressure difference at a
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reference plane, and the term pgz is an additional pressure which arises from the gravitational
component at any point on the surface. This is given by the surface density difference, p,
between the bubble and the continuous phase, and its vertical distance z from the reference

plane (17).

ADSA technique allows to determine both the surface area, 4, as well as the surface tension, y.
Additionally, both quantities enable the derivation of important surface rheological properties,
such the elasticity or the surface dilatational modulus, E, of a film, defined as E =
—A(dy/dA). This can also be defined as a complex function written as E(w) = E'(w) +
iE"(w), where E” and E’’ correspond to the storage and loss moduli, respectively, by analogy
with 3D rheology. Assuming the mechanical properties of the adsorbed layer follow Maxwell’s

behavior, the storage and loss moduli can be written as (20)-(22)

E'(w) = ZiEOi(wLOi)z 2.04a

1+(w/woi)

(w/‘l’oi)

E"(w) = X Ey; 2.04b
o 1+(w/woi)2

where Eg and ani (wg; = 2m/1y;) are the corresponding weights of the i-th relaxation element
to the total elasticity modulus, Ey, and the characteristic relaxation frequency, respectively,

and 7 is the characteristic relaxation time of the Maxwell model.
2.3.- Light scattering

Scattering is a general physical process in which a form of radiation, such as, sound or a
moving particle, are forced to deviate from its straight trajectory by one or more localized non-
uniformities in the medium through it propagates. In the case of light, it is fairly simple to
understand the origin of its scattering considering it as an electromagnetic wave. Light will
interact with the charges inside a given molecule remodelling their spatial charge distribution.
The quantification of this effect is reported by a certain physical quantity, the polarizability (a).
The charge distribution follows the time-modulation of the electric wave vector of the incident

light beam and, therefore, the molecule constitutes an oscillating dipole or electric oscillator.
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This oscillating dipole acts as an emitter of an electromagnetic wave with the same wavelength
as the incident one (the scattering process is elastic), which is emitted isotropically in all
perpendicular directions to the oscillator, as illustrated in Figure 2.4. The angle of observation
with respect to the direction of the incident light beam is called the scattering angle, and it

provides a measure of the accessible length scales by a light scattering experiment (23).

1]
%s
y

Figure 2.4. Oscillating dipole induced by an incident light wave, and emitting light (23).

For molecules or particles equal or larger than A/20, being A the wavelength of the incident
radiation, several of these oscillating dipoles are created simultaneously within one given
particle. As a consequence, some of the emitted light waves possess a significant phase
difference. Accordingly, interference of the scattered light emitted from such individual
particles leads to a non-isotropic angular dependence of the scattered light intensity. The
interference pattern of intra-particular scattered light, also called the particle form factor, is
characteristic of the geometry of the scattering particle. Hence, this provides a quantitative
means for the structural characterization of particles in very dilute solutions by light scattering.
On the other hand, for particles smaller than A/20, only a negligible phase difference exists
between light emitted from various scattering centers within a given particle; in this case, the
detected scattered intensity will be independent of the scattering angle, and it only will
depend on the particle mass, which is proportional to the total number of scattering centers
one particle contains. The difference in the interference pattern of light scattered by small and

large particles, is illustrated in Figure 2.5 (23).

So far, we have considered light scattering as a purely elastic process where the emitted light
has exactly the same wavelength as the incident light. Particles in solution, however, usually
show a random motion (Brownian motion) caused by thermal density fluctuations of the
solvent. As a consequence of temporal changes in inter-particle positions and the
corresponding temporal concentration fluctuations, both the interference pattern and the

resulting scattered intensity detected at a given scattering angle also change with time,
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reflecting the Brownian motion of the scattering particles (23). This phenomenon provides the
basis of dynamic light scattering, an experimental procedure which yields a quantitative
measure for the mobility of scattering particles in solution, characterized by their self-diffusion
coefficients. Most modern particle size analyzers used to determine the size of particles in

solution are based on this principle, further commented in detail below (23)-(25).

Figure 2.5. Interference pattern of light scattered from small particles (/eft) and large particles

(right). For simplification, only two scattering centers are shown (23).

General standard light scattering setups consist of the following components (Figure 2.6) (23)-

(26):

1. The incident light source, typically a laser source. This provides coherent and
monochromatic light with an intensity between some few milliwatts (mW) and several watts
(W). In practice, the light intensity needed for a successful scattering experiment depends on
the sensitivity of the optical detector and on the scattering power of the sample itself, as
determined by its size, concentration, and refractive index increment. As shown in Figure 2.6,
typically, the primary laser beam is guided and focused onto the sample by optical mirrors and
lenses. The laser beam diameter within the sample is well below 1 mm, which defines the
scattering volume.

2. The light scattering cell, in most cases a cylindrical quartz glass cuvette of outer
diameter between 10 and 30 mm, embedded within an index matching and thermostating
bath. Using an index matching bath around the cylindrical light scattering cuvette is important
to suppress unwanted diffraction effects of the incident and the scattered light at the sample-
air interfaces.

3. The detector, either a photo-multiplier tube or a very sensitive avalanche photo diode
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(APD) and its associated optics (pinhole or optical fiber) mounted on the arm of a goniometer.
The detector optics determines the horizontal and vertical dimensions of the scattering
volume, whereas its depth is defined by the incident laser beam width. Band pass filters with
high transmission at the incident laser light wavelength are often used in front of the detector
to suppress undesired contributions of stray light or fluorescence from the sample.

4, The electronic hardware components associated with the detector used for signal
processing. The scattered intensity | (q,t), which is monitored by the optical detector, is
typically digitalized and stored in a computer. These raw data have to be further processed: in
the case of static light scattering, particle form factor models can be used to fit the
experimental data; in a dynamic light scattering experiment, the raw data have to be
converted into the time intensity correlation function ¢, (g, 7). This is done during the
measurement using a very fast hardware correlator as, for example, the ALV 5000 from ALV,
Langen, Germany.

5. In a typical light scattering experiment, light from a laser source passes through a
polarizer, which defines the polarization of the incident beam and, then, enters the scattering
medium. The scattered light, then, passes through an analyser, which selects a given
polarization and finally enters a detector. The position of the detector defines the scattering
angle, 6. In addition, the intersection of the incident beam and the beam intercepted by the
detector defines a scattering region of volume V. In modern light scattering experiments the
scattered light spectral distribution is measured by a photomultiplier, which is the main

detector (24).
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Figure 2.6. Schematic representation of an usual light scattering experiment (26).
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2.3.1.- Static light scattering (SLS)

As mentioned above, matter scatters electromagnetic waves due to the induction of an
oscillating electromagnetic dipole which serves as a source for the scattered light wave. In this
way, Rayleigh scattering is described in terms of three factors: the incident light, the particle
(i.e. a macromolecule), which serves as an oscillating dipole, and the scattered light. The
schematic model is shown in Figure 2.7. The equation for the electric field of incident polarized
light beam at X position and at time, t, may be expressed by the following well-known equation

(27)-(32):

E = Eycos2m (vt — %) 2.05

where E is the electric field or electric intensity, Eq is the amplitude of the incident electrical

wave, v is the light frequency in solution, and t is the propagation time.

sample with N particles

lo

detector

Figure 2.7. Sketch of a light scattering process (23).

If an incident light reach a particle (i.e. macromolecule), whose size is smaller than the
wavelength A, d<<A/20, the electron distribution around the particle is distorted, resulting in
particle’s polarization and, hence, creating a new oscillating dipole, p (the own particle). Then,

the generated dipolar moment is related to the electric field by:

p = ak = aEycos2n (vt - %) 2.06

where «a is the polarizability of the particle. If the incident light is plane polarized, the scattered

light can then expressed:
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__ (d?*p/dt*)(sin6/r)
= =

E 2.07

where r is the distance of the dipole from the observer (from the scattered light sample to the
detector) and dis the angle between the dipole axis and the line r. The division by the square
of the light velocity, ¢ is a dimensional correction. Substituting d?p/dt? in the above

equation:

412v2qE, sin 0 x
E = TZO cos 21 (vt — Z) 2.08

Comparing the intensity | of the scattered radiation to the intensity |y of the incident radiation,

which is proportional to the square of its amplitude Eqg:

I _ 16n*a?sin? 6
E = T 2.09

This equation is called the Rayleigth equation for plane polarized light. The scattering intensity
increases rapidly as the light wavelength decreases. The intensity also depends on the angle &

there is no radiation along the direction (£=0) in which the dipole vibrates.

Let us consider a system of volume V containing N independent identical scattering particles.

Then, the total intensity | of scattered light is:

Ig _ N1é6m*a?(1—cos?0)
b V 2472

2.10

Generally, the Rayleight scattering equation is directly applicable to gases, where molecules
move randonly. In liquids, there exists fluctuations in particle concentration inside a volume
element, which results in fluctuations of the polarizability a. Therefore, to apply the Rayleigh
scattering equation to the liquid state, it is necessary to account for these fluctuations by using
o. In this way, since the polarizability o depens on the dielectric permitittivity ¢ and

correspondingly on the index of refraction n, then:

N
471;0(:5—1:712—1 2.11
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For a dilute solution, polarizability o may be written as:

%4 dn
a=— (—) C 2.12
2N \dc

where dn/dc is the differential refractive index and is an experimentally measurable quantity.
Substitution of the equation 2.12 into equation 2.10, and considering that N/V can be
expressed as N/V = cN,/M, where M is the molecular weight and N, is the Avogadro’s

number:

4112(6”1)2Mc(1—cos2 0)

g dc

o TN, 2.13
Defining the Rayleigh ratio and is often designed as R:
R = (1(,(11(9(:%@) 2.14
which is independents of r and 6. Simplifying:
am?(4) e
R = TN, 2.15
Then the light scattering becomes:
R =KcM 2.16

where K = 4m?(dn/dc)?/A*N,.

As mentioned above, for very dilute solution of small particles (for example, nanoparticles or
polymer chains of size smaller than A/20) the scattering intensity is independent of the
scattering angle, and the density fluctuation from the surrounding solvent can be substracted
by considering the excess Rayleigh ratio, AR (AR = Rgyiution — Rsotvent); then, the scattering
intensity only depends on the scattering power of the dissolved particles (i.e., from their
molecular mass) and the osmotic pressure. For non ideal solutions, and after several

theoretical considerations (3), the scattering equation can be rewritten:
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re_1 2
w-uT 2A,c + 3A5c 2.17

When ¢ — 0, the former equation can be simplified to the so-called Rayleigh-Gans-Debye

relation:

AR = KcM,, 2.18

Actually, 4R cannot be experimentally measured since |, and r are unknown during the
experiment. However, in a routine experiment AR is determined from the experimentally
measured scattered intensities of the solution, lsuion, and a reference substance, /s (usually
benzene or toluene) (23) which enables the derivation of their respective Rayleigh ratios.
Hence, the following equation can be derived providing a relation between the molecular

weight, Mw, of the particle considered and the second virial coefficient, A, (29)-(30):
K*C/(S‘)O_SSO) == 1/MW+2A2C+"' 2.19

* I
where K* = 47T2/A4NA(dn/dC anef/RTef' 590 = I/Iref and S9SO =S Iref' II IS and Iref; are

the experimentally measured scattered intensities of the solution, solvent, and reference,

respectively. For small particles at dilute concentrations equation 2.19 can be reduced to:
K*c/(Syog — S50) = 1/M,, 2.20

On the other hand, for large scattering particles the scattered intensity is no longer
independent of the scattering angle. The scattering vector ¢, which is experimentally
determined by the scattering angle 8 and the laser light wavelength, A, provides a quantitative

measure of the length scale of the static light scattering experiment, given by:

__4mnsin(6/2)

2.21
A

For very dilute solutions, interference between different scattering particles, the so-called
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structure factor, can be neglected. In this case, the angular dependence of the measured
scattered intensity 1(g) is only caused by intraparticle interference. For dilute and semidilute
solutions, to take into account the effects of particle concentration and solute-solvent

interactions on the measured scattering intensity, the Zimm equation can be used:
Kc/R(6,¢) = (1/M,,)(1+ q*R,/3) + 24,c 2.22

In order to determine My, Ry, and A; it is necessary to prepare several dilute solutions of
different concentration and measuring the scattering intensities data at various scattering

angles (27)(28).

2.3.2.- Dynamic light scattering (DLS)

Light scattered by a set of mesoscopic particles produces a random interference pattern on a
screen. This pattern, generally possess the form of irregularly spaced and sized bright spots
called speckles. The scattered light intensity pattern remains unchanged as long as the
particles do not change their position. Particle motion naturally leads to a temporal evolution
of the scattered speckle field since one interference pattern is continuously replaced by
another. In a single speckle spot, this evolution is observed as strong temporal intensity
fluctuations, with a certain well-defined temporal correlation. The intensity fluctuations are
inherently related to the scatterers’ dynamics and, therefore, the temporal correlation
function depends on the particles shift. Thus, the measurable correlation properties of light
can be linked to the dynamical properties of particles which, in turn, can provide information

about their flow velocity and direction, particle size, density of moving scatterers...

In dynamic light scattering, also known as photon correlation spectroscopy (PCS) or quasi-
elastic light scattering (QELS), the diffusive motions of particles in solution gives rise to
fluctuations in the scattered light intensity on the microsecond timescale. This technique is
one of the most popular methods used to determine the particles size by measuring the
temporal fluctuations of the scattered light intensity. Roughly, this is made by focusing a
monochromatic light beam, such a laser, on a solution with particles in Brownian motion; this
causes a Doppler shift when the light “hits” the moving particle, changing the light wavelength.

This change is related to the size particle (27)(32).

In the scope of DLS, temporal fluctuations are usually analyzed by means of the intensity
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autocorrelation function (ACF). In the time domain, the correlation function usually decays
with time (Figure 2.8), and faster dynamics leads to faster decorrelation of the scattered
intensity trace. It can be shown that for a random process the intensity ACF is the Fourier
transform of the power spectrum and, therefore, DLS measurements can be equally well-
performed in the spectral domain. In fact, DLS experiments were initially discussed in terms of
the broadening of the spectrum peak of monochromatic light due to Doppler shifts

experienced by propagating light waves scattered by moving particles (31).

1Ee-3 001 o 1
delay [s]

Figure 2.8. lllustration of autocorrelation function (31).

To detect the intensity fluctuation with time, a DLS system requires an autocorrelator on top

of a regular SLS system, as shown in Figure 2.9.
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Figure 2.9. Sketch of a dynamic light scattering system. The pulse amplifier discriminator
converts the analogic signal of the photodetector, I(t), in a digitalized signal, which is further

processed by the autocorrelator into the autocorrelation function.
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As commented above, Figure 2.10a illustrates how the intensity (l) varies with time (t). I(t)
fluctuates around its mean value, <I>. It may appear completely random and, therefore,
meaningless, but it is not. Motions of particles (i.e. polymer molecules) and solvent molecules
contribute to the change of I(t) with time. This apparently noisy signal carries the information

about particles motions.
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Figure 2.10. a) Light scattering intensity I(t) fluctuates around its mean value (I). b)
Autocorrelation function (I(t)I(t + 7)) is obtained as the long-time average of I(t)I(t + 1)
for various delay times 7. The aurocorrelation function decays from (I?) to (I)? over time. The

amplitude of the decaying component is {(AI?).

The autocorrelator calculates the product average of two scattering intensities I(t) and I(t+7)
measured at two different times separated by 7, the delay time. The average product
(I(t)I(t + 1)) is a function of 7and is called the correlation function of I(t), or the intensity-
intensity correlation function. The correlator converts I(t) into (I(t)I(t + 7)). Hence, the
intensity-intensity correlation function is the average of I(t)I(t + 7) over a long period T.

Hence, assuming that the long time average is equal to the ensemble average, we can write:
. 1 0T
(IMI(t + 1)) = limp_ o ;fo I()I(t + 17)dt 2.23

Note that, if the system is at equilibrium, the ensemble average does not change with time
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and, therefore, (I(t)I(t + 7)) = (I(t0)I(7)). The autocorrelation function of I(t) (Figure 2.10a)
is shown in Figure 2.10b. When 7= 0, (I(t)I(t + 1)) = (I?). With increasing 7, (I(t)I(t + 1))
decays to an asymptotic level (baseline), (I)?.

Because the scattering intensity I(t) fluctuates around a mean value (I), it is convenient to

separate its fluctuating component, AI(t), as I(t) = (I) + AI(t). By definition, (AI(t)) = 0.

Then, the correlation function can be rewritten as:
(I(OI(t + 1)) = (I)? + (AI(H)AI(t + 1)) 2.24

The autocorrelation of AI(t)is zero upon increases of 7. When T — oo, (AI(t)AI(t + 7)) =
(AI(H)XAI(t + 7)) = 0. The decaying componet in (I(t)I(t + 1)) is (AI(t)AI(t + T)). The
initial height of the decaying component is AIZ = (I?) — (I)2. Division of (I(t)I(t + 1)) by (I)?

leads to the intensity autocorrelation function as:

(I +71))/I)? =1+ (AIR)AIE+ 1))/ =1+ f.g,(r) 2.25

where f. = (AI?)/(I)? (the coherent factor), and the second factor is the baseline-subtracted,

normalized intensity autocorrelation function:
g2 (1) = (AI()AI(t + 1))/(AI)? 2.26
The coherent factor depends on the coherence of the light reaching the photodetector. The

measured intensity correlation function is related to the field correlation function by the

Siegert relation:

91(t) =14 b|g,(0)|? 2.27

where g (1) is:

9:(0) = |[E*@E + )| /(IE®)I?) 2.28

where E*(t) is the electric field conjugate function. For monodisperse spherical particles:
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g1(t) = exp(—T1) 2.29
where [ is the characteristic delay rate, which is related to the translational diffusion

coefficient, D, of a solute by means of the expression:
I'=g?D 2.30

The diffusion coefficient is frequently used to determine the hydrodynamic radius, Ry, of the

constituent particles by using the Stokes-Einstein equation:
KgT
D="8"/ 61nR,, 2.31

where Kg is the Boltzmann constant, T the absolute temperature and 7 the liquid viscosity.
The hydrodynamic radius obtained by DLS represents an ideal hard sphere that diffuses with
the same speed as the particle under examination. Actually, particles are solvated and the
radius calculated from the particle diffusion corresponds to the size of the dynamic solvated

particle.
2.4.- Electron microscopy

Microscopy is an important tool for the characterization of nanomaterials structure. For
example, this set of imaging techniques may be used to examine the detailed shape, size and
distribution of a wide range of nanoscopic objects. There are different available classes of
microscopic techniques, such as the traditional optical microscopy, or more powerful ones
such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), and

scanning probe microscopy (SPM), amongst others.

2.4.1.- Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) involves the transmission of an electron beam
through a sample in a high-vacuum environment. The images and their associated contrasts
arise from regional differences in electron densities in such sample. TEM has a resolution of ca.
1 to 100 nm and can provide very detailed structural information of polymeric materials. The
TEM specimens need to be very thin in order to enable the transmission of electron beams

through the sample.
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A transmission electron microscope (Figure 2.11a) is constituted by an electron source
(electron gun) which emits electrons travelling through the vacuum created into the
microscope column. A condenser lens focus the electron beam on the sample, and several
objective lenses are used to form the diffraction pattern at the back focal plane and the
sample image at the image plane; there are also some intermediate lenses to magnify the
image or the diffraction screen. To obtain an improved contrasted image, an objective
diaphragm is inserted in the back focal plane to select the transmitted beam. At the bottom of
the microscope, the non-scattered electrons reach a fluorescent screen, which provides a
contrasted image of the specimen, with a darkness distribution corresponding to its different

electron densities.
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Figure 2.11. Schematic diagram of electron microscopes: a) TEM; b) SEM .

In order to solve the material’s structure on the mesoscopic scale at even high resolutions
comparable to interatomic distances, high-resolution transmission electron microscopes
(HRTEM) emerge as a powerful tool. HRTEM uses the transmitted and scattered electron
beams directed to a sample to create a diffraction image, in contrast to conventional TEM that
only uses the transmitted beams. The high resolution image recorded can be interpretable
directly in terms of projections of individual atomic positions. In this way, defects and other
inhomogeneities present in a material specimen can be accurately determined. A great
advantage of the HRTEM microscope is the capability to observe both electron microscope

images and diffraction patterns for determined selected area electron diffractions from a
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sample (33)-(35). The selected area electron diffraction in an electron microscope is formed by
setting an aperture in the imaging plane of the objective lens. Only rays passing through this
aperture contribute to the diffraction pattern at the far field. For a perfect lens without
aberrations, the diffracted rays come from an area that is defined by the back-projected image
of the selected aperture. The aperture image is typically a factor of 20 times smaller because
of the objective lens magnification. The smallest area that can be selected in SAED is limited

by the objective aberration (36).

2.4.2.- Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is another valuable electron microscopy technique for the
examination and analysis of the microstructural characteristics of solid objects, with a
resolution of ca. 5 nm. SEM can also be used to obtain compositional information of
nanomaterials by coupling an electron diffraction X-ray scattering detector. SEM enables the
observation of heterogeneous organic and inorganic materials on the mesoscopic scale (37). In
a typical SEM experiment, an electron beam is focused to obtain a very fine spot size that is
rastered over the surface, and an appropriate detector collects the electrons emitted from
each point. In this way, an image having a great field depth and a remarkable three-
dimensional appearance is built up line by line. The specimen is usually coated with a
conducting film prior to examination to enhance electron conductivity and, thus, improving

image contrast.

A scanning electron microscope (Figure 2.11b) consists of an electron gun at the top of the
column, which creates a divergent electron beam. In the column, which is under vacuum, a
series of magnetic apertures focuses the electron beam, and an electrostatic field drives the
electrons through a small spot called crossover and accelerates them through the column until
the sample chamber, where the electron beam interacts with the sample. The signals resulting
from the beam-sample interaction are monitored. Finally, SEM constructs a virtual image from
the signal emitted from the sample by scanning the electron beam line by line through a
rectangular (raster) pattern on the sample surface. The scan pattern defines the area
represented in the image. At any time, the beam illuminates only a single point in the pattern.
As the beam moves, the signals it generates vary in strength, reflecting

structural/morphological differences in the sample.
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2.5.- Atomic force microscopy (AFM)

An atomic force microscope (AFM) is part of a large family of instruments termed as scanning
probe microscopes (SPM). The common factor in all SPM techniques is the use of a very sharp
tip probe, which is scanned across a surface of interest. The interactions between the probe
and the surface are able to produce a high resolution image of the sample (potentially up to
the sub-nanometre scale) depending on the technique and sharpness of the probe tip. For
AFM, the probe usually interacts directly with the surface probing the repulsive and attractive
forces which exist between the probe and the sample surface to produce a high resolution
three-dimensional topographic image of the latter. The great versatility of AFM makes possible
measurements in air or fluid environments rather than in high vacuum, which allows the
imaging of polymeric and biological samples in their native states. In addition, it is highly
adaptable, with tip probes being able to be chemically functionalised to allow quantitative

measurement of interactions between many different types of materials (38).
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Figure 2.12. Typical AFM setup. A tip probe is mounted at the apex of a flexible cantilever,
made of Si or SizN4. The cantilever itself or the sample surface is mounted on a piezo-crystal,
which allows the position of the probe to be shifted respect to the surface. The deflection of
the cantilever is monitored by changes in the path of a laser light beam deflected from the

upper side end of the cantilever recorded by a photodetector (38).

An AFM instrument consists of a sharp tip probe mounted near the end of a cantilever arm,
which is able to make a full scanning across the entire sample surface. By means of monitoring
the arm’s deflection originated by the topographic features present on the sample surface, a

three dimensional picture can be built up at high resolution. In Figure 2.12 the basic setup of a
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typical AFM is shown. Cantilevers commonly are either V-shaped or a rectangular “diving
board” shaped. The cantilever posses a sharp tip at its free end, which acts as the interaction
probe. This probe has most commonly the form of a square-based pyramid or cylindrical cone.
The probe is brought into and out of contact with the sample surface by the use of a piezo-
crystal where the cantilever or the surface itself is mounted, depending on the particular
equipment used. The movement in this direction is conventionally referred to as the Z-axis. A
laser light beam is reflected from the reverse side of the cantilever onto a position-sensitive
photodetector. The configuration of the photodetector consisted of a quadrant photodiode
divide into four parts with a horizontal and vertical dividing line. If each section of the detector
is labelled from A to D, as shown in Figure 2.12, then the deflection signal is calculated by the

signal difference detected in each part of the detector (38).

2.6.- Fluorescence spectroscopy

Once a molecule is excited by the absorption of a photon, this can return its ground state
through either fluorescence emission, internal energy conversion (i.e. direct return to the
ground state without fluorescence emission for example, by heat radiation), intersystem
crossing (possibly followed by phosphorescence emission), intramolecular charge transfer
and/or conformational change. All these processes can be visualized in the Perrin-Jablonski
diagram (Figure 2.13). The singlet electronic states are denoted as S, (fundamental electronic
state), S1, S,, ... and the triplet states as, T4, T,, ..., with different vibrational levels associated
with each electronic state. It is important to note that energy absorption is very fast (=10 s)
with respect to all other processes (so that there is no concomitant displacement of the nuclei
according to the Franck-Codon principle) (39)(40). The vertical arrows corresponding to the
energy absorption process start from the 0 vibrational energy level, Sy, since most of molecules
are in this state at room temperature. Absorption of a photon, hence, can bring a molecule to

one of the vibrational levels of S, S, ...

Emission of photons accompanying the S; — S, relaxation is called fluorescence. It should be
emphasized that, apart from a few exception, fluorescence emission occurs from S; and,
therefore, its characteristics (except polarization) do not depend on the excitation wavelength
(of course only one species exists in the ground state). The transition between the ground
state and the excited stated (0-transition) is usually the same for absorption and fluorescence.

However, the fluorescence spectrum is located at higher wavelengths than the absorption one
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because of the energy loss in the excited state due to vibrational relaxation (Figure 2.14).
According to the Stokes rule the fluorescence emission wavelength should be always higher
than that of absorption. However, in most cases the absorption spectrum partly overlaps the
fluorescence spectrum, i.e. a fraction of light is emitted at shorter wavelengths than the
absorbed light. Such an observation seems to be, at first, in contradiction with the energy
conservation principle. However, such energy defect is compensated by the fact that a small
fraction of molecules is in a higher vibrational level in the ground state as well as in the excited

state at room temperature (39).
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Figure 2.13. Perrin-Jablonski diagram and illustration of the relative positions of absorption,

fluorescence and phosphorescence processes (39).

In general, differences between the vibrational levels are similar in the ground and excited
states, so that the fluorescence spectrum often resembles the first absorption band. The gap,
expressed in wavenumber, between the maximum of the first absorption band and the

maximum of fluorescence is called the Stokes shift.

It should be noted that photon emission is as fast as photon absorption. However, excited
molecules remain in the S; state for a certain time (a few tens of picoseconds to a few
hundreds of nanoseconds, depending on the type of molecule and its surrounding medium)

before emitting a photon or undergoing other relaxation processes. Thus, after excitation of a
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population of molecules by a very short light pulse, the fluorescence intensity decreases
exponentially with a characteristic time, reflecting the average lifetime of the molecules in the

S; excited state.
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Figure 2.14. lllustration of the vibrational bands in the absorption and fluorescence spectra.

As a consequence of the strong influence of the local environment or surrounding medium on
fluorescence emission, fluorescent molecules are currently used for physicochemical,
biochemical and biological investigation. For example, fluorescence spectroscopy can be
employed as a highly sensitive method for protein analysis. Intrinsic protein fluorescence
deriving from the naturally fluorescent amino acid tryptophan (and to a lesser extent from
tyrosine and phenylalanine) can provide information on the protein conformational structure
and it changes. On the other hand, the use of extrinsic fluorescent dyes offer additional
possibilities for protein characterization, i.e. to monitor their refolding and unfolding
processes, to detect molten globule intermediates, or to characterize protein aggregation and
fibrillation amongst others. For example, the dye 1-anilinonaphthalene-8-sulfonate (ANS) is
hardly fluorescence in aqueous environments but become highly fluorescent in apolar-organic
solvents or upon adsorption to solid phases. Other important dyes for protein characterization
are, for example, Nile Red (used for monitoring protein conformational changes), 9-
(dicyanovinyl)-julolidine (DCVJ, used to probe tubulin structure and the formation of
hydrophobic microdomains along protein aggregation), or Congo Red and Thioflavin T (used to

characterize the extent of B-sheet formation along protein fibrillation) (40)(41).
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Figure 2.15. Schematic representation of a spectrofluorometer (40).

Figure 2.15 shows the components of a conventional spectrofluorometer. The light source is
commonly a high-pressure xenon arc lamp, which offers the advantage of a continuous
emission from 250 nm to the infrared. A monochromator is used to select the excitation
wavelength. Fluorescence is collected at right angles with respect to the incident beam and
detected through a monochromator by a photomultiplier. Automatic scanning of wavelengths
is achieved by motorized monochromators, which are controlled by the electronic devices and
the computer, in which the data are stored (39)(40). The optical module contains various parts:
a sample holder, shutters, polarizers if necessary, and a beam splitter consisting of a quartz
plate reflecting a few per cent of the exciting light towards a quantum counter or a
photodiode. A quantum counter usually consists of a triangular cuvette, containing a
concentrated solution of a dye whose fluorescence quantum vyield is independent of the

excitation wavelength.
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2.7.- Circular dichroism (CD)

Circular dichroism (CD) spectroscopy is commonly used for the study of macromolecules
(synthetic and natural). CD technique is based on the rotation and absorption of left and right
circularly polarized light passing through a sample so < CD signal will be generated when the
circularly polarized light pass through a chiral sample. In this regard, a plane-polarised light
beam can be considered to consist of two equal and opposing left and right circularly polarized
light beams. In Figure 2.16, the electric vector of these beams is viewed looking down the
direction of the light source. When the magnitudes of these vectors are equal, their resultant
will trace the linear path of the electric vector amplitude of a plane-polarised light beam. This
means that the magnitudes of the vector will be no longer the same. This difference involves
that the resultant vector will be that of an elliptically polarized light beam passing through the
sample (40)(42):

Figure 2.16. lllustration of how circularly polarized light interacts with achiral and chiral
molecules. Plane polarized light can be considered as composed of the sum of two equal and
opposing left and right circularly beams. These views represent the electric vector component
of the beams looking down the direction of propagation of the light source. a) The resultant
transmitted beam is still present when the plane polarized light pass through an achiral
sample; b) circularly polarized light is present when it passes through a chiral sample; and c)

pictorial representation defining ellipticity (42).

In many biological systems, the presence of different asymmetric chemical groups around a

carbon atom originates chirality, as in the case of amino acids forming the polypeptide
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backbone of proteins. Since proteins, then, are built by units that are chiral, they will interact
with left and right circularly polarized light to different extents giving rise to circular dichroism
(40)(42). Hence, circular dichroism can be defined as the difference between the absorption of

left and right circularly polarized light by a chiral molecule:

AA = A; — A 2.32

where A, and Ag are the absorption of the left and right circularly polarized light, respectively,
by the chiral molecule. For achiral molecules AA = 0, and no CD signal is present. For chiral
molecules, A; # Ag at some wavelength, and the resulting AA will be non-zero; it can have
either a positive or negative value depending on the relative intensities of the left and right-
handed light absorbance. Usually, in the analysis of protein structures CD instruments scale the
chirality as ellipticity, 6, expressed in millidegrees. Therefore, a CD signal can be viewed either
as an absorption difference or as the produced ellipticity, although both are related each
other. However, ellipticity is not a useful quantity to compare different samples as its
magnitude differs depending on the amount of protein present in the sample. For CD spectral
data, the most useful units are delta epsilon the molar circular dichroism, Ag, and the mean

residue ellipticity [0]ure (MRE).
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Figure 2.17. Schematic representation of a typical circular dichroism spectrometer.

To obtain a circular dichroism spectrum (Figure 2.17), a periodic variation in the polarization of
the light beam is induced by the polarization modulator through all ellipticities. This polarized

light passes through the sample to a photomultiplier detector. If the sample is not optically
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active, the light beam does not vary through this cycle. With the introduction of an optically
active sample, a preferential absorption is seen during one of the polarization periods, and the
intensity of the transmitted light now varies during the modulation cycle. The variation is
directly related to the circular dichroism of the sample at that specific wavelength. Successive
detection is performed at various wavelengths leading to the generation of the full CD

spectrum.

2.8.- Infrared spectroscopy

Molecules consist of atoms which have a certain mass and are connected by elastic bonds. As a
result, they can perform periodic motions, i.e. they have vibrational degrees of freedom. All
motions of the atoms in a molecule relative one each other are a superposition of the so-called
normal frequencies. These are described by a normal coordinate. For polyatomic molecules,
the number of characteristic frequencies is 3N — 6 for non-linear molecules and 3N — 5 for
linear molecules, where N is the number of atoms in the molecule, which define their
vibrational spectra. These spectra depend on atoms mass, their geometrical arrangement, and
the strength of their chemical bonds. Molecular aggregates such as crystals or complexes
behave like “super-molecules” in which the vibrations of the individual components are
coupled. As a first approximation the normal vibrations are considered not coupled, i.e. they
do not interact. However, the bonds elasticity does not strictly follow Hooke’s law. Therefore,

overtone and combinations of normal vibrations may appear (40)(43).

Infrared (and RAMAN) spectrometers are the most important tools for observing vibrational
spectra. Depending on the nature of the vibration, which is determined by the symmetry of

the molecule, vibration may be active or forbidden in the infrared (or RAMAN) spectrum.

From basic theory, it is easy to understand that a molecule can take up an amount of energy,
hv, to reach a vibrationally excited state only when the frequency of the incident radiation on
a molecule is the same as the vibrational frequency of the latter. This phenomenon involves
either a change of the molecule’s dipole moment or a change in its polarizability. If the former
phenomenon takes place, we will observe an IR band; if the second one occurs, we will
observe a RAMAN band. The absorption wavelength range of IR spectroscopy is from 2.5 to
1000 um, which corresponds to the energy hv = hci with 9 = 4000-10 cm™, with ¢ the light

velocity.

54



According to classical mechanics, the vibrating atoms groups in a molecule can be modelled as
balls joined by springs (the molecular bonds). To take the simplest example, let us consider
two balls joined by one spring representing a diatomic molecule. In this approximation, two
atoms and the connecting bond are treated as a simple harmonic oscillator composed of 2
masses (atoms or balls). These two balls can vibrate with a characteristic frequency that

depends on the mass of the balls and on the spring force (spring force can be approximated by

Hooke’s law). Matematically, the equation v = (1/(2m))+/K/u, describes the characteristic
oscillation frequency v and how it depends on mass u and spring constant force k. According
to this equation, stiffer spring constant (stronger bonds) result in a higher frequency, whereas
heavier atoms result in lower frequencies. This simple system possess only a single
characteristic frequency. The balls can only vibrate with this characteristic frequency or an
integer multiple of this frequency. A more complex molecule can still be modelled quite
accuarately as balls of different massess joined by springs of different tensions (representing
different atoms with different bonds). Figure 2.18 shows a diagram representing the vibration
of a diatomic molecule or one vibrational degree of freedom of a polyatomic molecule, which

is excited by a transition from energy level v = 0 to v = 1 (40)(43)-(45).

Energy

Figure 2.18. Observation of the excitation of a vibrational state in the electronic ground state

by infrared absorption.

. . . 1 . . .
In the classical harmonic oscillator, E = E}cxz = hv, where X is the displacement of the spring.

Thus, the energy or frequency is dependent on how far one stretches or compresses the
spring. If this simple model were true, a molecule could absorb energy of any wavelength.
However, vibrational motion is quantized and, therefore, the molecules can only exist in finite
energy states. In the case of harmonic potentials, these states are equidistant, i.e. E; =
hv(n; +1/2),n; =0,1,2,... where the energy levels are numbered as n;. At n; = 0, the

potential energy has its lowest value, which is not the potential minimum energy (43)(44).
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According to the selection rules, only transitions to the next energy level are allowed;
therefore, molecules will absorb an amount of energy equal to hv. This rule is not inflexible
and, occasionally, transitions of 2hv, 3hv, or higher are observed. These correspond to bands
called overtones in an IR spectrum. They are of lower intensity than the fundamental vibration

bands.

As mentioned above, infrared spectra cover the near infrared(0.75-3 um), middle infrared (3-
30 um) and far infrared (30-300 um) range. In this region, most molecules show absorption or
emission bands arising from symmetry-allowed interaction with the radiation. The energy of
the absorbed and emitted light is equivalent to the energy difference between the lowest

vibrational states of the electronic ground state of a molecule.

Three types of instruments for IR absortion measurements are commonly available: dispersive
spectrophotometers with a grid monochromator, Fourier thansform spectrometers employing
an interferometer, and non-dispersive photometers using a filter or absorbing gas (typically

used for analysis of atmospheric gases at specific wavelengths).

Until 1980s, the most widely used instruments for IR measurements were dispersive
spectrometers. Nowadays, this type of instruments has been displaced by Fourier transform
(FT) spectrometers because of their speed, reability, enhanced signal-to-noise ratio. Infrared
spectrometers (Figure 2.19) usually combine a radiation source, collimator, fixed mirror,
moving mirror, a sample holder, a device for spectral dispersion or selection of radiation
(beam splitter), and a radiation detector, all connected to appropiate recording and evaluation
facilities. An ideal spectrometer records completely resolved spectra with a maximum signal-
to-noise ratio. It requires a minimum amount of sample which is measured nondestructively in
a minimum time, and it provides facilities for storing and evaluating the spectra. FTIR
spectrometers can be single-beam or double-beam instruments. A typical procedure for
determining transmittance or absorbance with this type of instrument is to first obtain a
reference interferogram by scanning a reference (usually air) twenty or thirty times coadding
the data, and storing the results in the computer. A sample is inserted in the radiation path
and the process repeated. The ratio of the sample to reference spectral data is, then,

computed to obtain the transmittance at various frequencies.

Infrared spectroscopy (IR) has long been used to determine molecular structures and to

identify unknown compounds. IR data have been used to obtain information about the
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chemical composition, configuration, and crystallinity of polymeric and biological materials
(43). In particular, FTIR spectroscopy is a versatile spectroscopic technique for analyzing
protein structure in solution, in aggregates and inclusion bodies. Most IR studies focus on the
characterization of protein secondary structures by using absorption bands reflecting the
motions of peptide groups. Infrared spectra of proteins may be obtained either in the solid
state or in solution. The vibrational spectra of proteins exhibit several relatively intense peaks
which shift in wavenumber and intensity from one sample to another. There are several
prominent bands for the study of polypeptides and proteins; however in this study, we will
focused partularly on the amide bands, which are of particular interest for the study of protein
conformation: the amide I, between 1680 and 1600 cm™, is mainly associated with the
stretching vibration of the C=0 bond; amide II, found between 1580 and 1480 cm™, and amide
Il band, observed between 1300 and 1200 cm™, are both associated with coupled C-N
stretching and N-H bending vibrations of the peptide groups, respectively. These bands are
conformationally sensitive, and their position may be attributed to a dominat protein
conformation, that is, a-helix, parallel and antiparallel B-sheets, turns or random coil (38)(42).
In particular, the following vibrational frequencies had been assigned to: 1654 cm™ for a-helix;
(1624, 1631, 1637, and 1675 cm™ for B-sheets; 1663, 1670, 1683, 1688, and 1694 cm™ for
turns; and 1645 cm™ for other structures (43)(46)-(48). The relative amounts of the four

secondary structures are determined by the relative areas under the band peaks.
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Figure 2.19. Scheme of a FTIR instrument.
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2.9.- Rheology

Rheology involves the study of the deformation and flow of matter due to compressive
stresses acting on a material. Particularly, it refers to the behaviour of materials when a
mechanical force is applied on. Rheology includes three main concepts such as force,
deformation and time. Irreversible flows, reversible elastic deformations or their combination
(viscoelasticity) can, therefore, model and describe a rheological phenomenon under certain
assumptions. The type of deformation depends on the state of matter; for example, gases and
liquids will flow when a force is applied, whilst solids will deform by a fixed amount and, then,
back to their original shape when the force is removed. In the case of polymers, the rheological
and mechanical properties affect the polymers molecular properties, such as their molecular

weight, molecular weight distribution, conformation, architecture and crystallinity (49)(50).

(a) (b) (©)

Figure2.20 Schematic diagram of basic tool geometries for a rotational rheometer: a)

concentric cylinder, b) cone and plate, c) parallel plate (50).

A typical rheometer measures the velocity of displacement of the moving surface and the
force exerted on one of the surfaces. Most rheometers are based on rotary motion and use
one of the three following geometries (Figure 2.20): concentric cylinder, cone and plate, and
parallel disk. In most cases the same rotary instrument can use all three of these flow
geometries. To generate the needed motion, they typically use actuators like a hydraulic
piston or ball screws found in standard tensile testing machines for solids. Solenoids or other
electromechanical actuator are often used for small amplitudes and low forces. There are two
basic designs of rheometers: controlled stress ones, where the stress is applied electrically via
a motor measuring the strain; and controlled strain instruments, in which a strain is imposed

and the stress is computed from the deformation of a calibrated spring system (50).
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2.9.1.- Viscoelasticity

Many materials can be classified as solid or fluids, displaying elastic and viscous behaviour
respectively. Viscoelastic materials such as polymers combine the characteristics of both
elastic and viscous materials depending on the experimental time scale. Application of a stress
of relatively long duration may cause some flow and irrecoverable deformation, while a rapid
shearing would induce an elastic response in some polymeric fluids. Then, a classification of
these materials should include a consideration of the timescale of the measurement relative to
the characteristic time of the material. This ratio is given by the Deborah number (D.): when D,
is 1 the material will display both viscous and elastic behaviour and is described as viscoelastic,
whilst, for D, » 1 and D, « 1 the material has solid-like and viscous-like behaviour, respectively

(49)(50).

Pure elastic solid behaviour may be exemplified by a Hookean spring, and pure viscous flow
can be exemplified by the behaviour of a dashpot, which is essentially a piston moving in a
cylinder of Newtonian fluid. Nevertheless, the viscoelasticity cannot be described accurately by
neither spring nor dashpot alone, but a combination of both. In this way, several mechanical
models have been developed to describe the viscoelastic response of a given material. All of
these mechanical models are, then, supported on the combination of these two simple
elements (spring and dashpot), which represented the elastic behaviour of a solid body, and
the viscous flow for a liquid, respectively. Among all models, Maxwell’s and Kelvin-Voigt’s

models are the most frequently used (Figure 2.21) (50).

a) b)

; B

(@ ()

Figure 2.21. a) Maxwell’s and b) Voigt’s models.

The use of mechanical models such as the spring and dashpot as analogues of the behaviour of
real materials enables us to describe very complex experimental behaviours using a simple
combination of models. The uses of models to represent a wide range of deformation are not
restricted to the application of shear stress; however, in this section, we will focus on the shear

properties of the material (1).
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To overcome the poor description of real polymeric materials by either the spring or the
dashpot, Maxwell suggested a simple series combination of both elements (Figure 2.21a).
Because the material possesses the ability to flow, some inertial relaxation will occur and less
force will be required upon time to sustain the deformation. The goal in the Maxwell’s model
is to calculate how the stress varies with time, or expressing the stress in terms of the constant
strain to describe the time-dependent modulus. Let us consider in the Maxwell’'s model, in
which one spring is attached to one dashpot, as shown in Figure 2.21a. When a force is acting
on the spring downward at t = 0 (in one dimensional flow), the stress-strain relation for the

spring (Hookean material) may be described by (50):
oc=yG 2.33
where ¢ is the applied stress, y is the strain, and G the elastic modulus. Conversely, the stress

response of the dashpot (a purely viscous Newtonian fluid) to an applied deformation rate may

be described as:

o=ny 2.34
where y = dy/dt is the strain rate and 1, defines the viscous response of the dashpot with
Newtonian behaviour. In other words, the spring purely exhibits an elastic effect (as a Hookean

solid) and the dashpot exhibits purely a viscous effect (as a viscous fluid).

In the Maxwell’s element, both the spring and the dashpot support the same stress and,

therefore:

0 = Og; + Oyis 2.35

where g,; and g, are the stresses on the spring and dashpot, respectively. However, the
overall strain and the strain rates are the sum of the elemental strain and strain rates,

respectively, that is:

Y =VYel T Yuis 2.36

or
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Yy = V'el + ]/I;ls 2.37

where y;,; is the total strain rate, while y,; and y,,s are the strain rates of the spring and
dashpot, respectively. Therefore, the total strain of the spring and dashpot at any time t is the
sum of that of the spring and of the dashpot. Then, for a Maxwell’s model the strain rates can

be written as:

y=6/G+a/n 2.38

By rheometry we can be measure the response of a material to an oscillating stress or strain,
so it is considered as mechanical spectroscopy. When a sample is constrained in, for example,
a cone and plate assembly, an oscillating strain at a given frequency can be applied to the
sample. After an initial start-up period due to a transient sample state a stress develops in
direct response to the applied strain. If the strain has an oscillating value with time the stress
must also be oscillating. We can represent these two wave forms as in Figure 2.22. The elastic

and viscous effects are out of phase one each other by some angle & (1).
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Figure 2.22. An oscillating strain and the stress response for a viscoelastic material.

All the information about the response of the sample at this frequency is contained within
these wave forms. However, this information is not in a particularly tractable form. What we

would really prefer is to have a few representative terms such as the relaxation time and
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elasticity or viscosity of the sample in order to characterize its material properties. In order to
obtain this information some mathematical manipulation is required. Two key features can be
utilized. The first feature is the maximum stress, o, divided by the maximum strain, ¥, which is

constant for a given frequency w. This ratio is called the complex modulus G*:
1G* ()| =9y 2.39

w is the radial frequency, which is 2rtf, where f is the applied frequency measured in Hz. The
other feature constant with time at any given frequency is §, the phase difference (expressed
in radians). These two values, G* and §, are characteristic of the material. It is straightforward
to visualise the situation where an elastic solid is placed in a cone and plate geometry. When a
tangential displacement is applied to the lower plate a strain in the sample is produced. That
displacement is transmitted directly through the sample. The upper cone will react
proportionally to the applied strain to give a stress response. An oscillating strain will give an
oscillating stress response that is in phase with the strain, so § will be zero. However, if we
have a Newtonian liquid, the peak stress will be out of phase by /2 rad as the peak stress is
proportional to the strain rate. So, it follows that if we have a viscoelastic material some
energy is stored and some dissipated, and the stored contribution will be in phase whilst the

dissipated or loss contribution will be out of phase respect to the applied strain.
In order to describe the material properties as a function of frequency we need to use the
constitutive equation 2.30. This equation describes the relation between the stress and the

strain. However, it is most convenient to express the applied sinusoidal wave in the

exponential form of the complex number notation:
Y =7y0e't; v = iwyye't = iwy* 2.40
Now, the stress response lags by the phase angle §:

i(wt+68). G*

o = oye = iwoye @t = jyo* 2.41

So, substituting the complex stress and strain into the constitutive equation for a Maxwell fluid

the resulting relation is given by:
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>k *
y*=0/G+0/77 2.42
Using equations 2.40 and 2.41 in equation 2.42 and rearranging we have:
4 — 146G
/Ga* =1+ /iwn 2.43

Thus, arrangement of this expression gives the complex modulus and frequency:

G _ 1
/G*(w) =1+ /ia)r 2.44
or:
" _ lwt
G(w) =G (1+iwr) 245

where T = G /1 is the characteristic relaxation time. This expression describes the variation of
the complex modulus with frequency for the Maxwell model. It is normal to separate the real
and imaginary components of this expression. This is achieved by multiplying by (1 — iwt) to

give:

(wt)? . wT
1+(wT)? +iG 1+(wT)?2 2.46

G'(w)=G6G"(w)—iG"(w) =G
where G'(w) is an in phase elastic modulus with energy storage in the periodic deformation,
and is called the dynamic storage modulus. G''(w) is an out of phase elastic modulus associate

with the energy dissipation as heat, and is called the dynamic loss modulus. Then:

I} ((UT)Z
G'(w)G Tt oo? 2.47
17} _ wT
G"'(w) = G—H(m)2 2.48

These expressions describe the frequency dependence of the stress with respect to the strain.
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It is normal to represent them as two moduli that determine the component of stress in phase
with the applied strain (storage modulus) and the component out of phase by 90° In an
experiment, the amplitudes of the oscillation input (y,) and output (a,), and the phase angle
(6) are measured. Therefore, each oscillatory shear flow measured at a given w provides two

independent quantities, amplitude ratio and phase angle:

6] = 00/v0 = [(@ @) + (@ @)] 248

tand = ¢ (w)/G' (w) 2.50

The storage and loss moduli are subtle descriptions of the material properties of the system.
These two properties are related to the phase angle and complex modulus. These are both

functions of the applied frequency and represent an alternative description of the system.
G'@ = G*(w) cos 6, G"@ = G*(w)sin & 2.51

The phase angle changes with the frequency, from 90 degrees at low frequency, to O degrees
at the high frequency limit; thus, as the frequency increases the sample becomes more elastic,

and the phase difference between the stress and the strain reduces.

2.10.- X-ray diffraction

X-ray diffraction (XRD) is a versatile, powerful and non destructive technique that reveals
detailed information about the chemical crystallographic structure of natural and
manufactured materials. Diffraction effects are observed when an electromagnetic radiation
impinges on periodic structures with geometrical variations on the length scale of the radiation
wavelength. The inter-atomic distances in crystal and molecules is around to 0.15 — 0.5 nm,
which correspond in the electromagnetic spectrum with the wavelength of X-rays, having

photon energies between 3 and 8 keV (3).

There are three different types of interactions between X-rays and matter. First, the
photoionization, where electrons may be liberated from their bound atomic states during the

process, and which falls into the group of inelastic processes. In addition, other inelastic
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scattering process that incoming X-ray beams may undergo upon interaction with matter is the
energy transfer to an electron but, in this case, without a release of the electron from the
atom (phenomenon known as Compton scattering). Finally, X-rays may be elastically scattered
by electrons, process known as Thomson scattering. In this process, the electron oscillates at

the frequency of the incoming beam so the wavelength of the scattered radiation is conserved.

There are many theories and equations to correlate the diffraction pattern and the material
structure. The Bragg law is a simple way to describe the diffraction of X-rays by a crystal. In
Figure 2.23a, the incident X-rays reach the crystal planes with an incident angle 6 and are
diffracted at an angle 6. The diffraction peak is observed when the Bragg condition is satisfied

(3)(51):

nd = 2d sin @ 2.52

where A is the wavelength of the incident X-rays, d is the distance between each adjacent
crystal plane (d-spacing), 0 is the Bragg angle at which a diffraction peak is observed, and n (1,
2, ...) is an integer number, called the reflection order; this means that the Bragg condition can
be satisfied by various X—ray wavelengths. The Bragg law gives a simple relationship between
the diffraction pattern and the crystal structure, and many X-ray diffraction applications can be

easily explained by this law.

FWHM

1 max

8 ——»

Figure 2.23. a) Incident and reflected X-rays form an angle @ which is symmetric to the crystal

normal plane; b) The diffraction peak is observed at a Bragg angle 8 (52).

In X-ray diffraction using a single wavelength, the Bragg equation is typically expressed with n

= 1 for the first order of diffraction because higher order reflections can be considered as
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resulting from different lattice planes. For instance, the second-order reflection from (hkl)
planes is equivalent to the first-order reflection from (2h, 2k, 2I) planes. The diffraction peak is
displayed as diffracted intensities at a range of 26 angles. For perfect crystals, the peak is a

delta function, the dark straight vertical line shown in Figure 2.23b (52).
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Figure 2.24. Diffraction patterns from crystalline solids, liquids, amorphous solids, and

monoatomic gases as well as their mixtures (52).

A typical diffraction peak is a broadened peak displayed by the curved line in Figure 2.23b. The
peak broadening can be due to many effects, including imperfect crystal conditions, such
strain, mosaic structures, and finite sizes; ambient conditions, such as atomic thermal
vibrations; and instrumental conditions, such as X-ray beam size, beam divergence, beam
spectrum distribution, and detector resolution. The curved line gives a peak profile, which is

the diffracted intensity distribution of the Bragg angle. The highest point on the curve gives the
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maximum intensity of the peak, Inms. The width of the peak is typically measured by its full
width at half maximum (FWHM). The total diffracted energy can be measured by the area
under the peak, which is referred to as integrated intensity. The integrated intensity is a more
consistent value for measuring the diffracted intensity of a reflection since it is less affected by

all peak broadening factors (51)(52).

The Bragg diffraction condition is based on the existence of a long periodicity of crystalline
materials. As mentioned above, X-rays diffraction can provide information on the atomic
arrangement in material with long-range order, short-range order, or no order at all, like gases,
liquid, and amorphous solids, and a material may have one or to be a mixture of the former
atomic arrangement types. Figure 2.24 gives a schematic comparison of the diffraction
patterns for crystalline solids, liquids, amorphous solids, and monatomic gases as well as their
mixtures. The diffraction patterns shown in this Figure are displayed as diffracted intensity
versus 26 assuming that the diffracted intensity is a unique function of the diffraction angle.
The diffraction pattern from crystals has many sharp peaks corresponding to various crystal
planes based on the Bragg law. The peaks at low 26 angles are from crystal planes of large d-
spacing and, viceversa, at high 26 angles. To satisfy the Bragg condition at all crystal planes,
the crystal diffraction pattern is actually generated from polycrystalline materials or powder
materials. Therefore, the diffraction pattern is also called powder diffraction pattern. A similar
diffraction pattern can be collected with a single crystal if this has been rotated at various
angles during data collection so that the Bragg law can be satisfied when the crystal is at the

right orientation.

Both amorphous solid and liquid materials do not have the long-range order of crystals, but
their atomic distances have a narrow distribution because of atoms are tightly packed. In this
case, the intensity of the scattered X-rays forms one or two maxima with a very broad
distribution in the 26 range. The intensity vs. 28 distribution, thus, reflects the distribution of
the atomic distances. In the case of a gas there is no order at all, i.e. the atoms are distributed
randomly in space. The scattering curve is featureless except that the scattered intensity drops
continuously with the increase of 28. On the other hand, the diffraction pattern from a
material containing both amorphous and crystalline features has a broad background from the
amorphous phase and sharp peaks from the crystalline phase. For example, many polymer
materials have an amorphous matrix with crystallized regions. The diffraction pattern may
contain air-scattering background in addition to sharp diffraction peaks. The air-scattering can

be generated from the incident beam or diffraction beam. If the air-scattering is not removed
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by the diffractometer, the diffraction pattern contains a high background at low 26 angle and

the background gradually decreases with increasing 26 angle (52).

On the other hand, X-ray diffraction phenomena can also be explained in reciprocal space by
the reciprocal lattice and the Ewald sphere. Reciprocal lattice is a transformation of the crystal
lattice in real space to reciprocal space. The shape and size of a unit cell in real space can be
defined by three vectors, a, b, and ¢, all starting from any single lattice point. The unit cell of
the corresponding reciprocal lattice is, then, given by three vectors a*, b*, and c* (also

referred to as reciprocal lattice axes), and:

a’ = %(b X C),
b* = %(c X a), 2.53

1
c==(axhb)
74
where V is the volume of the crystal unit cell in the real space and

V=a-bXc 2.54

Since each reciprocal lattice axis is the vector product of two lattice axes in real space, these
are perpendicular to the plane defined by the two lattice axes. The original lattice axes and

reciprocal lattice axes maintain the following relations:
a-a*x=b-bx=c-c*x=1 2.55
and
b-a"=c-a"=a-b*=c-b"=b-c"=a-c"=0 2.56

Figure 2.26 illustrate the relationship between the original lattice in real space and the
reciprocal lattice. The unit cell of the original lattice is drawn in dotted lines. The three
reciprocal lattice axes define a unit cell of the reciprocal lattice (solid lines). The origin of the

reciprocal lattice axes, denoted by O, is the origin of the reciprocal lattice. The repeat
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translation of the reciprocal lattice unit cell in three dimensions forms the complete reciprocal
lattice. Except the origin, each lattice point is denoted by a set of three integers (hkl), which
are the number of translations of the three reciprocal lattice axes, respectively, to reach the
lattice point. In other words, the vector drawn from the origin of the lattice point (hkl) is given

by:

Hhkl = ha* + hb* + lC* 2.57

and the direction of the vector Hyy; is normal to the lattice planes (hkl) in real space. The

magnitude of the vector Hyy; is given by the d-spacing of the (hkl) planes:

Hppil = 1/dpig 2.58

100

Figure 2.26. Relationship between the original lattice in real space and the reciprocal lattice

(49).

Therefore, each point (hkl) in the reciprocal lattice represents a set of lattice planes (hkl) in the
real space lattice. The position of the point in the reciprocal lattice defines the orientation and
d-spacing of the lattice planes in the real space lattice. The farther away a reciprocal lattice
point is from the origin, the smaller is the d-spacing of the corresponding lattice planes. For
example, the reciprocal lattice point (111) represent the (111) lattice planes in the real space
lattice, and the lattice vector is given by H;;;=a*+b*+c¢* and

di11 = 1/|Hy14l =1/a* +b* + ¢,
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Figure 2.27. The Ewald sphere and Bragg condition in reciprocal space.

On the other hand, the relationship between the Bragg condition and the reciprocal lattice can
be explained visually by the Ewald sphere, also referred as reflection sphere. Ewald came up
with a geometrical construction to help the visualization of which Bragg planes are in the
correct orientation to diffract. In Figure 2.27, the diffracting crystal is located in the center of
the Ewald sphere, C. The radius of the Ewald sphere is defined as 1/A. The incident beam can
be visualized as the vector from | to C, and the diffracted beam is the vector from C to P. Both
the incident and diffracted beams form an angle 6 from a set of crystal planes (hkl). The d-
spacing of the crystal planes is dpq In the Ewald sphere; both incident beam vector s,/4 and
diffracted beam vector s/A start at the poin C and end at the point O and P, respectively. The
vector from O to P is the reciprocal lattice vector Hy; and is perpendicular to the crystal

planes. The three vectors have the following relationship:

S—Sp

= Hhkl = ha* + hb* + lC* 2.59

and their magnitude can be expressed based on the Bragg law as:

1
R —|Hhkz|—a 2.60

The point O is the origin of the reciprocal lattice, and the point P is the reciprocal point (hkl).

The Bragg condition is satisfied only when the reciprocal lattice point falls on the Ewald sphere.
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For a single crystal, the chance to have a reciprocal lattice point on the Ewald sphere is very
small if the crystal orientation is fixed. Multiplying both ends of equation 2.59 by the three

lattice axes in real space, respectively, the Laue equations are obtained:

a (s—sy) =hA
b-(s—sy,) =kA 2.61
c-(s—sy) =ha

The Laue equations establish that a periodic three-dimensional lattice produces diffraction
maxima at specific angles depending on the incident beam direction and the wavelength. The
Laue equations are suitable to describe the diffraction geometry of a single crystal. The Bragg
law is more conveniently used for powder diffraction. Both the Bragg law and Laue equations

define the diffraction condition in different formats.

On the other hand, the distance between the origin of the reciprocal lattice O and the lattice
point P is reciprocal to the d-spacing. The largest possible magnitude of the reciprocal lattice
vector is given by 2/A. This means that the smallest d-spacing satisfying the Bragg condition is
A/2. In powder X-ray diffraction, the random orientation of all crystallites can take all possible
orientations assuming an infinite number of crystallites. The trace of the reciprocal lattice
points from all crystallites can be considered as a series of spherical surfaces with origin O as
the center point. Therefore, the condition to satisfy the Bragg law is only if the d-spacing is
greater than half of the wavelength. In other words, the Bragg condition can be satisfied if a
reciprocal lattice point falls in a sphere of 24 from the origin O. This sphere is called the

limiting sphere for powder diffraction.

X-ray diffraction systems have a variety of configurations and component options to fulfil
requirements of different samples and applications. As shown in Figure 2.25, a typical XRD

system normally consist of five basic components:

e The X-ray source produces X-rays with the required radiation energy, focal spot size,
and intensity;

e The X-ray optics establish the primary X-ray beam to the required wavelength, beam
focus size, beam profile, and divergence;

e The Goniometer and sample stage establish and tune the geometric relation between
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primary beam, sample, and detector;

e The sample alighment and monitor assist users about sample positioning into the
instrument and monitors the sample state and position;

e The area detector intercepts and records the scattering X-rays from a sample, and it

saves and displays the diffraction pattern into a frame.

Each of the former basic components may have several options suitable for various application
and functions. The whole system is controlled by a computer equipped with a software for
instrument control, data acquisition and data analysis. In addition to the five basic
components, there are some other accessories, such as a low and high-temperature stages,

helium or vacuum beam path for SAXS, beam stop, and alignment and calibration fixtures.

X-may gencrator

JAren detector

Sample akignment
Gonlomeier and sample stage arud moni ior

Figure 2.25. Scheme of a X-ray diffractometer.

2.11.- Additional experimental techniques used in fibrillogenesis studies

2.11.1.- UV-Vis absorption spectroscopy

Spectra are observed as the result of the energy exchange between a substance and the
electromagnetic radiation. If the energy is absorbed by a substance from the radiation field,
we have absorption spectra; if the energy is added to the radiation field, emission spectra are
observed. An electromagnetic radiation may be characterized by the frequency v, the
wavelength A, or the wave number v. They are related as vA = ¢, 1/1 = v; where c is the

velocity of light (39)(40)(53).

The three most important types of optical spectroscopies are ultraviolet and visible (UV-Vis),
fluorescence and infrared (IR) spectroscopy. They differ only in the selection of the incident

light wavelength. Both UV-Vis and fluorescence describe the phenomenon of electron
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excitation; namely, a valance electron of a molecule is excited upon absorbing energy from the
electromagnetic radiation and is, thereby, transferred from one energy level to other more
energetic level. The spectra are electronic. In contrast, IR spectra describe the vibration of

atoms (not electrons) around a chemical bond, as previously described in certain detail.

An electron transition consists of the promotion of an electron from a molecular orbital in the
ground state to an unoccupied orbital by absorption of a photon. The molecule is, then, said to
be in an excited state. Let us recall first the various types of molecular orbitals. A o orbital can
be formed either from two s atomic orbitals, from one s and one p, or from two p atomic
orbitals having a collinear symmetry axis. The bond formed in this way is called a o bond. A
orbital is formed from two p atomic orbitals overlapping laterally. The resulting bond is called a
T bond. For example, in ethylene (CH,=CH,) the two carbon atoms are linked by one ¢ and one
1T bond. Absorption of appropriate energy can promote, for example, one of the m electrons to

an anti-bonding orbital denoted by 7*. The transition is, then, called T —» ",

A molecule may also possess non-bonding electrons located on heteroatoms such oxygen or
nitrogen. The corresponding molecular orbitals are called n orbitals. Promotion of a non-
bonding electron to an anti-bonding orbital is possible, and the associated transition is
denoted by n - m*. Hence, molecules containing a non-bonding electron, such as oxygen,
nitrogen, sulphur, or halogens, often exhibit absorption in the UV region. To illustrate these
energy levels, Figure 2.26 shows formaldehyde as an example with all their possible
transitions. In particular, the n — ©* transition deserves further attention: upon excitation, an
electron is removed from the oxygen atom and goes into the m* orbital localized half on the
carbon atom and half on the oxygen atom. The n — m* excited state, thus, has a charge
transfer character, as shown by the increase observed in the dipole moment regarding the

ground state dipole moment of C=0 (40)(53).

In summary, the electronic transitions observed in UV-Vis spectroscopy are n — m*,
T-on,n—-o",T—>0",0—->n", and ¢ - g*. The energy of these electronic transitions is,
generally, in the following order:n » n* < m>n*<n-o* <t > o0'<o->n" <0 - o*. Of
the six transitions outlined, only the two lowest energetic ones (n » m* and ™ — *) are
achieved by the energies available in the 200 to 800 nm. The last four types of electronic
transitions required higher energy inputs, below 200 nm, corresponding to the far ultraviolet
region of the electromagnetic spectrum. For instance, most ¢ — ¢ transitions for individual

bonds take place below 200 nm and a compound containing only o bonds is transparent (near
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zero absorption) in the near-UV-Vis region. For example, methane (which has only C-H bonds)

the transition ¢ — ¢* takes place at 125 nm.

In absorption and fluorescence spectroscopy, two important types of orbitals are considered:
the Highest Occupied Molecular Orbitals (HOMO) and the Lowest Unoccupied Molecular
Orbitals (LUMO). Both of these refer to the ground state of the molecule. For instance, in

formaldehyde, the HOMO is the n orbital and the LUMO is the * orbital.
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Figure 2.26. Energy levels of molecular orbitals in formaldehyde and possible electronic

transitions (39).

When one of the two electrons of opposite spins (belonging to a molecular orbital of a
molecule in the ground state) is promoted to a molecular orbital of higher energy, its spin is, in
principle, unchanged so the total spin quantum number (S = ). s; with s; = +% ors; = —%) is
zero. Because of the multiplicities of both the ground and excited states (M = 25 4+ 1) are
equal to 1, both are called singlet states (usually denoted S, for the ground state) and Sy, S,...
for the excited states (see Figure 2.27). The corresponding transition is called a singlet-singlet
transition. A molecule in a singlet excited state may undergo conversion into a state where the
promoted electron has changed its spin; therefore, there are two electrons with parallel spins,
and the total spin quantum number is 1 and the multiplicity is 3. Such state is called a triplet
state because it corresponds to three states of equal energy. According to Hund’s rule, the

triplet state has lower energy than the singlet state of the same configuration (39).
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Figure 2.27. Distinction between singlet and triplet states.

An instrument for measuring the absorption of UV and visible radiation is built of one or more
light sources, a wavelength selector, a sample container, radiation transducers, a signal
processors and readout devices. Figure 2.28 shows a scheme of a single-beam instrument for
absorption measurements. Single beam instruments vary widely in their complexity and
performance characteristics. The simplest ones consist of a tungsten bulb as the source, a set
glass filter for wavelength selection, a test tube for sample holders, a photovoltaic cell as the
transducer, and an analogmeter as the readout device. Other sophisticated instruments have
interchangeable tungsten and deuterium lamp sources, use a rectangular silica cell, and are
equipped with a high-resolution grating monochromator with variable slit. Photomultiplier
tubes are used as transducers, and the output is often digitalized, processed and stored in a

computer so that it can be printer or plotted in several forms (54).
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Figure 2.28. General scheme of a single-beam instrument for UV-Vis absorption

measurements.

2.11.2.- Polarized light optical microscopy

Polarized light optical microscopy (POM) provides all the benefits of bright field microscopy
and yet offers a wide range of information, which is simply not available with any other optical
microscopy technique. POM can distinguish between isotropic and anisotropic materials. The
technique exploits the optical properties of anisotropy to reveal detailed information about

the structure and composition of materials.
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Isotropic materials demonstrate the same optical properties in all directions of space. They
have only one refractive index and no restriction on the vibration direction of light passing
through them. In contrast, anisotropic materials have optical properties that vary with the
orientation of the incident light. They shown a range of refractive indexes depending both on
the light propagation direction through the sample and on the vibrational plane coordinates
(phenomenon known as birefringence). Birefringence is the term used to indicate the ability of
an anisotropic material to separate an incident ray into two rays, each polarized light ray
travels at two different speeds. One of the resulting polarized rays travels through the sample
with the same velocity in every direction and is termed the ordinary ray. The other ray travels
with a velocity that is dependent upon the propagation direction within the anisotropic
material. This light ray is termed the extraordinary ray. The two independent refractive indices
of anisotropic sample are quantified in terms of their birefringence defined as: B = |n, — n,|,
where n, and n, are the refractive indices of the extraordinary and ordinary rays, respectively.
This expression is true for any part or fragment of anisotropic material except when light
waves are propagated along the optical axis of the sample (55). The POM technique exploits
the interference of the splitted light rays as they are re-united along the same optical path to

extract information about these materials.

Birefringent specimens exhibit characteristic patterns and orientations of light and dark
contrast features that vary, depending on the shape and geometry of the object (linear or
elongate vs. spherical) and the molecular orientation. In the absence of a compensator,
spherical objects with radially symmetric molecular structure exhibit a dark upright

polarization cross superimposed on a disk composed of four bright quadrants (55).

POM is perhaps best known for its geological applications (primarily, for the study of minerals
in rock-thin sections), but it can be used to study many other materials. These include
minerals, composites, ceramics, fibers and polymers, and crystalline or highly ordered

biological molecules such as DNA, protein, starch, wood and urea.

As commented in detail previously, light can be represented as a transverse electromagnetic
wave made up of mutually perpendicular, fluctuating electric and magnetic fields. It means
that, at any point of a light beam, the magnetic field is always perpendicular to the electric
field, and oscillates in a plane perpendicular to the propagating direction of the light beam. In
plane polarized light, the electric field vector oscillates along a straight line of the propagation

light beam. Figure 2.29 shows a polarized light optical microscope configuration. In this
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microscope, there are two polarized filters, the polarizer and the analyzer. The polarizer is
situated below the specimen stage, and the analyzer is situated above the objectives and can
be moved in and out of the light path as required. When both the analyzer and polarizer are in
the optical path, in a crossed configuration, no light passes through the system and a dark field

of view is present in the eyepieces.
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Figure 2.29. Polarized light optical microscope configuration.

2.11.3.- Emission spectroscopy

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) is a widespread technique
for elemental analysis of a sample (56). In Figure 2.30, a scheme of an ICP-AES instrument is
shown. A plasma source is used to make specific elements to emit light, after which a
spectrometer separates this light in their characteristic wavelengths. This technique is
especially suited for direct analysis of liquid samples. The sample solution is transformed into
an aerosol by a nebuliser. Small droplets (1-10 um) are transferred by an argon plasma. When
the aerosol droplets enter the hot area of plasma, they are converted into salt particles. These
salt particles are split into individual molecules that will subsequently fall apart to atoms and
ions. In the plasma, even more energy is transferred to the atoms and ions, promoting the
excitation of their electrons. When these excited atoms and ions back to a lower excitation
state or to their ground state they will emit electromagnetic radiation in the ultra-violet/visible
range of the spectrum. The classical approach for ICP-AES measurement is to collect and
measure the emitted radiation radially, i.e. the optical axis is orthogonal to the central channel

of the ICP. The limit of detection is in de order of ca. ng/ml.
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Figure 2.30. Scheme of an ICP-AES.

2.11.4.-Superconducting quantum interference device (SQUID)

SQUID is a sensitive device for measuring magnetic fields. SQUID magnetometers are used to
characterize materials when the highest detection sensitivity over a broad temperatures range
and application of magnetic fields up to several Tesla is needed. The main application of this
instrument is the study of magnetic properties of materials by measuring the induced or
remnant magnetic moment, usually as a function of applied magnetic field and temperature. A
SQUID magnetometer combines several superconducting components, including the proper
SQUID device, a superconducting magnet, detection coils, a flux transformer and
superconducting shields. To make a measurement, a sample is first attached to a sample rod.
The sample is then scanned through the center of a first-order or second-order
superconducting gradiometer. The gradiometers form a closed flux transformer that is coupled
to a SQUID. The shape and magnitude of the response curve can be then analyzed using a

computer to obtain a corresponding magnetic moment (57).
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Figure 2.31. Scheme of a SQUID magnetometer (57).
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In particular, we use SQUID to measure the magnetic properties of magnetic nanoparticles and
hybrids. In this regard, magnetic nanoparticles show a wide variety of unusual magnetic
properties as compared to the respective bulk materials. In a paramagnetic material, the
thermal energy overcomes the coupling forces between neighbouring atoms above the Curie
temperature, causing random fluctuations in the magnetization directions that result in a null
overall magnetic moment. However, in superparamagnetic materials the fluctuations affect
the direction of individual entire crystallites. The magnetic moments of individual crystallites
compensate each other and the overall magnetic moment becomes null. When an external
magnetic field is applied, the behaviour is similar to paramagnetic materials except that,
instead of each individual atom being independently influenced by an external magnetic field,
the magnetic moment of entire crystallites aligns with the magnetic field (Figure 2.32) (58)(59).
For magnetic nanoparticles, superparamagnetism occurs in magnetic materials composed of
very small crystallites (the threshold size depends on the nature of the material, i.e. Fe-based

materials becomes superparamagnetic at sizes <25 nm).
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Figure 2.32. Hysteresis loops (magnetization vs. applied magnetic field) characteristic of
ferromagnetic and superparamagnetic NPs. For comparison, para- and diamagnetic behavior

are also shown. The Figure indicates the remanence, M,, and coercive field, H,, values (58).

The superparamagnetic relaxation in samples of magnetic nanoparticles is studied by
measuring the zero-field cooled (ZFC) and field cooled (FC) magnetization curves. A ZFC
magnetization curve is obtained by cooling the sample in zero applied magnetic field from a
temperature at which the entire sample shows a superparamagnetic response. Then, a small
field is applied and the magnetization of the sample is measured as a function of temperature

during the heating process. The FC magnetization curve is measured as a function of the
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increasing temperature after cooling the sample in the applied magnetic field (Figure 2.33). At
temperatures well below the blocking temperature, the ZFC magnetization is small because
the sample is not in thermal equilibrium, and the magnetization directions of the particles in a
small applied field are mainly governed by the randomly oriented directions of magnetization.
With temperature increases, the smaller particles become superparamagnetic, and the
probability of finding a particle with magnetization directions close to that of the applied field
increases, resulting in an increase in the magnetization. With further temperature increases,
more and more particles become superparamagnetic, resulting in an increasing magnetization
until the net effect of the thermal energy becomes dominant and involves a decrease in the
magnetization value. In the FC state, the magnetization in the blocked state is preferably
frozen in a direction close to that of applied field. Therefore, the magnetization is considerably
larger than that in the ZFC state. The ZFC and the FC curves coincide above the bifurcation

temperature, which is the temperature above which all particles are superparamagnetic (59).
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Figure 2.33. ZFC and FC magnetization curves measured on a ferrofluid material (59).

2.11.5.- Magnetic resonance imaging (MRI)

One of the most valuable and widely used imaging methods in medical diagnostic is the
Magnetic Resonance Image (MRI). Though the diagnostic potential of conventional MRI is
immense and a variety of different contrast models are well established, further
improvements of the method have been pursued in last years by application of magnetic

nanoparticles for contrast enhancement based on functional site specificity.

In MRI, the nuclear magnetic moment of protons is used as a sensitive probe of the chemical

neighbourhood of protons in different tissues and organs of human body. Nuclear moments
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are aligned by means of an external magnetic bias field (commonly in the range of 0.2-3 T) and
the precession of the spins is excited by transverse RF pulses at a proton resonance frequency
of about 42.58 MHz T. After applying the pulse sequence, the induced magnetization decays
and the longitudinal (T;) and transverse (T,) relaxation times of the precessing nuclear
magnetic moments show tissue-specific differences that are used to generate the required
image contrast. Imaging is performed by controlling external field gradients so that the
resonance condition is fulfilled only in a restricted local region and, then, by scanning the
resonant volume to be imaged. Magnetic response signals are detected by pick-up coils. In this
way, the tissue-specific differences of the relaxation time T; and/or T, may be used for
construction of the T, and T, weighted images showing optimal contrast of special tissue
features. In practice, for optimization of tissue contrast a variety of different pulse sequences

(e.g., the widely applied spin-echo methods) may be used (60)(61).

Generally, a magnetic resonance scanner is essentially defined by three hardware groups and
their parameters: a) the main magnet with its homogeneity over imaging volume; b) the
magnetic field gradient system with its linearity over the imaging volume; and c) the
radiofrequency (RF) system with its RF signal homogeneity and signal sensitivity over the
imaging volume. Whole-body MRI imposes very special demands on these system components

(62)(63):

a) The main magnet. Magnetic resonance imaging requires a very strong magnetic field

that has precisely the same magnitude and direction everywhere in the region we want to
image. One of the key properties used to describe the quality of a MRI system is the
uniformity, or homogeneity, of the applied magnetic field. For example, high-quality MRI
systems made for clinical use in hospitals will have magnetic fields that vary less than 5 parts

per million (ppm) over a 40 cm diameter spherical volume in the region desired for imaging.

b) The magnetic field gradient. As mentioned earlier, a key property of the static

magnetic field of a MRI system is its homogeneity, but anything we place inside the magnetic
field tends to change the magnetic field slightly. To make the magnetic field as uniform as
possible and to compensate for changes caused by different objects in the field, we shim the
field. Shimming is typically handled by placing small amounts of iron at specific locations within
long trays that line the cylindrical magnetic field coil; or by several set of wire coils. Once the
shimming is complete, the magnetic field is highly uniform over a central region where the

imaging takes place.
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c) The radio frequency system. Radio frequency systems suitable for MRI are

characterized by RF excitation with homogeneous signals over an examination volume as large
as possible. Here, it is important that the excitation flip angle remains as constant as feasible,

as the image contrast is fundamentally influenced by this parameter.

Figure 2.34. A modern 9.4 Tesla MRI system (Bruker Biospin USR 94/20 instrument).

2.12.- Laboratory equipment.

Wilhelmy Plate method. Surface tensions (y) were determined by the Wilhelmy plate method
using a Kriiss K12 surface tension equipment, equipped with a processor to acquire the data
automatically. The equipment was connected to a circulating water bath to keep the

temperature constant to within + 0.01 °C.

Drop tensiometer. Surface tension measurements were also carried out in a Track tensiometer
equipment (L.T. Concept, France) adapted to determine surface tension values in real time with

an accuaracy of £0.1 mN/m. Interfacial tension and interfacial rheology estimations are based
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on the digital profile of a drop image and the resolution of the Gauss-Laplace equation. Win
Drop software (I.T. Concept, France) was used to obtain the surface tension values by means of
the axisymetric drop shape analysis. For air-water interface, an air-bubble upward was formed
at the tip of a U-shaped stainless steel needle (0.5 mm inner diameter) immersed in water bulk
phase. On the contrary, chloroform bubble downward was formed at the tip of a straight

stainless steel needle (0.5 mm inner diameter).

Langmuir-Blodgett trough. Surface-pressure isotherms were recorded in a Langmuir-Blodgett

(LB) Teflon trough (model 611 from Nima Technologies, Ltc., Coventry, U.K.).

Atomic force microscopy. The AFM measurements were performed in a JEOI instruments
(model JSPM-4210) in non-contact mode using nitride cantilevers NSC 15 from Micro Masch,

USA (typical working frequency and spring constant of 325 kHz and 40 N/m, respectively).
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Laser light scattering. Dynamic and static light scattering (DLS and (SLS) intensities were
measured by means of an ALV-5000F (ALV-GmbH) instrument with vertically polarized incident
light of wavelength A= 488 nm supplied by a CW diode pumped Nd;YAG solid-state laser

supplied by Coherent, Inc. and operated at 2 W.

Polarized optical microscopy. POM experiments were made by using a Zeiss Axioplan optical
microscope (Carl Zeiss Ltd., Welwyn Garden City, U.K.) A total magnification of either 50x or
100 X was used. A polarizer and analyzer were put in fixed position, orthogonal to one another
for the cross-polarizer imaging. Images were taken using a Kodak digital camera mounted on

the top of the microscope.
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Laser confocal microscopy. Confocal microscopy was performed on a Leica TCS SP2 confocal
system mounted on a Leica DM-IRE2 upright microscope, using a 40X objective. For
fluorescence measurements, Thioflavin T was added to spherulitic samples and excited using
the 458 nm line of an argon ion laser. Simultaneously, transmission images were obtained with

crossed polarizers in place using the 633 nm line of a He-Ne laser.

‘-4“"_2'__—;'. -y

Rheometry. The rheological properties of the samples were determined using a Bohlin CS10
rheometer with water bath temperature control. Coutte geometry (bob, 24.5 mm in diameter,
27 mm in height, cup, 26.5 in diameter, 29 mm in height) was used for fluid samples. Samples
of very high modulus were investigated using cone and plate geometry (diameter 40 mm,
angle 4°%). Frequency scans of storage (G’) and lost (G”’) moduli were recorded for selected
copolymer concentrations and temperatures with the instrument in oscillatory shear mode
and with the strain amplitude (A) maintained at a low value (A < 0.5 %) by means of auto-
stress facility of the Bohlin software. This ensured that measurements of G’ and G’ were in the

linear viscoelastic region.
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Transmission electron microscopy. TEM micrographs were acquired by using a Phillips CM-12

electron microscope operating at an accelerating voltage of 120 kV.

High resolution transmission electron microscopy and selected area electron diffraction. HR-
TEM images and SAED patterns were obtained with a transmission electron microscope (Carl-

Zeiss Libra 200 FE-EFTEM) operating at 200 kV.

Scanning electron microscopy. SEM micrographs were acquired by using a LEO-435 VP
scanning electron microscope (Leica Microsystems Gmb H, Wetlar, Germany) operating at an
accelerating voltage of 30 kV. Microanalysis of the scanning electron microscopy samples was

performed.
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Fluorescence spectroscopy. Fluorescence was measured in a Cary Eclipse fluorescence
spectrophotometer equipped with a temperature control device and a multicell sample holder

(Varian instrument Inc.).

Ultraviolet-visible spectroscopy. UV-vis data were acquired by using a spectrophotometer DU

series 640, Beckman Coulter, (Fullerton, CA) operating at 190-110 nm.

Far and near-ultraviolet circular dichroism spectroscopy. CD spectra were obtained using a
JASCO-715 automatic recording spectropolarimeter (Jasco, Tokyo, Japan) with a JASCO PTC-
343 Peltier-type thermostated cell holder. Quartz cuvettes with 0.2cm pathlength were used.

CD spectra were recorded between 195 and 300 nm at 25 °C.
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Fourier transform infrared spectroscopy. An FTIR spectrometer (model IFS-66V; Bruker)
equipped with a horizontal ZnS ATR accessory. The spectra were obtained at a resolution of 2

cm™ and 200 scans were accumulated to obtain a reasonable signal/noise ratio.

X-ray diffraction. XRD experiments were carried out using a Siemens D5005 rotating anode X-
ray generator. Twin Gobel mirror were used to produce a well-collimated beam of Cu Ka

radiation (A = 1.5418 A). XRD patterns were recorded with an imaging plate detector AXS F.Nr.
J2-394.
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Superconducting quantum interference device. Magnetic susceptibility measurements were

carried out with a SQUID magnetometer (Quantum Design MPMS5, San Diego, CA).

Magnetic resonance measurements. Transverse and longitudinal relaxation times were
measured at 9.4 T (400 MHz) with a Brucker Biospin USR 94/20 instrument (Ettlingen,

Germany).
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3.1.- Introduction

Block copolymers are a particular class of polymers that are included in a wide family of
nanomaterials, known as soft materials. Independently of the synthetic procedure, block
copolymers can simply be considered as being formed by two or more chemically
homogeneous polymer fragments joined together by covalent bonds, which can be found in
different positions along the polymeric chain (Figure 3.01) (64)(65). According to the number
of the building units, these polymers can be denominated as diblock, triblock and multiblock
copolymers. The molecular architecture of block copolymers can be as simple as a linear chain
or more complex like the molecular architecture of star or graft copolymers, which can be

controlled by means of the chemical synthetic procedures (9)(66)-(68).

Methodologies used in the synthesis of block copolymers allow designing any polymeric chain
with specific properties and architectures. Generally, the structure of a block copolymer is
composed of incompatible joint homopolymers. When a copolymer is molten, and
subsequently left cool down slowly, the incompatibilities between constituent building blocks
give rise to microphase separation, leading to the formation of ordered nanodomains. The
covalent linkage between the different polymeric chains prevents the separation in
macrodomains. The generation of these structural nanodomains is managed by the self-
assembling process of homologous segments that compose the block copolymer. Also, such
dimensional nanostructures depend on the volume fraction of blocks copolymer. Two

competing effects govern the thermodynamics of block copolymer melts. At high
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temperatures, the chains are mixed homogeneously, as in any polymer melt. As the
temperature is reduced the tendency for the blocks to segregate is enhanced, i.e. the enthalpic
process of demixing is favoured. However, this is necessary accompanied by a reduction in the
entropy as the chain configuration becomes more constrained. The extent of segregation of
the copolymer may be expressed using the reduced parameter yN. Here, y is the Flory-Huggins
interaction parameter, which contains a significant enthalpic contribution, and is governed by
the incompatibility of the monomers; and N is the copolymer degree of polymerization,
reflecting the N-dependent translational and configurational entropy. The transition from
homogeneous melt of chains to heterogeneous melt of ordered microphase-separated

domains occurs at a critical value of yN, depending on the composition of the copolymer (65).

In bulk, the minority block is segregated from the majority block forming regularly shaped and
uniformly-spaced nanodomains. The shape of the segregated domains in a diblock is governed
by the volume fraction of the minority block, f, and block incompability. Figure 3.1 shows the
equilibrium morphologies documented for diblock copolymers as an example. At a volume
fraction of = 20 %, the minority block forms a body-centred cubic spherical phase in the matrix
of the majority block. It changes to hexagonally packed cylinders at a volume fraction = 30 %.
Alternating lamellae are formed at approximately equal volume fractions for the two blocks. At
a volume fraction of = 38 %, the minority block forms bicontinuous structures at moderate and

high incompatibility, respectively (64)(65)(69).
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Cylindric Bicontinuous Lamellar

Figure 3.1. Regular structures in block copolymer leaded by theirs self-assembling.

The physical properties of copolymeric materials have been applied in a wide range of fields.
For example, by decades copolymeric materials in solid state have been used as thermoplastic

and elastomeric materials, foams, and glues owing to their high compatibility, sensitivity, and
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resistance to external physical factors (65). On other hand, the auto-association properties of
block copolymers in selective media allow the formation of structure-ordered aggregates, and,
for that reason, this type of polymeric materials has been received special attention in last

years for their used in high-nanotechnology applications, as shown below (8)(9).

3.2.- Behaviour of block copolymers in solution.

The hydrophilic and hydrophobic nature of amphiphilic block copolymer molecules lead to
their self-assembly into a variety of structures in solution. There are two basic processes that
characterize the phase behaviour of block copolymers in solution: micellization and gelation.
Micellization occurs in dilute solution of block copolymers in a selective solvent at a fixed
temperature above the cmc, as commented in more detail below. At higher copolymer
concentrations, the micelles can order onto a lattice above a critical gel concentration (cgc).

These regimes are illustrated in Figure 3.2.

c<camc czcmc

Figure 3.2 lllustration of cmc and cgc in ablock copolymer solution.

When a block copolymer is dissolved in a selective solvent, that is, a solvent which is good for
one of the blocks and bad for the other one, the lyophobic part of the macromolecule tends to
segregate and auto-associate with their neighbouring molecules, leading to the formation of
stable aggregates with specific structures, in order to avoid the direct contact between solvent
molecules with the insoluble copolymer block (70). The spontaneous aggregation of block
copolymers is carried out either when the concentration of the macromolecule is near to their
critical micellar concentration, or on the other hand, by changes in the solution temperature.
In this case, the critical micellar temperature is reached. Both parameters are fundamental to
characterize the association properties of a copolymer-solvent system (71). Despite the cmc
does not correspond to a thermodynamic property of the system, it can simply be defined

phenomenollogically as the concentration at which a sufficient number of micelles is formed to
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be detected by a given method. Thermodynamically, for copolymers with a narrow block-
length, the association process corresponds to equilibrium between molecules (unimers), A,

and micelles, Ay, containing N molecules. This can be written as:

AS (A/N)Ay, K. =[AN1E" /[Aleq 34

If the association number is large and independent of the temperature then K, ~ [A]~! and

the standart Gibbs energy of association is:
AicG® = —RTInK,. ~ RTIn[A] 32

Under this condition, for molecules and micelles in equilibrium just above the cmc A,,;.G° ~

RTIn[cmc]

Figure 3.3. Schematic representation of block copolymer micelles in aqueous solution, dense
hydrophobic core is constituted by the hydrophobic block, while the micellar shell is formed by
the hydrophilic block.

The micellization process of amphiphilic block copolymers has been studied in a wide range of
selective solvents: from water to organic polar solvents and non-polar solvents, as well as
ecological solvents like supercritic fluids and ionic liquids (72). The simplest structural
aggregates formed by block copolymer are called micelles, by the analogy that exists with the
structure of common micelle formed by the convectional surfactants in agueous media (Figure

3.3) (73).
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In aqueous media, the micelle structure consists of a dense hydrophobic core surrounded by a
hydrophilic shell which is exposed toward the bulk solvent phase in a spherical configuration;
the micelles can change their size from 5 to some hundreds nanometers and can possess

different geometries (spheres, worn-like, and so on) (74)-(78).

The various reported micellar-like morphologies are primarily a result of the inherent
molecular curvature and how this influences the packing of the copolymer chains: specific self-
assembled nanostructures can be targeted according to a dimensionless packing parameter, p,
which is defined as p = v/(ayl.), where v is the volume of the hydrophobic chains, a, is the
optimal area of the head group, and, [ is the legth of the hydrophobic tail, as occurred for
classical surfactants. Therefore, the packing parameter of a given molecule usually dictates its
most likely self-assembled morphology. As a general rule, spherical polymeric micelles are
favored when p < 1/3, cylindrical micelles when 1/3 < p < 1/2, and enclosed membrane

structures (vesicles, also known as polymersomes) when 1/2 < p < 1.

Despite the structured aggregates from block copolymers formed in aqueous solution are
similar to those produced by the self-assembly of small surfactant molecules such as lipids and
detergents, the polymeric nature of the amphiphilic macromolecules provides new special
properties to these structural complexes, as stability and functionality. In this way, their
potential applications in different technological areas are largely increasing, including
materials science, bioengineering, medicine, pharmaceutics industry, and ink and paint

industry (70)(79).

3.3.- Mechanism of morphologic control and thermodynamic stability.

The conformation of the block copolymer chains depends on the interaction between chain
segments and solvent molecules. In aqueous solution, the structure of the aggregates is
governed by the balance of the interaction forces between the block copolymer molecules
with water molecules, and by the intrachain interactions between the blocks which constitute
the copolymer molecule (where the hydrophilic chain expands, avoiding unfavourable
segment-segment interactions and the hydrophobic part contract to minimize the contact with

solvent molecules).

It is possible to achieve a precise control of the size and shape of polymeric aggregates, and
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subsequently, of their thermodynamic stability by modification of some factors such as block
copolymer molecular weight, the relatively length of both hydrophobic and hydrophilic blocks,
the chemical nature of the different monomer units and the architecture of the polymeric
backbone. Firstly, this can be achieved by means of the block copolymer synthetic processes.
However, the synthesis of block copolymers is time-consuming and expensive, disadvantages
that have to be taken into account. A simpler alternative is the possibility of manipulating the
block copolymer solution properties through the change of external parameters such as
temperature, salinity, pH, addition of cosolvents... Under this context, it is possible to obtain
different aggregate sizes or morphologies using the same block copolymer or the same family
of copolymers. The morphology of the structured aggregates can be determined by a balance
of different factors such as the solvent properties, the conformation of the hydrophobic chains
into the micelle core, the repulsion between hydrophilic blocks into the micelle shell, and the

surface tension between the micelle cores and the bulk solution (77)(78).

3.4.- Block copolymers of polyoxyalkylenes in aqueous solution.

The block copolymers of polyoxyalkylenes are composed of a hydrophilic block constituted by
poly(ethylene oxide) (OCH,CH, ethylene oxide unit, E) and by a second hydrophobic block that
can be made of, for example, poly(propylene oxide) (P), poly(styrene oxide) (S), or
poly(butylene oxide) (B), amongst others. In aqueous medium, polyoxyalkylene amphiphilic
block copolymer contains both the hydrophilic and hydrophobic blocks that can associate to
usually form spherical micelles in dilute aqueous solution. Increasing the concentration leads
to the formation of lyotropic crystal mesophases (gels) where the structural objects are
micelles, usually efficiently packed in a body-centered or face-centered cubic structure as a

result of their interaction as hard spheres (80)(81).

For poly(oxyalkylenes) block copolymers, values of the cmc are affected by the variation of
hydrophilic polyoxyethylene and hydrophobic block lengths. It is known that the dependence
of the cmc on the number of E units in a copolymer is small unless the hydrophobic-block
length is short. Indeed, when comparing results for two copolymers of nominally the same
hydrophobic-block length, the effect of E-block length may well be less than the variation
caused by the uncertainty in hydrophobic-block length. However, within a series of copolymers
it is desirable to account for variation in E-block length. Taking as an example PE-PP-PE

Pluronic block copolymers, micelle formation of this class of polymers in water is believed to
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result from dehydratation of the hydrophobic block with increasing temperature, water being
a selective solvent for PE. This explains why the solution properties of Pluronic polymers are
strongly temperature-dependent. For most PE-PP-PE copolymers, the cmt increases with
decreasing in copolymer concentration. The number of oxypropylene units has a strong effect
on the micellization, copolymers with large hydrophobic PP block length forming micelles at
much lower concentrations. Indeed, the cmc is found to decrease exponentially with the PP
block length. On the other hand, the PE block has a smaller influence on the micellization. An
increase in the number of PE units leads to small increases in the cmc and cmt values. The cmt
and cmc decrease with increasing the total copolymer molecular weight, if comparisons are
made for a constant PP/PE ratio. On the other hand, the large positive enthalpy of
micellization, and the standard free energy of micellization observed on the self-assembly of
PE-PP-PE demonstrate that the association process is entropy driven. Chain architecture has
also a great influence on micelle formation. For example, the tendency for micellization of PP-

PE-PP copolymer is reduced compared to a PE-PP-PE copolymer of the same composition.

3.5.- E]_zslo, E10510E10 and E137518E137 block COpOIymerS

Our research group has been collaborating during last years with research groups of the School
of Pharmacy and Pharmaceutical Sciences and the School of Chemistry of the University of
Manchester in synthesizing block copolymers formed by ethylene oxide and styrene oxide
blocks (81)-(83). In this regard, it has been previously demonstrated that the micellization
process of diblock copolymers of this type has not cmt values. Moreover, they usually have
small cmc values and micellization enthalpies (AmicH) as a consequence of the high
hydrophobicity of the styrene oxide block. Triblock copolymers show cmc values higher than
diblock ones for the same hydrophobic block length. On the other hand, the cmc values of the

triblocks weakly depend of the hydrophilic block length.

Block copolymers studied in this work were: E;,Siy, E10S10E10 and Ei37S:gE137, (where E
represents the oxyethylene unit, S represents the oxystyrene unit, and the subscripts
correspond to block lengths). These copolymers were synthesised by sequential anionic
polymerisation of the two monomers, oxyethylene and oxystyrene. Oxyrane compounds are
heterocyclic compounds constructed by two carbon atoms and one oxygen atom into the

cyclic structure (Figure 3.4) (84).
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a) O b)

H2C—CH2 Hzc_CH

Figure 3.4. Oxyranes used in the synthesis of the block copolymers a) ethylene oxide and b)

styrene oxide.

Anionic polymerization proceeds via organometallic sites, carbanions (or oxanions) with
metallic counterions. Carbanions are nucleophiles; consequently, the monomers that can be
polymerized by anionic polymerization are those bearing an electro-attractive substituent on
the polymerizable double bound. Initiation of polymerization is accomplished by analogous
low molecular weight organometallic compounds (initiators). A wide variety of initiators has
been used so far in order to produce living polymers. Among them, the most widely used are
organolithiums. The main requirement for employment of an organometallic compound as an
anionic initiator is its rapid reaction with the monomer at the initiation step of the
polymerization reaction and, specifically, with a reaction rate larger than that of the
propagation step. This leads to the formation of polymers with narrow molecular weight
distributions because all active sites start polymerizing the monomer almost at the same time.
Propagation proceeds through nucleophilic attack of the carbanionic site onto a monomer
molecule with reformation of the first anionic active center. The situation is similar in the case
of the ring opening polymerization of cyclic monomers containing heteroatoms (oxyranes,
lactones, siloxanes, etc.). Under appropriate experimental conditions, due to the absence of
termination and chain transfer reactions, carbanions (or, in general, anionic sites) remain
active after complete consumption of monomers, giving the possibility of block copolymer
formation, in the simplest case, by introduction of a second monomer into the polymerization
mixture. However, a variety of different synthetic strategies have been reported for the

preparation of linear block copolymers by anionic polymerization.

As an example, in the polymerisation reaction of a monofunctional poly(oxyethylene) the
addition of ethylene oxide (E) is initiated by a monofunctional alcohol (ROH), part of which is in
the form of its alkali-metal salt (e.g., RO-K".) Initiation is instantaneous, and the subsequent

reaction scheme is written:
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slow propagation MeEO-K" + E—>» MeE,,,,0-K*

fast equilibrium MeE,,O-K" + MeE,OH g MeE, OH + MeE,0-K"

where E, represents a growing chain, the active centre is an ion pair, and the rapid
equilibration ensures that all chains are equally likely to grow. This ideal scheme would
produce polymers with M,= (mass of E polymerised)/(moles of initiator used) and a Poisson
distribution of chain lengths. In practice, the chain length distribution can be widened by a
slow initiation. In the absence of termination, the system is living and is ideal for preparation

of block copolymers. The same scheme applies to styrene oxide.

It is known that block poly(oxyalkylene) copolymers with hydrophobic blocks formed by
propylene oxide or butylene oxide (either diblock or triblock architectures) have a
spontaneous formation of spherical and cylindrical micelles in dilute aqueous solution. On the
other hand, formation of vesicular structures for poly(oxyalkylene) block copolymers needs
oftenly an energy supply via mechanical, sonochemical or electrical methods (85)(86).
Nevertheless, it has been previously reported the spontaneous formation of vesicles (87)(88),
where these types of structures are likely to form because of relatively large volume to length
ratios of the hydrophobic block and the relative lengths of the poly(oxyethylene) blocks. In the
case of block copolymers containing poly(oxystyrene) blocks as the hydrophobic block, the
formation of elongated micelles has been unusual, whereas vesicle formation has not been yet

reported.
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In the present work, we investigated the micellization, gelation, and structure of the aggregates of three poly(ethylene
oxide)-polystyrene oxide block copolymers (E;2S;9, Ei0Si0E 0, and E;37S13E 37, where E denotes ethylene oxide and
S styrene oxide and the subscripts the block length) in solution. Two of them have similar block lengths but different
structures (E2S;o and E ;S 0Ei¢) and the other has longer blocks (E37SsE37). For the first time, the spontaneous
formation of vesicles by a poly(oxystyrene)-poly(oxyethylene) block copolymer is reported. These vesicular structures
are present when copolymer E,S;, self-assembles in aqueous solution in coexistence with spherical micelles, as
confirmed by the size distribution obtained by dynamic light scattering and pictures obtained by polarized optical
microscopy, and transmission and cryo-scanning electron microscopies. Vesicle sizes vary between 60 and 500 nm.
On the other hand, for copolymers E(SoE o and E3;SsE37, only one species is found in solution, which is assigned
to elongated and spherical micelles, respectively. If we compare the high aggregation number derived by static light
scattering for the triblock block copolymer micelles, with the maximum theoretical micellar dimensions compatible
with a spherical geometry, we can see that the micellar geometry cannot be spherical but must be elongated. This
is corroborated by transmission electron microscopy images. On the other hand, tube inversion was used to define
the mobile—immobile (soft—hard gel) phase boundaries. To refine the phase diagram and observe the existence of
additional phases, rheological measurements of copolymer E;37S3E 37 were done. The results are in good agreement
with previous values published for other polystyrene oxide-poly(ethylene oxide) block copolymers. In contrast, copolymers
E2S10 and E ;S 0E ¢ did not gel in the concentration range analyzed. Thus, only certain concentrations of copolymer
Ei0S10E10 were analyzed by rheometry, for which an upturn in the low-frequency range of the stress moduli was
observed, denoting an evidence of an emerging slow process, which we assign to the first stages of formation of an
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elastic network.

Introduction

Block copolymers of hydrophilic poly(oxyethylene)
(OCH,CH,, E = oxyethylene unit) and hydrophobic poly(oxy-
styrene) (OCH,CH(Cg¢Hs), S = oxyphenylethylene unit) are
denoted as either E,,S,, S,E,, or E;,S,E,., S,E.S,, depending on
the sequence of polymerization or architecture, respectively. They
associate to usually form spherical micelles in dilute aqueous
solution.' Increases in concentration lead to the formation of
lyotropic crystal mesophases (gels) where the structural objects
are the micelles usually efficiently packed in a body-centered or
face-centered cubic structure as a result of being effectively
interacting as hard spheres.?

Aggregate morphology is determined primarily by a force
balance among three contributions: the core-chain stretching,
corona-chain repulsion, and interfacial tension between the core
and the outside solution. Consequently, factors that influence the
above balance can be used to control the aggregate architecture:

* Author to whom correspondence should be addressed. Telephone:
0034981563100, ext.: 14042. Fax: 0034981520676. E-mail: fmpablo@usc.es.

" Universidad de Santiago de Compostela.

* Universidad de Sonora.
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8691.
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polymer molecular weight, relative block lengths, hydrophobic
block structure, solution conditions, and so forth. For a given
value of the association number (N,,) for a poly(oxyalkylene)
block copolymer, the average volume of a micelle core is readily
estimated, and the corresponding spherical radius (r.) can be
compared with the length / (or half-length, //2, in the case of
triblock copolymers) of the extended hydrophobic blocks. With
allowance made for a Poisson distribution of hydrophobic blocks,
experience shows that spherical (or near-spherical) micelles will
be formed if / (//2 for triblock architecture) is approximately
equal or greater than the value of r..* If this does not occur,
other types of assemblies are observed under certain solution
conditions. For example, a cylindrical geometry is expected as
the solution temperature is increased because of an increase in
the aggregation number derived from block copolymer dehydra-
tion:® the core blocks are stretched as the radius of a spherical
micelle core is increased eventually to reach a point at which the
enthalpy penalty forces the transition to a cylindrical geometry.
Thus, formation of cylindrical micelles has been widely studied
in block poly(oxyalkylene) copolymers with hydrophobic blocks

(4) Taboada, P.; Velazquez, G.; Barbosa, S.; Castelletto, V.; Nixon, S. K.;
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formed by propylene oxide” and butylene oxide with
diblock and triblock architectures. On the other hand, formation
of vesicular structures for poly(oxyalkylene) block copolymers
has often needed energy supply via mechanical, sonochemical,
orelectrical methods.'*'> Nevertheless, some works have reported
the spontaneous formation of vesicles, denoting that these types
of structure are likely to form because of relatively large volume-
to-length ratios of the hydrophobic block and the relative lengths
of the poly(oxyethylene) blocks.'¢'®

In the case of block copolymers containing poly(oxystyrene)
blocks, the formation of elongated micelles has been unusual,
whereas vesicle formation has not been reported. Probably, neither
the composition nor the solvent conditions of the analyzed
poly(ethylene oxide)-polystyrene oxide block copolymers pro-
mote the clear formation of other aggregate structures than
spherical micelles. Only Yang et al.'® have compared the
association number (Ny) of copolymer micelles of copolymers
E7Bs and E;7Sg and found that substitution of the B block by
the S block brought about a large rise in N, which was larger
than the theoretical increase expected for spherical micelles.
They hypothesized that the difference in Ny, between these two
copolymers might be explained in terms of micelle elongation,
but no direct measurements were done. Moreover, in a recent
report Elsabahy et al.?® studied the drug solubilization capacity
and release kinetics in vitro of the anticancer drug docetaxel by
poly(oxystyrene)-poly(oxyethylene) block copolymers. These
authors have demonstrated the existence of an elongated structure
of micelles formed by copolymers E4sS;5 and E4sS26 by TEM.
Nevertheless, these authors also pointed out the possible influence
of residual styrene oxide homopolymer from the synthesis step
dissolved in the micelle core to elongate the aggregate structure,
as discussed earlier by Nagarajan.?'

Thus, in the present work, we studied the self-assembly
properties and the different resulting aggregate structures of three
copolymers with poly(oxyethylene) and poly(oxystyrene) blocks
(E12S10, E10S10E10, and E137S13E137), one diblock and two triblock
copolymers, respectively, with very different volume-to-length
ratios of the hydrophobic block and relative lengths of the
poly(oxyethylene) blocks, which should help in controlling
aggregate morphology. The study was conducted by using
different techniques such as surface tension, light scattering,
transmission and scanning electron microscopies, polarized optical
microscopy, and rheology. In fact, for copolymer E;»Sjo
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Table 1. Molecular Characteristics of the Copolymer ¢

M,/g mol™! wt% S MM,
(NMR) (NMR) (GPC) M,/g mol™!
EixSio 1660 73 1.05 1760
Ei0S10Ei0 1980 55 1.06 2130
Ei37S1sE137 14200 15 1.06 15100

< Estimated uncertainty: M, to £3%; wt % S to £1%, M/M, to +0.01.
M,, calculated from M, and M/M,.
coexistence of spherical micelles with vesicular structures is
detected. To the best of our knowledge, the spontaneous formation
of vesicles by a poly(oxystyrene)-poly(oxyethylene) block
copolymers is reported for the first time. On the other hand,
formation of elongated micelles upon self-assembly of copolymer
Ei0S10Eio in dilute solution is elucidated from light scattering
and transmission electron techniques. In the case of copolymer
E137S13E137, typical spherical micelles are observed as expected.
The micellization properties of the latter copolymer had been
already partially studied previously, and the present study
completes the gap.>>* Finally, comparison of the self-assembly
properties of the present copolymers with structurally related
poly(ethylene oxide)-propylene oxide and poly(ethylene oxide)-
butylene oxide block copolymers is also made.

Experimental Section

Materials. The synthesis of the copolymers was described
previously in detail."* Table 1 shows the molecular characteristics
of the copolymers. Water was double distilled and degassed before
use.

Clouding. Solutions in small tubes (10 mm in diameter) were
prepared by weighting copolymer and mixing with water in the
mobile state before being stored at low temperature for several days
(T ~ 5 °C). Tubes containing 0.5 ¢cm? of solution were immersed
in a water bath, which was heated at a heating/cooling rate of 0.2
°C min~! from 5 to 90 °C. Clouding was detected by the eye. The
tubes were also inverted to check the possibility of gel formation.
The change from a mobile to an immobile system (or vice versa)
was determined by inverting the tube at 1-min intervals.

Surface Tension Measurements. Surface tensions (y) of the
copolymers were measured by the Wilhelmy plate method using
Kriiss K-12 surface tension equipment, equipped with a processor
to acquire the data automatically. The equipment was connected to
a circulating water bath to keep the temperature constant at the
corresponding temperature to within £0.01 °C. The plate was cleaned
by being washed with doubly distilled water followed by being
heated in an alcohol flame. A copolymer stock solution was prepared
with distilled water and diluted as required. For measurements, a
solution was equilibrated at the proper temperature and the surface
tension was recorded at 15-min intervals until a constant value was
reached, a process that took 12—36 h depending on concentration.
The accuracy of measurement was checked by frequent determination
of the surface tension of pure water.

Light Scattering Measurements. Dynamic and static light
scattering (DLS and SLS) intensities were measured for copolymer
solutions at 20 and 50 °C for E;37S;3E137 by means of an ALV-
5000F (ALV-GmbH) instrument with vertically polarized incident
light of wavelength A = 532 nm supplied by a CW diode-pumped
Nd; YAG solid-state laser supplied by Coherent, Inc. and operated
at 400 mW. The intensity scale was calibrated against scattering
from toluene. Measurements were made at the scattering angle, 6,
of 90° to the incident beam. Solutions were equilibrated at each
chosen temperature for 30 min before we made a measurement.
Experiment duration was in the range 5— 15 min, and each experiment
was repeated two or more times. To eliminate dust, samples were
filtered through Millipore Millex filters (Triton free, 0.45—0.8-um
porosity).
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The correlation functions from DLS were analyzed by the CONTIN
method to obtain intensity distributions of decay rates (I').>* The
decay rate distributions gave distributions of apparent diffusion
coefficient (Dyp, =T'/q?, g = (47tny/A) sin(6/2), where ny = refractive
index of solvent), and integrating over the intensity distribution
gave the intensity-weighted average of D,,,. Values of the apparent
hydrodynamic radius (ry app, radius of hydrodynamically equivalent
hard sphere corresponding to D,p,) were calculated from the
Stokes—Einstein equation

Thapp — kT/(67t77Dapp) (D)
where k is the Boltzmann constant and # is the viscosity of water
at temperature 7.

The basis for analysis of SLS was the Debye equation

K*el(I—1) = 1/M,™ + 2A,c+ ... )

where / is intensity of light scattering from solution relative to that
from toluene, I is the corresponding quantity for the solvent, c is
the concentration (in g dm™3), M,,™ is the mass-average molar mass
of the solute, A; is the second virial coefficient (higher coefficients
being neglected), and K* is the appropriate optical constant which
includes the specific refractive index increment, dn/dc. Values of
the specific refractive index increment, dn/dc, and its temperature
increment were taken from previous reports."? The possible effect
of the different refractive indices of the blocks on the derived molar
masses of micelles has been found to be negligible.>® Other quantities
used were the Raleigh ratio of toluene for vertically polarized light,
R, =257 x 1073[1 + 3.68 x 1073( — 25)] cm™! (#in °C) and the
refractive index of toluene, n = 1.4969[1—5.7 x 10~4(t — 20)].>®

Polarized Optical Microscopy (POM). POM experiments were
made by using a Leica TCS-SP2 microscope equipped with cross
polarizers in copolymer sample before being filtered. Samples after
filtration did not allow measurements of the typical lamellae patterns
because of insufficient instrument resolution.

Transmission Electron Microscopy (TEM). Samples for TEM
were prepared by evaporation of a 2.5 ¢ dm™3 aqueous micellized
filtered copolymer solutions under air (with 0.8-um pore filters). A
drop of copolymer solution was placed on an electron microscope
copper grid and stained with 2% (v/v) of phosphotungstic acid.
After drying, electron micrographs of the sample were recorded
with a Phillips CM-12 electron microscope.

Cryo-Scanning Electron Microscopy (Cryo-SEM). Cryo-
SEM micrographs were acquired by using a JEOL JSM-6360LV
microscope with accelerating voltage of 0.5—30 ke V. Solutions were
filtered and flash frozen in liquid ethane and stored in liquid nitrogen.
They were transferred to a cryo preparation chamber at —90 °C and
held at this temperature for 2 min in a vacuum to sublime the surface
ice and sputter-coated with conductive chromium.

Rheometry. The rheological properties of the samples were
determined using a Bohlin CS10 rheometer with water bath
temperature control. Couette geometry (bob, 24.5 mm in diameter,
27 mm in height; cup, 26.5 mm in diameter, 29 mm in height) was
used, with 2.5 cm? of sample being added to the cup in the mobile
state. Samples of very high modulus were investigated using cone-
and-plate geometry (diameter 40 mm, angle 4°). A solvent trap
maintained a water-saturated atmosphere around the cells. Frequency
scans of storage (G") and loss (G") moduli were recorded for selected
copolymer concentrations and temperatures with the instrument in
oscillatory shear mode and with the strain amplitude (A) maintained
at a low value (A < 0.5%) by means of autostress facility of the

(24) Provencher, S. W. Makromol. Chem. 1979, 180, 201-209.

(25) Mai, S.-M.; Booth, C.; Kelarakis, A.; Havredaki, V.; Ryan, J. A. Langmuir
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Schuch, H.; Gerst, M.; Chu, B. Macromolecules 1999, 32, 6031-6042. (c) The
temperature dependence of the Raleigh ratio was not found in the literature and,
as a working approximation, values of R, for toluene were adjusted relative to
those published for benzene. Gulari, E.; Chu, B.; Liu, T. Y. Biopolymers 1979,
18, 2943. The adjustment is small over the temperature range involved.
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Figure 1. Temperatures at which turbidity was visually observed on
heating dilute solutions of copolymers () E|>S o and (O) E (S1oE|o. The
lines are to guide the eye.

Table 2. Critical Micelle Concentration (cmc), Surface Excess
Concentration (I'nax), Minimum Area per Molecule (Apin), Gibbs
Free Energy of Micelle Formation (AG;,ic), and Gibbs Free
Energy of Adsorption (AG,4s) of the Present Copolymers “

polymer T (°C) cmc (g dm™3) Thax (107 mol m™2) Ay (nm?)

EixSio 15 0.006 0.97 1.7
Ei0S10E10 15 0.012 0.91 1.8
Ei37S1sE137 15 0.017 0.40 4.1

50 0.013 0.46 3.6

¢ Estimated uncertainties: cmc, I'max, Amin to 10%.

Bohlin software. This ensured that measurements of G' and G" were
in the linear viscoelastic region. Temperature scans were recorded
for selected copolymer concentrations at a frequency of 1 Hz. The
samples were heated at ca. 0.5 °C in the range 5—80 °C.
Measurements on solutions of low modulus (G" = 1—10 Pa) which
felt outside the range for satisfactory autostress feedback were
rejected.

Results

Clouding. Clouding temperatures obtained visually over a
wide concentration range are plotted in Figure 1. The overall
shape for copolymers E;2Sio and EoS10E0 is as expected for
solutes with a lower critical solution temperature. Solutions of
copolymer E,S 0 were only transparent at very low concentration,
and opacity increased in a narrow interval as the concentration
increased. Copolymer E oS 10E 1o solutions were clear in a wider
temperature and concentration range. Meanwhile, solutions of
copolymer E;37S13E 37 remained clear to the eye in the whole
temperature and concentration range analyzed. As described in
subsequent sections, the solutions were formed by copolymer
aggregates over the concentration range involved and the detailed
shape of the cloud point curve for the former copolymers has
to be discussed in that context. This reflects the different behavior
of the three copolymers as will be commented in detail below.
We return to this point after presentation of the light scattering
results. On the other hand, gelation was only observed for
copolymer E;37S13E 37 at concentrations larger than 15% (w/v)
with no lower temperature boundary.

Critical Micelle Concentration and Surface Properties of
Copolymers. Surface tensions of solutions of samples corre-
SpOl’ldng to copolymers E137slgE137, ElosloElo, and E]zslo were
investigated, as set outin Table 2. Plots of surface tension against
log(concentration) are plotted in Figure 2. The concentration at
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Figure 2. Surface tension (y) vs logarithm of concentration (g dm™3)
of copolymers (O) E10S10E 1o and (.) E»Sipat 15 °C and E;37,S13E 37 at
(a) 15 and (V) 50 °C in aqueous solution.

which the surface tension reached a steady value served to define
the cmc. Representative values of the cmc and of the surface
tension at the cmc (Yeme) are listed in Table 2. It can be observed
that the triblock copolymers have higher cmc values than the
diblock copolymer. The effect is originated by the entropy of
the triblock chains constrained by two block junctions in the
core—shell interface of the aggregate, compared with only one
constrain for the diblock chain. The present values for solutions
of copolymers E137518E137, ElosloElo, and E12810 at 15 °C are
in good agreement with previously reported values for other
diblock and triblock copolymers of ethylene oxide and styrene
oxide.?”?®

On the other hand, the surface excess concentration, I'.x, and
the minimum area per copolymer molecule, A, at the air/
water interface were obtained using the surface tension measure-
ments and the following equations:

= Loy
rmax - RT(B In C)T,p (3)
Amin = 1/]\]Armax (4)

where R is the gas constant, N, is Avogadro’s number, and ¢ is
the copolymer concentration.

Because of their higher hydrophobicity, copolymers E;,So and
E10S10E10 display a larger interface coverage than E;37SsE 37, whose
molecules also need more space to be accommodated because of
the longer length.28 On the other hand, for the triblock E{37S3E137
there is a decrease in the value of A as the temperature rises as a
consequence of the increase in the thermal motions of the polymer
chains and the dehydration of the hydrophilic blocks.?*~*°

(27) Booth, C.; Attwood, D.; Price, C. Phys. Chem. Chem. Phys. 2006, 8,
3612-3622.

(28) Barbosa, S.; Cheema, M. A.; Taboada, P.; Mosquera, V. J. Phys. Chem.
B 2007, 111, 10920-10928.

(29) Kelarakis, A.; Havredaki, V.; Yu, G.-E.; Derici, L.; Booth, C. Macro-
molecules 1998, 31, 944-946.
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Figure 3. Intensity fraction distributions of the apparent hydrodynamic
radius for (a) copolymer E;3;SisE137 (60 g/dm™3 at 20 °C) and (b)
copolymer E;5S; (2.5 g/dm™ at 10 °C).

Vesicular Formation in Copolymer E;»S;¢. Intensity frac-
tion distributions of decay times for the three copolymers are
shown in Figure 3. In the case of copolymers E;oSioEo and
E137S13E137, the distribution contained one single peak (see Figure
3a for copolymer E;37S13E 137 as an example). In contrast, three
single narrow peaks were observed for copolymer E;»S;o at
suitable concentrations to be measured by DLS (Figure 3b). These
peaks did not vary in a systematic way in the narrow copolymer
concentration range analyzed (0.5—3 g dm™3) provided that
solutions were not completely clear (turbidity increased as the
copolymer concentration rises), so a true hydrodynamic radius
could not be obtained (plot not shown). Because of the translucent
aspect of these solutions and to know if these solutions were
isotropic or not, we analyzed some of the samples by POM.
Surprisingly, the typical patterns displayed by spherical lamellae
were observed for all the samples in the concentration range
anlyzed®' (Figure 4a).

In contrast, no presence of these patterns was observed for
solutions of copolymer E;¢SioEio or copolymer E;37Si3E37 in
the concentration range analyzed, even in solutions not optically
clear. The different sizes of the observed circular patterns in
polarized spectroscopy denote the polydisperse size of the vesicles.
It is necessary to note that samples for POM experiments were
unfiltered samples provided that filtered ones did not allow
accurate measurements because of instrument resolution. Thus,
sizes of vesicles from POM are larger than those derived from
electron microscopies (between 1 and 5 um) and even more
polydisperse. The presence of vesicular structures was further
corroborated by TEM and cryo-SEM, as seen in Figure 4b,c, in
this case using filtered solutions as for DLS. Despite the inherent
problems of TEM due to solvent evaporation during sample
preparation, which affects sizes and structures of nanostructures
in solution, the coexistence of micelles with a mean size of ca.

(30) Sony, S. S.; Sastry, N. V.; George, J.; Bohidar, H. B. Langmuir 2003,
19, 4597-4603.

(31) Kunieda, H.; Nakamura, K.; Davis, H. T.; Evans, D. F. Langmuir 1991,
7, 1915-1921.
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Figure 4. (a) POM image of vesicles formed by copolymer E;,So. Picture was taken at 100x magnification. (b) TEM images of vesicles (denoted
with arrows) that coexist with smaller micelles. (¢) Cryo-SEM picture of polymer vesicles of copolymer E»S;o. The smallest vesicles are denoted

with arrows.
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Figure 5. Concentration dependence of the reciprocal apparent
hydrodynamic radii for micellar solutions of copolymers E;37SsE ;37 at
(M) 15 and (O) 50 °C and copolymer E;¢SioEo at 15 °C (inset).

16 nm and some small vesicles of polydisperse size (mean size
of ca. 65 nm; see arrows in Figure 4b) can be discerned. Cryo-
SEM showed also the existence of larger vesicles (with sizes
around ca. 400 nm) at more concentrated copolymer solutions,
as seen in Figure 4c, which coexist with smaller vesicles of ca.
100 nm of diameter (see arrows). In this figure, pores created
from vesicle disintegration during sample preparation can be
also observed. Micelles were not seen because the equipment

Ke/(-) (10° mol g)

Ke/(l-1) (10° mol g)

0'1 " 1 L 1 1 1 n 1 " 1 1 1 n 1

0 1 2 3 4 5 6 7 8
Concentration (g dm™)

Figure 6. Debye plots for micellar solutions of (a) copolymer E37S3E 37
at (W) 15 and (O) 50 °C and (b) copolymer E¢SoEo at 15 °C.

resolution was not sufficient. Then, comparing the size distribu-

tions derived from DLS with the sizes of the structures seen by
TEM and SEM, we can assign the first peak of the DLS size
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Table 3. Micellar and Hydration Properties of Block Copolymers E1>S19, E10S10E10, and E137S1sE137

polymer T/°C A>/107* mol g2 cm? O M,"™¢/10° mol g~! r/nm Ny r/nm
Ei0S10E10 15 4.5 1.0 4.7 20.2 202 21.5
Ei37S1sE137 15 0.2 5.8 4.8 12.9 34 9.9
50 0.27 4.8 6.3 11.8 42 10.2

distribution of copolymer E;»S;¢ to micelles provided that this
species lies in the typical sizes of copolymer micelles (with an
apparent radius of ca. 13 nm), whereas the other two peaks are
assigned to polymer vesicles of different sizes. In this regard,
differences in vesicle sizes between SEM, DLS, and TEM may
arise from solvent evaporation in the latter technique, which
dehydrates the polymer corona and shrinks the polymer structure.
On the other hand, polymer solutions when measured by TEM
showed the presence of polymer aggregated material, which may
be composed of the largest vesicles as a consequence of the
sample evaporation process since these were not observed by
this technique (picture not shown).

Micellar Properties of Copolymers E;37S;3E;37 and
E10S10E10. Hydrodynamic Radii. Now we will focus on the
micellar properties of copolymers E37S1sE137 and E S 10E 10, Plots
of the reciprocal of the intensity average of ryqpp (by using the
Stokes—Einstein relation) are shown in Figure 5 for copolymers
Ei37S13E137 and E0S10E 0. The intercepts of these plots at ¢ =
0 gave values of ry,. Note that through eq 1 the reciprocal of 7y, 4pp
is proportional to Dqpp/nT and thus compensated for changes in
solvent viscosity and temperature. The positive slopes in this
figure are consistent with these micelles acting effectively as
hard spheres.' This behavior is usually accommodated by
introducing a diffusion second virial coefficient (kq) in the equation
of the straight line

Dy = DA + ke + ...) ©)

The coefficient k4 is related to the thermodynamic second
virial coefficient A, by*>

ky = 24,M,™ — k; — 2v (6)

where ki is the friction coefficient and v is the specific volume
of the micelles in solution. As seen from Figure 6, the positive
term in eq 7 is dominant. Relating A, to the effective hard-sphere
volume of the micelles, vhs (A2 = 4Navh/My? ™)* shows that
the first term depends on the ratio vh/My™¢. A, values (Table
3) are positive in agreement with the commented micellar
behavior. On the other hand, the larger insensitivity of 1/ app
with changes in concentration of copolymer E;¢SioEjo is
associated to their higher molar masses and is a common feature
observed for elongated micelles.*'*

Aggregation Numbers. As noted in the , the Debye equation
(eq 2) is for nonideal dilute solution of particles that are small
relative to the wavelength of the light. The Debye equation taken
to the second term, A,, could not be used to analyze the SLS data
for copolymer E;37S13E 137 as micellar interaction causes curvature
of the Debye plot across the concentration range investigated
(Figure 6). The fitting procedure used for these curves was based
on scattering theory for hard spheres** whereby the interparticle
interference factor (structure factor, S) in the scattering equation

K*c/(I — 1) = 1/SM,™ (7

was approximated by
/8 = [(1+29)" = ¢'(4p— A=) " (®)
where ¢ is the volume fraction of equivalent uniform spheres.

Values of ¢ were conveniently calculated from the volume fraction
of copolymer in the system by applying a thermodynamc

expansion factor O, = v/v,, where v is the thermodynamic volume
of a micelle (i.e., one-eighth of the volume, u, excluded by
one micelle to another) and v, is the anhydrous volume of a
micelle (v, = vMy™/N4), where v is the partial specific volume
of the copolymer solute. The fitting parameter, o, applies as an
effective parameter for compact micelles irrespective of their
exact structure. The method is equivalent to using the virial
expansion for the structure factor of effective hard spheres taken
to its seventh term>* but requires just two adjustable parameters
(i.e., My™c and 6,). Values of these two quantities are shown in
Table 3. In addition, weight-average association numbers, Ny,
of the copolymer micelles were calculated from the micellar
molecular mass derived from the fitting procedure shown above
and the weight-average molecular weight of the copolymer in
the unimer state (i.e., Ny, = My(micelle)/M,,(molecule); Table
1). Values of the equivalent hard-sphere radius (the thermody-
namic radius, ry) calculated from the thermodynamic volume of
the micelles (i.e., from v = O.v,) are also listed in Table 3. It
is also clear that the effective hard-sphere radius, like the
hydrodynamic radius, has a more direct relation to spherical
micelles than to other shapes.

As expected, Ny, values for copolymer Ei37Si3E 37 slightly
increase as the temperature rises since water becomes a poorer
solvent for the poly(oxyethylene) blocks. This is consistent with
the effect of temperature in micelles of other copoly(oxyalky-
lene)s.>®* In addition, present aggregation numbers are in
agreement with previously reported ones for this copolymer at
other temperatures.*®

TEM imaging was undertaken to directly visualize the micelle
shape. Copolymer E;37S13E 37 formed nearly spherical micelles
in solution (Figure 7a), whereas copolymer E;oSioEio self-
assembled into spheroidal aggregates (Figure 7b). Under TEM,
the diameters of micelles were close to those obtained by DLS.
The mean length of the major axis of the spheroids was ca. 22
nm. Nevertheless, one has to bear in mind that with TEM we
image single particles whereas DLS gives an average size
estimation, which is biased toward the larger-size end of the
population distribution. In addition, it should be pointed out that
, for elongated micelles derived from DLS is an effective value
for “equivalent spheres”, and hence r, is not expected to equal
the ellipsoid or cylinder radius.

Rheological Behavior. Solutions of copolymers E;Si0Eio
and E 375 13E 37 were analyzed to study their rheological behavior.
Solutions of E1oS10E10 (0—50% (w/v)) were investigated for gel
formation using tube inversion experiments. Immobility implies
no detectable flow over a period of hours or days. To a good
approximation, immobility in the test requires the gel to have a
yield stress higher than 30 Pa.*® Adopting the notation used by
Hvidt et al.,**® we refer to this immobile phase as “hard gel”.

(32) Vink, H. J. Chem. Soc., Faraday Trans. 1 1985, 81, 1725-1730.

(33) Flory, P. J. Principles of Polymer Chemistry; Cornell University Press:
Ithaca, NY, 1953.

(34) (a) Percus, J. K.; Yevick, G. J. J. Phys. Rev. 1958, 110, 1-13. (b) Vrij,
A. J. Chem. Phys. 1978, 69, 1742—1747. (c) Carnahan, N. F.; Starling, K. E.
J. Chem. Phys. 1969, 51, 635-636.

(35) Booth, C.; Attwood, D. Macromol. Rapid Commun. 2000, 21, 501-527.

(36) Hvidt, S.; Jgrgensen, E. B.; Brown, W.; Schillén, K. J. Phys. Chem. 1994,
98, 12320-12328.

(37) Kelarakis, A.; Mingvanish, W.; Daniel, C.; Li, H.; Havredaki, V.; Heatley,
F.; Booth, C.; Hamley, I. W. Phys. Chem. Chem. Phys. 2000, 2, 2755-2763.
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Figure 7. TEM micrograhs of micelles formed by copolymers (a) Ei37SisEi37 and (b) Ei0S10Ei0.

log, (G/Pa)

T(C)

Figure 8. Aqueous solutions of copolymer E,37SsE;37. (a) Temperature
dependence of (M) storage (G') and (O) loss (G") moduli for aqueous
hard gel at 50% (w/v), frequency, f = 1 Hz, and strain amplitude, A =
0.5%. (b) Temperature dependence of storage (G') (M), and loss (G"),
(O), moduli at 10% (w/v), f= 1 Hz, and A = 0.5%.

They have used yield stress (0y) and modulus (storage and loss,
G' and G") to define three convenient subdivisions of the range
of behaviors observed: immobile hard gel (high oy and G', G'
> G"), mobile soft gel (low oy and G', G' > G"), and mobile
sol (null oy and very low G', G' < G").

Temperature Dependence of Copolymer E;37SsE37. The sol-
hard gel boundary was already determined by tube inversion and
rheology previously,*® but additional measurements were done
to complete its phase diagram. Figure 8a shows an example of
a temperature scan of the logarithm of the elastic modulus for
a concentrated solution above the critical gel concentration (cgc)
for this copolymer (19% (w/v), derived from the expression cgc
= 10204/, Where ¢ = 0.68 is the volume fraction of spherical
micelles packed in a body-centered structure.*® On the basis of
a critical value of G" = 1 kPa for a hard gel, the 50% (w/v)

(38) Almgrem, M.; Brown, W.; Hvidt, S. Colloid Polym. Sci. 1995, 273,2-15.
(39) Hamley, 1. W.; Castelletto, V.; Ricardo, N. P. M. S.; Pinho, M. E. N.;
Booth, C.; Attwood, D.; Yang, Z. Polym. Int. 2007, 56, 88-92.
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Figure 9. Phase diagram of copolymer E;3;SsE 37 from (O) tube inversion
and (H, @) rheology showing the sol, soft gel, and hard gel regions.

copolymer solution is a hard gel in the whole range, with a
maximum value of G' ~ 16 kPa, and G' > G" throughout the
whole experiment. In Figure 8b, a temperature scan of G' and
G" at a concentration below the hard-gel boundary (10% w/v)
is also shown as an example. Other polymer concentrations in
this region below the cgc display the same profile (not shown).
Using the conditions described above, we found that at
temperatures at which G’ (1 Hz) exceeds 10 Pa the solutions are
soft gels, otherwise sols.>*® As illustrated, within the region of
raised modulus G’ was higher than G", which justifies the
convenient term “soft gel” for the fluid to distinguish it from sol.
A complete phase diagram of the regions of sol, soft gel, and
hard gel defined by rheometry and tube inversion for copolymer
E137S13E1371s shown in Figure 9. These sol—gel diagrams follow
the general pattern as those published previously for other EO/
SO block copolymers.'* The upper limit to the soft gel region
for the copolymer is not reached within the temperature range
investigated, consistent with the stability at high temperature of
the hard gels of this copolymer.

Frequency Dependence of Copolymer E;3751sE137. To get a
more detailed picture about the rheological behavior of both
hard and soft gels, frequency scans of solution of E;37S3E37
block copolymer were performed. Figure 10a shows the frequency
scan obtained for the 15% (w/v) solution of copolymer E;37S13E 137
at 25 °C. This type of soft gel at temperatures and concentrations
relatively near the hard-gel boundary can be assigned as defective
versions of the cubic packed hard gels (i.e., small structured
domains in an overall fluid matrix). These soft gels are
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Figure 10. Frequency dependence of (@) storage and (O) loss moduli
(log—log plot) for (a) 15% (w/v) aqueous solution of copolymer
Ei37S13E137 in the soft gel region and (b) 6% (w/v) aqueous solution of
copolymer E;37S3E 37 in the soft gel region at 7= 60 °C.

characterized by the almost constant value of log G', the minimum
in log G", and both moduli do not show a crossover point in the
measured frequency range, all of which are characteristic of hard
gels formed by cubic packing of spherical micelles,** although
the modulus values are low compared to those of the hard gel
(G'~ 70 Paand G" ~ 5Paatf=1Hz, A = 0.5%). Soft gels
of this type have been also found for other E,;S,E,, E..S,,2% and
E,.G.E,* (where G = phenylglycidyl unit) copolymers studied
by rheometry, and some E,B, copolymers using SAXS*' and
Pluronics using SANS.*?

On the other hand, the scan obtained for a 6% (w/v) solution
at 60 °C differs from that of Figure 10a (Figure 10b), having very
low values of G’ (e.g., G' ~# 8§ Paat f=1Hz, A = 0.5%) and
with a moduli crossover at low frequency, corresponding to a
Maxwell fluid, at most, showing localized cubic order. This must
be a consequence of the weak attraction of spherical micelles in
water at temperatures where it is a poor solvent for the micelles.
The transition from sol to soft gel may well occur when aggregates
of spherical micelles reach the percolation threshold, yielding
sufficient structure to cause the characteristic rheological effect.
Soft gels of this type have been also identified in aqueous micellar
solutions of a wide range of copolymers including other EO/SO
Copolymers,l'z"zg'40 as well as in E,,P,E,, (P = propylene oxide
unit) by Hvidt and co-workers who ascribed the effect in certain
systems to the intervention of the sphere-to-rod micellar
transition,**® and by Mallamace and co-workers who identified
mechanisms of percolation and packing (structural-arrest),
depending on temperature and concentration.*>**

(40) Li, H.; Yu, G.-E.; Price, C.; Booth, C.; Fairclough, J. P. A.; Ryan, A. J.;
Mortensen, K. Langmuir 2003, 19, 1075-1081.

(41) Castelletto, V.; Caillet, C.; Fundin, J.; Hamley, I. W.; Yang, Z.; Kelarakis,
A. J. Chem. Phys. 2002, 116, 10947-10958.

(42) Prud’homme, R. K.; Wu, G.; Schneider, D. K. Langmuir 1996, 12, 4651—
4659.

(43) Lobry, L.; Micali, N.; Mallamace, M.; Liao, C.; Chen, S. H. Phys. Rev.
E 1999, 60, 7076-7087.

(44) Chen, S. H.; Chen, W. R.; Mallamace, F. Science 2003, 300, 619-622.

(45) Antonietti, M.; Forster, S. Adv. Mater. 2003, 15, 1323-1333.
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Figure 11. (a) Temperature dependence of (@) storage and (O) loss
moduli (log—log plot) for a 20% (w/v) aqueous solution of copolymer
Ei10Si0Ei0. (b) Frequency dependence of storage (close symbols) and
loss moduli (open symbols) (log—log plot) for (@) 20, (M) 30, and (A)
40% (w/v) aqueous solution of copolymer E;oSioEo at 15 °C.

Concentration and Temperature Dependence of Copolymer
E10S10E 0. For copolymer EoS0E 1o, gelation was not found in
the concentration range analyzed. Concentrations in the range
5—30% (w/v) and temperatures in the range 10—45 °C were
investigated despite the turbid solution, a signal that the phase-
separation boundary was close, as will be commented below.
For a given concentration of copolymer, the value of G’ decreased
with increasing temperature (Figure 11a), which is associated
with the water becoming a worse solvent for poly(oxyethylene),
resulting in a compression of the E-block corona and, thereby,
a decrease in the effective volume fraction of micelles in the
solution. The break in the curve of Figure 11a observed around
35 °C is related to solution-phase separation.

Frequency Dependence of Copolymer E oS 10E 19. The frequency
dependence of the modulus was determined for solutions of
copolymer EoS1oE ;¢ in the concentration range 5—40% (w/v)
at 25 °C. Solutions were mobile fluids over the frequency range
of our measurements. Typically, values of G" exceeded those of
G’ over the accessible frequency range except at low frequencies
(Figure 11b). The viscoelasticity of the solution was modeled by
parallel Maxwell elements:

G' = (G o)1+ v (9a)

G" = (G"tw)(l + Tw? (9b)
where G, is the plateau value of G’ at high frequency, 7 is
the relaxation time, and w = 27f (fin hertz). A good fit required
the sum of several elements, but as illustrated in Figure 11b, the
essential features of the rheology of the system could be
reproduced using three elements, with characteristic relaxation
times in the order of 0.02—0.03, 0.2—0.4, and 10—15 ms,
respectively, for all the copolymer concentrations analyzed. The
smallest time represents a fast process characteristic of a mobile
fluid, whereas the slowest is assigned to an effect of intermicellar
interaction between elongated micelles. The slight upturn in the
scan at low frequency provided evidence of an emerging slow
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process, which we assign to the first stages of formation of an

elastic network, and which gives rise to the formation of the soft
13

gel.

Discussion

As commented previously, it is assumed that the parameters
that control the morphologies of the aggregates are mainly core
chain stretching, interfacial tension, and corona repulsion.
Consequently, factors that influence the above balance can be
used to control the aggregate architecture: polymer molecular
weight, relative block lengths, hydrophobic block structure,
solution conditions, and so forth. Compared to the separated
aggregation behavior of small and large colloidal spheres, micelles
and vesicles may form in dilute solution of block copolymers.****¢
In the classical and most simple description, the factor determining
the shape of self-assembled amphiphilic structures is the size of
the hydrophobic moiety to the hydrophilic part. In particular, the
micellar structure formation can be described in terms of a critical
packing factor, ¢, defined as

Vv

b= (10)
where V is the hydrophobic volume in the micelle core, a is the
cross-sectional area of the hydrophilic part, and / is the chain
length.*” This model hypothesizes that changes in the amphiphile
geometry, reflected in changes in V, a, or [, affect the type of
aggregate the amphiphile may form. At a ¢ value of 0.5, the
model predicts formation of spherical lamellae. As the packing
factor decreases, the extent of curvature increases, and the structure
shape moves toward spherical micelle. Thus, in this work we
prepare three different styrene oxide block copolymers with
different relative block lengths and hydrophobe molecular
volumes made by styrene oxide units. Since previously studied
E B, and E 4B were shown to form vesicles,'® and provided
that styrene oxide chain possess a larger volume than propylene
oxide and butylene oxide units, we thought that copolymer E;»S 1o
should possess a hydrophilic/hydrophobic block ratio and a
sufficient hydrophobe volume (because of the presence of an
aromatic ring in its structure) to form vesicles, as has been
corroborated. In addition, the small size of the hydrophilic block
should also favor vesicle formation provided that this is favored
when the hydrophilic surface area (in our case the hydrophilic
corona) decreases, as has been previously observed for structurally
related poly(ethylene oxide)-poly(propylene oxide) and poly-
(ethylene oxide)-poly(butylene oxide) block copolymers.'”'® On
the other hand, structurally related block copolymer E;;Bg (B =
butylene oxide unit)'" has been pointed out to undergo micelle
elongation above 35 °C because of a severe increase in Ny, and
geometrical considerations. The same behavior has been claimed
for copolymer E;7S;o, for which 20 °C was enough to greatly
increase Ny.'® Nevertheless, image or other suitable techniques
were not used to detect the presence of other possible structures
in both cases, mainly vesicles in contrast to copolymers E;;Bj;
and E 4B for which spontaneous vesicle formation has been

demonstrated.'®
On the other hand, the previous arguments would also explain
why we did not find vesicular formation for the triblock E ;¢S 10Eo:

(46) Yu, M.; Wang, H.; Zhou, X.; Yuan, P.; Yu, C. J. Am. Chem. Soc. 2007,
129, 14576-14577.

(47) Israelachvili, J. N. Intermolecular and Surface Forces; Academic Press:
New York; 1992; pp 380-384.

(48) Kelarakis, A.; Mai, S.-M.; Havredaki, V.; Nace, V. M.; Booth, C. Phys.
Chem. Chem. Phys. 2001, 3, 4037-4043.

(49) Castro, E.; Taboada, P.; Mosquera, V. J. Phys. Chem. B2006, 110, 13113—
13123.
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this copolymer would behave as a diblock E ;S5 because of the
two core junctions in its structure, and not enough core volume
and hydrophobic/hydrophilic ratio would be achieved to allow
vesicle formation. Nevertheless, for this copolymer we found
that its aggregates possess a spheroidal form, as seen by TEM,
whereas for copolymer E;37SigEi3; micellar spheres were
observed. In fact, taking the length of an S unit to be 0.36 nm
per chain unit,>® the average length of the fully stretched S,
block is approximately 3.6 nm. As the central S block is looped
in the micelle core for the triblock copolymer E;oSioEio, the
effective length will be 1.8 nm. Consequently, this would be the
maximum possible radius for an anhydrous core of a spherical
micelle. This means that the maximum core volume would be
25 nm? and, given a liquid density at 15 °C of 1.15 g cm™3, then
the maximum aggregation number compatible with a spherical
compact geometry would be ca. 15. Despite considering that (a)
the S blocks possess Poisson distributions, as expected for an
ideal polymerization of an alkylene oxide,* (b) the copolymer
micelles possess water in the core associated with the hydroxyl
end groups of the S blocks, as demonstrated recently,*®*° and
(c) the larger entropy penalty due to chain stretching, all of which
should alleviate further the stretching restriction, the derived Ny,
value from SLS for these copolymer (N,, = 202) is incompatible
with spherical micelles, which should be elongated, either
spheroidal or wormlike. This is not the case for copolymer
E137S13E137, for which a maximum aggregation number of 71 is
expected to be compatible with a spherical shape. In addition,
the longer E blocks increase the hydrophilic surface area
promoting spherical aggregates, as commented above. The
difference in micelle geometry between copolymer E;37S3E 137
and EoSioE o also provides an explanation for the different
concentration dependences of the hydrodynamic radii and Debye
functions illustrated in Figures 5 and 6, respectively. In this
regard, the Debye function found for copolymer E;37SgE 37 is
typical of spherical copolymer micelles, with the curvature being
a result of interference from micelles reducing the scattering
intensity as concentration is increased. However, mass action
ensures that elongated micelles of copolymer E;oSioE10 will
increase in length as concentration is increased at a given
temperature, an effect that progressively increases the scattering
intensity and thus opposes the effect of micelle interaction. On
the other hand, association numbers found for structurally related
block copolymers with butylene oxide and styrene oxide and
similar hydrophobic block length shows that, for example,
copolymers Ei3BioEi3>° (commercially available from Dow
Chemical Co.) and EsBioEis>! do not form elongated micelles
in the temperature range analyzed (up to 45 °C) since their
aggregation numbers are sensibly lower than that obtained for
copolymer EoSi0E10. Assuming a ratio of association numbers
between poly(oxyethylene)-poly(oxystyrene) and poly(oxy-
ethyelene)-poly(oxybutylene) copolymers of 3 (Nys/Nyp =~
3:1),' the association number 51 for E;¢BoE ;¢ would involve
one of 153 for E0S10E 0, values well outside the range possible
for spherical micelles, and smaller than the value found
experimentally in the present work at 15 °C. In contrast, copolymer
Ei35B20E 135 showed the formation of spherical micelles with an
aggregation number of 17 at 25 °C, ** as in the case of the closely
related copolymer E;3;S;3E 37 studied in the present work.
Finally, it has been shown>? that a unifying rule for formation
of polymersomes in water involves the necessity of a hydrophilic-
to-total mass ratio 25% < fydrophitic < 35%. Cylindrical shapes

(50) Yu, G.-E.; Yang, Y.-W.; Yang, Z.; Attwood, D.; Booth, C. Langmuir
1996, 12, 3404-3412.

(51) Yu, G.-E.; Li, H.; Price, C.; Booth, C. Langmuir 2002, 18, 7756-7758.

(52) Discher, D. E.; Eisenberg, A. Science 2002, 297, 967-973.
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can be expected for 35% < fhydrophitic < 50%, spherical micelles
for fuydrophitic < 45%, and inverted microstructures for fiydrophilic
< 25%. Although sensitivities of these rules to chain chemistry
and molecular weight have not been fully probed, the present
analyzed copolymers seem to be in agreement with these.

Conclusions

We have analyzed the micellization, gelation, and structure
of the aggregates of three poly(ethylene oxide)-polystyrene oxide
block copolymers. Two of them have similar block length but
different structures (E12S10, E10S10E10), and the other has longer
blocks (E137S13E137). In this way, we can compare the effect of
temperature and block length on the self-assembly properties.
The values of the critical micelle concentration show that the
short triblock copolymer has a cmc twice as large as that of the
related diblock. The effect is originated by entropy of the triblock
chains constrained by two block junctions in the core interface
of the aggregate, compared with only one constraint for the diblock
chain. Intensity fraction size distributions showed the existence
of several species in solutions of copolymer E1,So whereas only
one for copolymers E;9S10Ei0 and E;37S3E37. Light scattering,
polarized light microscopy, and transmission and cryo-scanning
electron microscopies provided sufficient evidence to ensure the
coexistence of micelles and polydisperse vesicles for the most
concentrated samples of this copolymer (but even in the dilute
regime). The size of these vesicular structures varies between 60
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and 500 nm as shown by TEM, DLS, and cryo-SEM. The classical
birefringent pattern of vesicles was observed by polarized light
microscopy. On the other hand, the single size distribution
observed for copolymers E0S10E;o and E;37S13E 37 was assigned
to elongated and spherical micelles, respectively. This assignment
was made in light of the high aggregation number derived for
the former copolymer which is incompatible with a spherical
geometry of the aggregated, as also corroborated by TEM. Tube
inversion was used to define the mobile—immobile (soft—hard
gel) phase boundaries. The phase diagram of copolymer
Ei37S13E137 was further completed to determine the sol—soft
gel—hard gel boundaries. In contrast, copolymers E,Sio and
E0S10E10 did not gel in the concentration range analyzed. Only
certain concentrations of copolymer EoS0E o were analyzed by
rheometry, for which an upturn in the low-frequency range of
the stress moduli was observed, denoting an evidence of an
emerging slow process, which we assign to the first stages of
formation of an elastic network.
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The surface properties of poly(styrene oxide)-poly(ethylene oxide) block copolymers EO;,SO;o, EO;oSO,EOq,
and EO,3;SO5sEO,3; at the air—water (a/w) and chloroform—water (c/w) interfaces have been analyzed by
Tracker drop tensiometry, Langmuir film balance, and atomic force microscopy (AFM). The kinetic adsorptions
for the block copolymer solutions at both interfaces were determined by the pendant drop technique. At the
a/w, the polymer adsorption is reduced as the polymer hydrophobicity increases. Measurements of the interfacial
rheological behavior of the copolymers showed that the adsorption layers at the a/w interface manifest obvious
solid-like properties in the whole accessible frequency range, whereas a viscous fluid-like behavior is displayed
at the c¢/w interface. The differences observed in the monolayer isotherms obtained for the three copolymers
arose from their different hydrophobic/hydrophilic block ratios and block lengths. In this regard, copolymer
EO,3;S0,5EO;37 displays an adsorption isotherm with the four classical regions (pancake, mushroom, brush,
and condensed states), whereas for EO,SO; and EO,(,SO;0EO,( copolymers, only two regions were observed.
The topographic images of copolymer films were obtained by AFM in noncontact mode. Surface circular
micelles are observed at the two surface transfer pressures studied. A micelle size decrease and an increase
in monolayer thickness are observed with an increase in transfer pressure. At the largest transfer pressure
used, elongated aggregates were observed. Aggregation numbers derived from AFM pictures were in fair
agreement with those obtained for micelles in solution, and they became larger as the SO weight fraction
increases at a certain deposition pressure. This can be a consequence of stronger attractive interactions between
the SO blocks to avoid contact with the solvent.

Introduction

Amphiphilic block copolymers are an important class of
materials that have attracted considerable attention because of
their outstanding solution properties, such as their self-assembly
in the presence of a selective solvent or surface.! In particular,
the interfacial properties of block copolymers have received
great interest in the last years due to their role in the industrial
and biological fields.>”* The ability of block copolymers to
adsorb at an interface, modulate their properties, and even to
self-assemble into well-defined nanoscale structures in two
dimensions has led to their use in colloidal stability and coating
processes,5 as steric barriers at solid surfaces in medical devices
to avoid undesired protein adhesion,’ as stabilizers of liquid
interfaces of foams’ and emulsions® to prevent coalescence and
flocculation, as templates for the rational design of large-scale
nanometer architectures in thin film configurations,”!* and as
precursors for nanoporous materials.'!

The self-assembly behavior and physicochemical properties
of diblock and triblock copolymers of polyoxyalkylenes in
solution have been extensively studied.'>”?! Variation of
hydrophobic monomer, block length, and architecture allows
close control of their physicochemical properties. The most

* To whom correspondence should be addressed. E-mail: pablo.taboada@
usc.es. Tel: 0034981563100, ext 14042. Fax: 0034981520676.
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familiar copolymers of this type are those whose hydrophobic
block is formed by units of oxypropylene (—OCH,CH(CH3),
denoted as PO), 1,2-oxybutylene (—OCH,CH(C,Hs), denoted
as BO), and oxyphenylethylene (—OCH,CH—(C¢Hs)), prepared
from styrene oxide (denoted as SO). These copolymers are
already commercially available from BASF,”? Dow Chemical
Co.,” and Goldschimdt AG,* respectively. Nevertheless, the
two-dimensional properties and aggregation of these classes of
copolymers at the air/aqueous interface has been only exten-
sively reported for poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (EO-PO-EO) block copolymers or Plu-
ronics, the X-star shaped EO-PO-EO copolymers known as
Tetronic copolymers (from BASF),>”?% and poly(butylene
oxide)-poly(ethylene oxide) block copolymers (BO-EO).” Very
little or no report has been put into fundamentally understanding
the 2-D dimensional behavior of poly(ethyelene oxide)-
poly(styrene oxide) block copolymers at interfaces. Therefore,
fundamental studies of SO-based block copolymers performed
at either the air/water or the air/organic solvent interface can
provide valuable information on their interfacial phase behavior
to further guide their possible use in different biomedical and
coating applications. To fill this gap, in the present work, we
studied the surface behavior and surface properties of three
poly(ethylene oxide)-poly(styrene oxide) block copolymers,
EOlzsolo, EOIUSOIUEOIO, and EO]37SO]3E0137 (Where the
subscripts denote the respective block length) by dynamic
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TABLE 1: Molecular Characteristics of the Copolymers
Mg mol™! wt % S* M/M,* M/g cmc?/g T, /1070

(NMR) (NMR) (GPC) mol™! dm™ mol m™2
EO,S04¢ 1660 73 1.05 1760  0.006 0.97
EO,,SO4EO 1980 55 1.06 2130 0.012 0.91
EO0,3;SO3sEO;37 14 200 15 1.06 15100 0.017 0.40

¢ Estimated uncertainty: M, to £3%; wt % S to 1%, M,/M, to
40.01. M,, calculated from M, and M,/M,. ® Data from ref 32 at 15
°C.

interfacial tension, dilatational rheology, Langmuir monolayers,
and atomic force microscopy (AFM). The self-assembling
properties and solubilization capacity of these copolymers in
bulk aqueous solution were analyzed in recent studies,’* 2 in
which the existence of vesicular structures (polymersomes),
elongated micelles, and spherical micelles in bulk solution was
reported for copolymers EO;,SOjy, EO;(SO(EO;, and
EO,3;S0O3EO; 37, respectively. These block copolymers display
different volume-to-length ratios of the hydrophobic block,
relative lengths of the polyoxyethylene blocks, and polymer
architectures, which enable analyzing the influence of these
parameters on the block copolymer surface behavior. In this
regard, due to its lengthy EO blocks and higher hydrophilicity
(as denoted by its larger cmc values; see Table 1), copolymer
EO;3;S0sEO,3; displays a clear and complete adsorption
isotherm in which the different conformational states of the
polymer chains (“pancake”, “mushroom”, and “brush” confor-
mations) are observed, with a significant viscous fluid behavior
and a spherical morphology of its aggregates at the surface film.
In contrast, the surface pressures of EO,SO;y and EO;,SO;,EO;
monolayers were measurable at a significantly smaller area per
molecule, and only two different clear regions can be distin-
guished in their isotherms as a consequence of the reduction of
the fractional interfacial area occupied by EO segments. In
addition, copolymer EO,,SO, displays a clear rheological solid-
like behavior and its organization in elongated structures similar
to a string of beads upon self-assembly at the air—water (a/w)
interface. Finally, a comparison of the surface behavior of these
copolymers with that observed for structurally related polystyrene-
poly(ethylene oxide) (PS-PEO) block copolymers is also
established.?*3

Experimental Section

Materials. Copolymers EO,,SO;y, EO;,SO;(EO;, and
EO,37;S0,5EO 37 were prepared by sequential oxyanionic po-
lymerization of styrene oxide, followed by ethylene oxide,
starting from a monofunctional or difunctional initiator to form
the hydrophobic block as described in detail by Crothers et al.*
Table 1 shows the molecular characteristics, critical micellar
concentrations (cmc), and surface excess concentrations (I'.x)
of the copolymers. Water was double-distilled and degassed
before used.

Dynamic Interfacial Tension and Dilatational Rheology
Measurements. Pendant bubble tensiometry was used to
determine the dynamic interfacial tension and the interfacial
dilatational rheology at two different interfaces: air—water
(a/w) and chloroform—water (c/w) interfaces. The bubble was
formed at the tip of a U-shaped stainless steel needle (0.5 mm
inner diameter) immersed in an aqueous block copolymer
solution of the desired concentration, with the air bubble upward
for the (a/w) interface, whereas downward for the (c/w)
interface. Measurements were carried out in a Track tensiometer
equipment (I.T. Concept, France) adapted to determine surface
tension values in real time with an accuracy of +0.1 mN/m.
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Interfacial tension and interfacial rheology estimations are based
on the digital profile of a drop image and the resolution of the
Gauss—Laplace equation. Win Drop software (I.T. Concept,
France) was used to obtain the surface tension values by means
of the axisymetric drop shape analysis.

The aqueous solutions concentrations of the EO;,SO,
EO,0SO14EOyy, and EO;3;S0;3EO;37 block copolymers were
prepared at a constant concentration of 2 x 1073 mg/mL, below
their respective cmce values. At the (a/w) interface, the analysis
of the interfacial tension () measurements was followed in a
relative short time (2000 s) after the bubble was formed, and
the dilatational elastic storage (E”) and loss (E”) moduli were
determined after 2000 s using a frequency sweep of 3.14, 2.09,
1.04, 0.52, 0.31, 0.15, 0.078, and 0.039 rad/s. All measurements
were carried out in a time interval of 400 s using a 10%
amplitude oscillation of the maximum volume drop. On the other
hand, experimental data of interfacial tension, y, at the
chloroform—water interface were followed for 180 s, and after
this time, volume oscillations to the stabilized pendant drop
volume were applied. Storage, E’, and loss, E”, moduli were
determined in this way.

Briefly, the analysis of the viscoelastic properties of the
absorbed layer was performed by means of a sinusoidal
deformation of the drop area, A, at a defined frequency, w,
produced by the Tracker tensiometer at a time ¢. Calculus of
the complex dilatational elasticity modulus E(w) is determined
by

Ew) = — g—j‘ (1)

This can also be defined as a complex function, which can be
written as

E(w) = E'w) + iE"(w) 2

where E” and E” correspond to the storage and the loss moduli,
respectively, by analogy with 3-D rheology. Assuming that the
mechanical properties of the adsorbed layer follow a Maxwell
model behavior, the storage and loss moduli can be written as
follows

Ew) ZE (w/wol_)z 5
w) = —_—
=+ (wloy)
(wlw,)
E'w) = Y Byt 4
@ Z "1 + (o) @

where E(; and wy; (wo; = 27/t);) are the corresponding weights
of the ith relaxation element to the total elasticity modulus Ey
and the characteristic relaxation frequency, respectively; 7; is
the characteristic relaxation time of the Maxwell model.
Adsorption Isotherms. Surface—pressure isotherms were
recorded for monolayers spread from chloroform solutions
(1 mg/mL) onto a nanopure-quality water subphase in a Lang-
muir—Blodgett (LB) Teflon trough (model 611 from Nima
Technologies Ltc., Coventry, U.K.). Volumes ranging from 10
to 50 ML of either EOIZSOIO, EO]()SO]()EO](), or EO]37SO]3EO]37
block copolymer solutions (I mg/mL) were spread dropwise
on a Millipore water subphase with a Hamilton microsyringe.
To ensure complete evaporation of the solvent, a time lag of
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15 min was applied between the deposition of the copolymer
and the beginning of compression of the spread molecules. After
chloroform was evaporated, the surface area was compressed
by Teflon barriers at a rate of 5 mm-min~'. The temperature
was kept constant at 25 °C with a water bath, and all
experiments were carried out inside a dust-free glass box. The
surface pressure was measured using a Platinum Wilhelmy plate
located midway between the two barriers and oriented perpen-
dicular to them, that is, parallel to the direction of the barrier
movement. The complete system was operated on an antivi-
bration table. On the other hand, Langmuir films were trans-
ferred onto a freshly cleaved mica substrate for imaging. After
spreading the chloroform solutions, again at least 15 min was
allowed for solvent evaporation. The barriers were then
compressed to the targeted surface pressures, 5 and 11 mN/m,
respectively, at a speed of 5 mm/min. Once the targeted surface
pressure was reached and stable, the cleaved mica was lifted
up at a speed of 1 mm/min. Film transfer ratios of 0.95—1.0
were obtained. The resulting films were individually stored at
room temperature in clean closed vials.

Atomic Force Microscopy. AFM images of block copolymer
monolayers were performed on freshly cleaved mica substrates.
The measurements were performed in a JEOL instrument (model
JSPM 4210) in noncontact mode using nitride cantilevers
NSC15 from MicroMasch, U.S.A. (typical working frequency
and spring constant of 325 kHz and 40 N/m, respectively). The
AFM samples were dried in air or under a nitrogen flow when
required. Control samples (freshly cleaved mica and buffer
solution) were also investigated to exclude possible artifacts.
Topography and phase-shift data were collected in the trace and
retrace direction of the raster, respectively. The offset point was
adapted accordingly to the roughness of the sample. The scan
size was usually 500 nm (aspect ratio, 1 x 1), with a sample
line of 256 points and a step size of 1 um. The scan rate was
tuned proportionally to the area scanned and kept within the
0.35—2 Hz range. Each sample was imaged several times at
different locations on the substrate to ensure reproducibility. In
all cases, the imaging of LB films was performed far from the
edge of the glass substrate to minimize local effects caused by
turbulent water flow at the boundary and meniscus effects during
transfer. Diameters and heights of copolymer aggregates were
determined by sectional analysis taken from the average of
several sections through the aggregates.

Results and Discussion

Some molecular characteristics of the investigated block
copolymers EOIZSOIO, EO]()SOlUEOl(), and E01378018E0137 are
shown in Table 1. As expected, the two triblock copolymers
have higher cmc values than the diblock. This effect originates
from the entropy of the triblock chains constrained by two block
junctions in the core—shell interface of the micelle compared
to the only constrain for the diblock chain. The copolymers were
chosen to form two pairs, one with similar-sized hydrophobic
SO blocks but different polymer architectures (EO,SO;¢ and
EO,0SO,4EO¢) and the other with completely different hydro-
phlllC EO block lengths (EO]()SO]()EO]() and EO]}7SO]8E0137)
and relatively similar hydrophobic SO blocks. This was made
with the purpose of comparing the relative importance of the
polymer architecture and the hydrophilic/hydrophobic block ratio
on both polymer adsorption and surface rheological behavior
at the air/water and chloroform/water interfaces. In previous
studies, the polymer architecture, the volume-to-length ratios
of the hydrophobic block, and the relative lengths of the
polyoxyethylene blocks were found to be helpful in controlling
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the micellar morphology of these copolymers.*?%* In particular,
the coexistence of spherical micelles with vesicles (polymer-
somes) was observed for copolymer EO,SO; in contrast, the
formation of elongated and spherical micelles for copolymers
EO,0SO,EO,y and EO,3;SOsEO,37, respectively, was found
upon their self-assembly.>

Dynamic Surface Tension

The surface tension of the copolymers as a function of time
for copolymers EOIZSOIO, EO]()SO]()EO](), and EO]37SO]3E0137
at a concentration of 2 x 1073 mg/mL is illustrated in Figure
1. The low concentration used allowed us to work in relative
short time intervals to achieve a quasi-stabilization at both
air—water (a/w) and chloroform—water (c¢/w) interfaces, and it
also avoided complications associated with chloroform evapora-
tion. Nevertheless, the true equilibrium state was not attained
for any of the copolymers within 1 h of adsorption because the
surface tension still continued to decrease slightly with time.

Usually, the dynamic surface tension curves can be divided
in three stages: At relative low polymer concentrations, a quasi-
plateau or a very slow decrease of y(f) can be distinguished at
short times, which corresponds to the so-called lag phase. The
postlag phase stage of the polymer adsorption process is
characterized by a rapid decrease of y(r), which is associated
with the increased number of copolymer molecules adsorbed
at the interface and to conformational changes of the polymer
chains adsorbed at the interface. In this stage, lateral interactions
between adsorbed macromolecules stabilize the monolayer and
the adsorption of the molecules continues to be controlled by
macromolecule diffusion without appreciable desorption. Fi-
nally, the postlag stage transforms to the final (or last) adsorption
phase, which is recognized by some slowing down of the
interfacial tension decrease rate. At this stage, the dense
adsorption layer exerts electrostatic and steric repulsion toward
newly arrived macromolecules and hinders their adsorption at
the interface.”® Nevertheless, despite their hindrance, the
interfacial tension tends to continuously decrease during this
stage because of the high surface activity of the block
copolymers.

In our case, initial y values of 66.4, 64.5, and 57.1 mN/m
were observed for copolymers EO,SOy, EO(SO;(EO, and
EO,3,SO3EO37, respectively (see Figure 1a), as a consequence
of the very rapid migration of copolymer molecules from the
bulk solution to the a/w interface, giving rise to a block
copolymer monolayer. For copolymer EO,3;;SO;3sEO,3;, we
assume that the observed experimental data corresponds to the
last part of the postlag time stage and the final polymeric
adsorption stage. In contrast, for both EO;;SO;, and
EO;,SO(EO, the curve profile can be divided in three stages
after an almost instantaneous surface tension decrease. We will
keep the same nomenclature (lag phase, postlag phase, and final
adsorption phase) to define the regions in these curves despite
that their true meaning corresponds to values departing from
the surface tension value of pure water. For copolymer
EO,,S0yy, the lag phase is longer, and the decrease of 7 in the
postlag phase is faster than for copolymer EO;,SO,oEOq,
probably as a result of its greater hydrophobicity. Similarly, a
much larger EO block for copolymer EO;3;SO;3sEO;3; if
compared to EO;(SO,0EO results in a larger surface tension
decrease in the very early stages of the adsorption process, which
we attribute to an increased repulsion between the EO chains,
giving rise to an enhancement of the surface pressure.

If the adsorption kinetics is controlled by the diffusion of
macromolecules from the bulk solution to the interface, for
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Figure 1. (a) Variation of surface tension, y, with time at the air—water
interface for copolymers (O) EO,SO,, (®) EO,,SO(EO, and (A)
EO;3;S03EO3;. (b) Variation of surface concentration, I', with time
at the air—water interface for copolymers (—) EO;,SO,q, (*****)
EOmSOmEO[U, and (----) EO137SO]3EO]37. (C) Variation of surface
tension, y, with time at the chloroform—water interface for copolymers
(M) EO12501, (@) EO;,SO10EO, and (A) EO37SO13EO37.

strongly adsorbing species, this is described by the Ward—Torday
equation,” T'(f) = 2co(Dt/m)"?, where ¢, is the polymer
concentration and D the bulk diffusion coefficient. A diffusion-
controlled adsorption mechanism will be expected to give a
straight line in a plot of " versus 2. In these experiments, the
direct connection between I' and ¢ cannot be measured, but a
measured value of IT may be converted to a relative value of I
by using the scaling expression I ~ I and the calculated value
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of y from the adsorption isotherm experiments (see below).
Figure 1b shows such a plot for the three copolymers. The
proportionally constant was set equal to 1 (m*+mg 2y mN-m™ !,
which implies that the surface pressure is set to 1 mN-m™! at
a surface concentration of 1 mg-m™2. This value is typical for
that found for many polymers.*>#! From this figure, it can be
observed that the expected straight line is quite steep at very
short times, but a curvature in the plot is present at larger times.
This may indicate that the diffusion-controlled adsorption
process only operates during the first few seconds of the process
and, then, is more likely controlled by a slow configurational
change and reorientation of the polymer molecules at the surface.
At this respect, a bimodal type of adsorption kinetics of Pluronic
block copolymers, including initial diffusion, followed by an
internal reorganization of the structure, was discussed recently.*?

On the other hand, there was no measurable effect on the
interfacial tension at the chloroform/water interface (¢/w) due
to the adsorption of copolymer EO,,SO (see Figure 1c). This
behavior might originate from the small amount of copolymer
at the interface due to the slow diffusion of their chains to the
interface in combination with a low bulk concentration. The
slow diffusion can be associated with the fact that chloroform
is a good solvent for both EO and SO blocks, and provided
that copolymer EO;,SOy is very hydrophobic, the copolymer
chains prefer being in the organic phase. This can be additionally
corroborated with the progressively faster decrease observed in
surface tension values at short times for the increasingly
hydrophilic copolymers EO;,SO,,EO;y and EO;3;SO5EO37.
This faster decrease also enables the development of a postlag
phase for these copolymers. In fact, for the latter copolymer,
the curve profile is very similar to that obtained at the a/w
interface, although the absolute y values are quite different as
a result of the depression of interfacial tension due to the
presence of chloroform.

Dilatational Rheology. Analysis of the frequency dependence
of the dilational moduli allows us to get detailed information
about the type of interactions existing between polymer chains
located at the interface. Figure 2 shows the frequency depen-
dence of storage, E’, and loss, E”, dilatational moduli in
semilogarithmic plots for the adsorbed layers of block copoly-
mers EO]zSO]o, EO]()SO]()EOI(), and E01378013E0137 at both the
a/w and the c/w interfaces. The frequency dependence of both
E" and E” is generally believed to be caused by relaxation
processes at the interface.”** A satisfactory rheological descrip-
tion of the adsorption layers of macromolecules may be done
by considering several characteristic relaxation frequencies (or
relaxation times, 7), which are related to the adsorption—desorption
exchange of polymer chains between the surface and the
adjacent subinterface layer during dilatational perturbation and
molecular reconformation of the adsorbed layer.*® In this way,
the frequency dependences of storage (E’) and loss (E”) moduli
were fitted to the sum of two Maxwell elements

(wlwy,)? (0w,
E(w) = E, 01 . 3 02 =)
1+ (w/wy,) 1+ (wlwy,)
(wlwgy,) (wlwy,)
E"(w) = E,, 01 . 3 02 - ©
1+ (w/wy,) 1+ (wlwy,)

where E’ is related to lateral interactions between polymer
segments at the interface plane and is relevant for the rigidity
of interfacial film, whereas E” is related to molecular reorga-
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Figure 2. Storage, £ (closed symbols), and loss, E” (open symbols),
moduli as a function of frequency for copolymers (l) EO,SO, (®)
EO0SO0EO, and (a) EO;3;SO;3EO 37 at the (a) air—water and (b)
chloroform—water interfaces.

nization processes, such as the expulsion of polymer chains from
the interface upon compression and the interactions of polymer
molecules with adjacent liquid molecules.* The first charac-
teristic relaxation time, 7o, is usually attributed to the
adsorption—desorption exhange of molecules and polymer
segments between the surface and the adjacent subsurface layer
during dilatational perturbations of the interface; 7y, corresponds
to slower reconformations of the adsorbed macromolecules
inside the adsorption layer.

At the a/w interface, the adsorption layers manifest obvious
solid-like properties in the whole accessible frequency range
(w = 0.039—3.14 rad/s) with E” > E”, following the sequence
EO,SO;9 > EO{(:SO(EO g > EO13;S03EO 37, and with a low
significance of dissipative processes during dilational deforma-
tions of these block copolymer layers. These values suggest a
more fluid layer in the case of copolymer EO;3;SOsEO;37 as a
consequence of its lower hydrophobicity (larger cmc) due to
the presence of extended oxyethyelene chains. In contrast,
copolymer EO,,SO;, shows the most important solid-like
behavior, which involves the formation of tightly packed
copolymer chains at the interface to avoid contact between
hydrophobic blocks and water. Molar copolymer concentration
differences slightly affect the final dilatational moduli values
(not shown). We also point out that the storage modulus E’
slightly, but continuously, increases with frequency, whereas
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TABLE 2: Characteristic Relaxation Times, 7y; and 7, and
Characteristic Dilatational Moduli Weights of Each
Relaxation Mode, Ey; and E,, of Copolymers EO,SO,
EO]OSO]QEO]Q, and EO]37SO18E0137 at the Air—Water and
Chloroform—Water Interfaces

0% 1%s  Ep/mNm™'  EpYmN m™!
air—water
EO,SOyg 32 48.0 4.9 19.3
EO,,SO(EOq 10.0 75.0 6.8 13.8
EO0;3;S0;3EO 37 6.6 81.1 1.7 8.5
chloroform—water
EO,SOyg 56.3 5.7 5.6 0.3
EO,,SO(EOq 51.1 8.7 4.8 24
EO37SO;3sEO 13, 75.9 7.1 2.1 0.9

¢ Estimated uncertainty: 7oy, To; to £1%; Eoi, Eg, to £0.01.

the loss modulus E” is close to zero, in particular, for copolymer
EO,37S0,5sEO,37. This involves that the exchange processes
between the surface layer and bulk solution are relatively
important, and as the frequency becomes larger, the system does
not have enough time to reach the equilibrium and returns most
of the stored energy. Thus, the elasticity becomes larger.
Otherwise, the time is not long enough to modify the interfacial
concentration gradient through different relaxation processes at
high oscillation frequencies. As a result, the dilational moduli
increase with increasing oscillation frequencies. On the other
hand, 7¢; and 7(, values at the a/w interface for copolymers
EOIZSOIO, EOlUSOmEOlU, and E01378013E0137 derived from
the Maxwell modelization are displayed in Table 2. In particular,
copolymer EO,SOy possesses the shortest relaxation times 7y,
and tp,, which indicates the fastest adsorption—desorption
exchange and a rapid molecular reorganization of the polymer
chains adsorbed at the interface probably as a result of its lower
molecular weight, diblock architecture, and larger hydrophobicity.

At the c/w interface, the profiles of the dilational rheology
curves display similar behavior as at the a/w interface, although
the absolute values of Ey, and Ej, are sensibly lower, particularly
the former ones. For this reason, it seems that a viscous fluid-
like behavior is displayed by the three copolymers at the c/w
interface. Moreover, the values obtained for the characteristic
relaxation times 7, and intrinsic elasticity Ey decreased,
whereas 7(, and Ey, increased if compared to those obtained at
the a/w interface; that is, a reverse behavior is found. This may
point out that the copolymers have been weakly adsorbed at
the c¢/w interface because copolymer molecules tend to stay at
the chloroform phase because chloroform is a good solvent for
both hydrophilic and hydrophobic copolymer blocks, as previ-
ously mentioned.

Adsorption Isotherms. Monolayers of EO;SOy, EO-
SO14EO,0, and EO;3;SOsEO;37 block copolymers were spread
on a Langmuir—Blodgett trough balance, and the IT—A iso-
therms were obtained (see Figure 3a). In the present study,
copolymer EO,3;SO3sEO;3; displays a classical isotherm pattern
divided in four regions. When no pressure is exerted, copolymer
chains should lie on the interface with a flat (“pancake”)
conformation parallel to the surface plane.**#” The area occupied
is a function of the number of SO and EO units. Roughly, the
maximum cross-sectional area occupied by an EO unit is
13—16.5 A® and that occupied by an SO unit can be taken
similar as that of a PS unit (50 A2).*® Once hydrated, the areas
of EO and SO units increase by 8.5 A2 (a water molecule). Once
the compression of the EO;3;SOsEO;3; monolayer began, the
surface pressure gradually increased until reaching an area under
compression of 7350 A%molecule. This value agrees with the

117



15708 J. Phys. Chem. C, Vol. 114, No. 37, 2010

g -
P4 w5
E
=
a)
N : 1
0 5000 10000 15000
Area per molecule (A)
04 T T T T
b)
z
£
E
x
0,0 1 n 1 " 1 " 1 L
4 8 12 16 20
1 (mN/m)

Figure 3. (a) Surface pressure, I1, isotherms for spread monolayers
of copolymers (blue line) EO,,SOy, (red line) EO,;SO,0EO,(, and
(black line) EO,3;S0,3EO37. The inset is an enlargement of the isotherm
corresconding to copolymers EO1,SO; and EO;(SO;(EOy¢. (b) Com-
pressibility, K, against surface pressure of spread monolayers of
copolymers (red line) EO,SOy, (blue line) EO,(SO(EO,, and (black
line) EO]37SO]3EO]37.

sum of the maximum transverse area occupied by all EO and
SO units of copolymer EO;3;SO;3sEO;37. As the pressure
increased, the hydrophobic SO blocks, initially on the air—water
interface, were lifted away. The surface pressure at which this
phenomenon occurs is usually very low owing to the weakness
of the interaction between the aqueous medium and the
hydrophobic groups® (Figure 3a, region ii). The 4800 A%
molecule area corresponds to an arrangement of the molecules
that leads to an occupied area 35% lower than the original value.
From 6.1 to 9.8 mN/m, another region of a lower slope appears
due to a change in the copolymer conformation, which enables
the penetration of the hydrophilic EO chains into the subphase:
the copolymer adopts a “mushroom” conformation (Figure 3a,
region iii). In this region, there is a slight increase in the surface
pressure as the surface area is decreased, indicating that a true
first-order transition does not occur. This “pseudoplateau” is
interpreted as a rearrangement of the SO coils into “loops”
within the monolayer regime and the immersion of more EO
units in the aqueous subphase. The end of the pseudoplateau
region correponds to an area of ~1800 A%molecule, which
indicates that the vast majority of EO units is in the subphase.
Isotherms of PS-PEO copolymers of different PEO lengths
showed that the PEO block length largely influences in the
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character of this transition.*® Further compression causes a rapid
increase in surface pressure. Block copolymer molecules gradu-
ally become closer, the mobility of the blocks becomes restricted
because of both space limitations and the increase in lateral
interactions, and the copolymer molecules reorganize into a
“brush conformation” (Figure 3a, region iv).>"3 In the sub-
phase, the EO chains entangle with neighboring copolymer
molecules, whereas at the interface, the SO blocks can form
loops and even are partially solubilized in the aqueous EO layer.
If the area is further restricted, both hydrophilic and hydrophobic
blocks become stretched (condensed state).?* The extrapolation
of the experimental data above this pressure indicates that the
area occupied per molecule at the condensed state (A;) is
276 A2,

In contrast, copolymers EO,SO; and EO;,SO,(,EO, exerted
a relatively low resistance to compression at the largest and
medium areas per molecule of their isotherms (see Figure 3a),
as expected from their low molecular weight, shorter SO and
EO segments, and fair aqueous solubility at low concentrations.
The surface pressures of EO,SO;o and EO;(SO,oEO,y mono-
layers were measurable at significantly smaller areas per
molecule than for the EO;3;SOsEO;3; monolayer. Only two
well-defined regions can be distinguished in their isotherms.
When the area per molecule is large, the surface pressure slowly
increases as the area decreases. Above 1 and 2 mN/m for
EO,,S0;¢ and EO;,SO,(EO, respectively, a very slight pseudo-
plateau might be depicted. This behavior arises from the
increasing weight fraction of SO blocks at the interface, which
reduces the fractional interfacial area occupied by EO segments.
Above 3 and 5 mN/m, respectively, a sharp rise in the surface
pressure occurs. This is consistent with a significant contribution
from the SO domains, showing no plateau or pseudoplateau at
10 mN/m. In fact, the monolayers of both block copolymers
can be considered as condensed-like films in comparison with
that obtained for EO,3;SOsEO;37, which behaves as an expanded-
like film.>® The area occupied per molecule at the condensed
state (Ay) is 167 A2 for E2Sio and 135 A2 for EO,SO0EO o,
respectively. These values are in fair agreement with the areas
predicted from the number of SO units of EO;;SO;, and
EO,0SOoEOy, respectively, and support the fact that the
interface is occupied only by SO blocks. This is also confirmed
by the fact that, despite that the isotherms of the copolymers
clearly differ in their shape at low surface pressures, they merge,
becoming almost superimposable at large surface pressures.

On the other hand, the compressibility modulus (K = —1/A
x (dA/dm)) displays local maxima for every phase transition in
the copolymers’ monolayers. As shown in Figure 3b, several
phase transitions located at ~6.5, ~9.5, and ~14.0 m/Nm were
found for copolymer EO,3;SOsEO,3;. Those at ~6.5 and ~9.5
m/Nm are PEO-related phase transitions, which are a conse-
quence of the penetration of PEO chains in the subphase, leaving
the air—water interface to form a swollen three-dimensional
structure in the aqueous phase (in particular, at ~9.5 m/mN).
After the latter peak, the subsequent minimum and additional
maximum found at larger surface pressures is a result of the
increasing repulsion between SO segments in the top layer and
PEO segments in the subphase. This facilitates the desorption
of SO blocks due to enhanced repulsions within the layer and
the formation of loops and tails, which leads to a faster
redistribution between the upper and lower regions of the layer.
On the other hand, only slight maxima at ~2.0 m/mN and a
shoulder at ca. 6.0 m/mN are found for copolymers EO,SOg
and EO,SO0EO;¢. The maximum can be related to a PEO
phase transition, whereas the shoulder at 6.5 m/mN can resemble
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Figure 4. Surface pressure isotherms plotted with respect to (a) the
average area per EO repeat unit and (b) the average area per SO repeat
unit for copolymers (blue line) EO1,SOyg, (red line) EO;(SO4,EOq,
and (black line) E0137SO]gE0137.

some kind of structural rearrangement of SO blocks before
complete film condensation. The absence of the transition at
9.5 m/Nm for both EO,SO;y and EOQ;;:SO(EO,( is a conse-
quence of their small PEO block length.

The effect of the polymer structure can be easily visualized
by plotting the surface pressure as a function of the average
surface area per monomer. Isotherms plotted with the molecular
area normalized with respect to the number of EO and SO
segments are shown in Figure 4a,b. Figure 4a demonstrates that
all of the isotherms of the three copolymers fall on a single
curve for surface areas corresponding to the semidilute regime.
This indicates that the isotherm in this regime is mainly
dependent on the EO block length. Beyond the pseudoplateau,
all copolymers appear to be affected by the SO/EO ratio. In the
semidilute regime, the Flory coefficient of the system can be
obtained from the des Cloizeaux equation,”® which describes
the relationship between the surface pressure and the surface
concentration (I') of a polymer by

II =CA” = KI” withy = dvitdv — 1 (7)

where C and K are proportionality constants, A is the molecular
area, y is the scaling exponent, d is the geometrical dimension,
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and v is the Flory coefficient used to express the radius of
gyration in terms of molecular weight (R, ~ M") and is a
measure of the solvent quality.? For chains in good solvent
conditions, the exponent v is theoretically predicted to be 0.75
for a 2D self-avoiding walk and 0.6 for a 3D self-avoiding walk.
Consequently, the theoretical exponent for the scaling of the
surface pressure with the area per molecule is y = 3 for the 2D
semidilute regime and y = 2.25 for the 3D semidilute regime.
Plotting the variation of the surface pressure II versus the
inverse of the area per molecules 1/A on a double-logarithmic
scale for the three different copolymers in the intermediate
region between the dilute regime and the plateau, we have
obtained y exponents of 2.28, 2.37, and 2.54 for EO,SO,
EO,¢S0,4EO, and EO3;SOsEO 37, respectively. This indicates
that the chain conformation is almost a 3D interpenetrated layer
for copolymers EO,,S0,y and EO(SO(EO,¢ and a intermediate
between a purely 2D entangled layer and a 3D interpenetrated
layer for copolymer EO;3;SO3EQO;37, as also observed for
different PSO-EO block copolymers.®® From Figure 4b, the
isotherms superimposed in the concentrated regime for the three
block copolymers, which denotes that the isotherm shape is now
determined by the SO chain length and SO/EO molar ratio.

Summarizing, if the SO block is short compared with the
EO block, as in the case of copolymer EO,3;SO3EO, 37, its role
is limited to anchoring the EO chains at the air—water interface
and it has no influence on the surface pressure isotherm or on
the segment profile of the EO chains normal to the interface.
But, as the SO block is repulsive to the EO block, as in the
case of EO;SO;y and EO;(SO(EOy, this should modify
the attractive nature of the interface for the EO and, therefore,
the expected concentration profile for the EO chains, as also
occurred for PS-EO and EO-PS-EO copolymers®#474957:38 and
Pluronics?® and Tetronics (four star-shaped ethylene oxide-
propylene oxide block copolymers).?® The balance between these
opposite interactions will depend on the copolymer surface
density, the SO block length, and the temperature.

AFM. Besides the isotherm data, detailed insight into the
organization and morphology of the Langmuir—Blodgett mono-
layers should rely on the images of their corresponding films
by AFM. We compare the morphologies of the three samples
deposited at different pressures. Figure 5 shows AFM images
of the block copolymer films on freshly cleaved mica obtained
at 5 and 11 mN/m surface pressures. Aggregation was observed
for all the copolymers investigated. The surface micelle as-
sembly can take place (i) during the solvent evaporation step
or (ii) during the LB tranfer. Nevertheless, dynamic light-
scattering measurements (DLS, data not shown) of the three
copolymers in chloroform did not show any evidence of micelle
formation, which implies that the formation of EO-SO surface
features in LB films are the result of spontaneous copolymer
aggregation at the air—water interface rather than a transfer of
micelles formed in the spreading solution.”

At a surface pressure of 5 mN/m, the AFM images of the
block copolymers EOIZSOIO, EO]()SO]QEOI(), and E0137-
SO3EO;3; show the presence of spherical aggregates with
diameters of 6.7 + 0.4, 7.9 + 0.2, and 9.1 % 0.3 nm, respectively
(Figure 5a,c,e; see Figure S1 in the Supporting Information for
size distributions). The average height of the aggregates obtained
at this surface pressure is 2.03 £ 0.01, 1.25 4 0.01, and 1.52
+ 0.01 nm for EO]QSO]Q, EO]()SO]()EO](), and EO]37SO]8E0137,
respectively, so they can be identified as dots or circular micelles
(see Figure 6 as an example and Figure S2 in the Supporting
Informationfor height distributions). The difference in dot
heights for the three copolymers is a consequence of the
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Figure 5. Typical AFM images of Langmuir—Blodgett films of the
copolymers EO,SOy (a, b), EO3;SO3EO,3; (c, d), and EO;,SO;,EO,
(e, f) at transfer surface pressures of 5 and 11 mN/m, respectively.
Arrows denote some elongated polymer structures.

copolymer hydrophobicity and SO/EO ratio: Assuming that the
length of an SO unit is 0.18 nm per chain unit,** the average
length of the fully stretched SO,y and SO,g blocks would be
1.8 and 3.3 nm. As the central block is looped in the aggregate
core in the case of the triblock copolymers, the effective length
would be 0.9 and 1.7 nm, respectively. On comparison with
the experimental values, the SO blocks of copolymers EO,,S0,¢
and EO,SO,,EO,¢ display a more extended perpendicular
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configuration on the water surface (“brush” state) than for
copolymer EO,3;SO,5EO,37, for which a “mushroom” confor-
mation is predominant, confirming the surface—pressure iso-
therm data.

When the transfer surface pressure rises to 11 mN/m, the
height of the EO,,SO layer largely increases up to 5.2 £ 0.01
nm, which suggests the formation of multilayers at the a/w
interface. Formation of large aggregates is also observed as a
consequence of micelle association. Part of these supra-
aggregates display an elongated morphology, which seems to
be composed of a string of beads, the beads being circular
micelles in contact each other. Similar necklace-network strc-
tures have been observed, for example, in Langmuir—Blodgett
films of mixed PS and PS-P2VP (P2VP, poly(2-vinylpyri-
dine)).®! This large-scale aggregation pattern is observed,
suggesting the possibility of a dewetting process, although we
cannot neglect the possible influence of particle aggregation
upon film drying. In the case of copolymers EO;,SO,,EO,¢ and
EO,37;S0,5EO,37, the increase in film thickness increase upon
transfer at 11 mN/m is less pronounced, with mean height values
of 1.95 + 0.01 and 3.90 + 0.02 nm, respectively. These values
point out that the SO blocks of both copolymers are in a full
extended perpendicular configuration (brush state) at this transfer
surface pressure. The average size of the aggregates is 7.2 &
0.1, 5.6 + 03, and 7.3 = 0.1 nm for EO]2SO](), EO]()SO]()EOlo,
and EO,3;SO;3sEO,37, respectively, at this transfer pressure.
Comparing these values with those measured at a surface
pressure of 5 mN/m, we can assume that a compaction of the
aggregates formed by copolymers EO;,SO(EO;y and
EO37,SO3sEO 37 has occurred in order to accommodate all
copolymer chains at the interface. Moreover, formation of
elongated micelles is also observed at 11 mN/m for the former
copolymers (see Figure 5d.f). In fact, elongated micelles in bulk
solution have been previously found for copolymer
EO,0SO(EOy, whereas for EO;3;SO;3sEO;37, only spherical
micelles were detected.*

In contrast to what was found by Deveraux et al.® and Moffitt
et al.** for PS-EO block copolymers, the deposition pressure
influences the structure of the resulting copolymer surface
aggregates. Furthermore, PS-EO copolymers show additional
surface structures other than dots (elongated structures, lamel-
lae...) when the EO weight contents are lower than 12%;3
however, for SO-based copolymers, elongated structures are

Figure 6. Determination of micelle size for copolymer EO;3;SOsEO;3; at a surface pressure of 11 mN/m through sectional analysis. X represents

the aggregate diameter and Z the aggregate height.
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TABLE 3: Aggregate Number, N,g,, for Surface Micelles of
Copolymers EOuSOw, EO]()SO]()EO](), and E0137S013E0137

Nagg
5 mN/m 11 mN/m
EO1,S80y 40 144
EO0;0SO10EO 29 68
EO;3;SO;3EO3; 10 36

already observed at an EO content of 27% for copolymer
EO,SOy. The lower glass transition temperature of SO (~40
°C) compared with that of a PS (~100 °C), which is thought to
be associated with plasticization of water molecules associated
with the ether oxygen of the SO units,'? might involve a larger
mobility of SO blocks in the aggregates, thus enabling a certain
restructurization of the aggregates consisting of lateral interac-
tions between SO segments of adjacent circular aggregates.
The aggregation number (N,y.) of the copolymer aggregates
was evaluated from the AFM images in conjuction with the
IT—A isotherms. N,,, was determined by dividing the number
of micelles per unit area by the molecular area from the IT—A
isotherms at the corresponding transfer pressure. The height
profile of the micelles was generally found to be hemispheric
with the condition used to scan the samples. From Table 3, it
can be seen that N, increases with the increase of the SO
weight fraction at a certain deposition pressure, which can be a
consequence of stronger attractive interactions between the SO
blocks to avoid contact with the solvent. Values of Ny, are in
fair agreement with those obtained for micelles in solution.*?
The lower aggregation number of copolymer EO,37;SO5EO,37
may arise from the steric repulsion of EO chains at the interface
due to the longer PEO blocks if compared to the other block
copolymer. Moreover, N, for the corresponding samples tends
to increase with the increase of the deposition pressure because
further compression will provide enough energy to overcome
repulsion between EO segments and form larger aggregates.

Conclusions

In summary, the spontaneous adsorption of block copolymers
EO,S0,¢, EO,SO(EO,(, and EO,3,SO3sEO 37 at the air—water
interface is observed to be slowed down when the hydrophobic-
ity of the molecule is increased. In contrast, at the chloroform—
water interface, no measurable effect is observed for copolymer
EO,S0y due to the slow diffusion of its chains to the interface
in combination with a low bulk concentration, the slow diffusion
associated with the fact that chloroform is a good solvent for
both EO and SO blocks. In addition, the adsorption layers at
the a/w interface manifest obvious solid-like properties in the
whole accessible frequency range with E” > E”, following the
sequence EO,SO;y > EO10SO(EO;9 > EO37S0O3EO;37, and
with a low significance of dissipative processes. In contrast, a
viscous fluid-like behavior is displayed by the three copolymers
at the c¢/w interface. Copolymer EO,3;SOsEO,3; displays an
adsorption isotherm with the four classical regions representing
pancake, mushroom, brush, and condensed states, with the
presence of a pseudoplateau attributed to the pancake-to-brush
transition as EO chains submerge into the aqueous subphase.
On the other hand, for EO;,SOo and EO,,SO,(EO( copolymers,
only two regions are observed in their adsorption isotherms as
a consequence of their low molecular weight, short SO and EO
block lengths, and much larger SO/EO ratio. The latter involves
the disappearance of the pseudoplateau region due to the
decrease in the fractional interfacial area occupied by EO
segments. Finally, surface circular micelles are observed by
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AFM pictures at two surface transfer pressures. A decrease in
micelle size and an increase in monolayer thickness are observed
with an increase in transfer pressure. In addition, at the largest
transfer pressure, elongated micelles are observed. In the case
of copolymer EO,SOy, association of micelles is also observed.
Aggregation numbers derived from AFM images increase with
the increase of the SO weight fraction at a certain deposition
pressure, which can be a consequence of stronger attractive
interactions between the SO blocks to avoid contact with the
solvent. The lower aggregation number of copolymer
EO,37S05EO3; may arise from the steric repulsion of EO
chains at the interface due to the longer PEO blocks if compared
to the other block copolymer.
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4.3.- Appended papers.

In the present work, the solution behaviour and surface adsorption properties of three different
block copolymer (E1,S10, E10S10E10 and Ei37S:gE137), have been studied. These block copolymers
display different volume-to-length ratios of the hydrophobic block and of relative lengths of the
poly(oxyethylene) block ; and also polymer architecture may have an important role in controlling
the morphology of polymeric aggregates and surface adsorption behaviour of these copolymers.
To known the influence of such parameters, we studied the self-assembly properties and the

different structural aggregates of the three copolymers in aqueous solution.

For copolymer E4,S,4, coexistence of spherical micelles with vesicular structures is detected. To the
best of our knowledge, the spontaneous formation of vesicles by poly(oxystyrene)-
poly(oxyethylene) block copolymers has been first reported here. On the other hand, formation of
elongated micelles upon self-assembly of copolymer E,4S,oEq in dilute solution is elucidated from
light scattering and transmission electron techniques. In the case of Eq3;S:gE137, typical spherical
micelles are observed, as expected. The micellization properties of the latter copolymer had been

already partially studied previously (89)(90), and the present study completes this gap.

On the other hand, fundamental studies of polystyrene oxide-based block copolymers performed
at either the air-water or the water-organic solvent interface can provide valuable information on
their interfacial phase behaviour to further guide their possible use in different biomedical and
coating applications. To fill this gap, in the present work, we studied the surface behaviour and
surface properties of these three copolymers, E;,Si0, E10S10Ei0 and Ei3;SigEq13;, by different

techniques.
To do this work, different techniques such as surface tension, Langmuir-Blodgett through, drop

tensiometry, light scattering, transmission and scanning electron microscopies (TEM and SEM),

atomic force microscopy (AFM), polarized optical microscopy (POM) and rheometry were used.
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4.3.1.- Relevant aspects

VI.

VII.

For E4,Sqo dilute solutions, the coexistence of spherical micelles with vesicular structures
has been observed. In addition, the spontaneous formation of vesicles by
poly(oxystyrene)-poly(oxyethylene) block copolymers is reported for the first time, as
confirmed by light scattering, polarized light microscopy, and transmission and cryo-
scanning electron microscopy data.

In dilute solution, the self-assembly of copolymer E1;S:0Eio leads to the formation of
elongated micelles as supported by light scattering and transmission electron techniques.
In the case of copolymer E;3;S:5E137, typical spherical micelles are observed. Tube inversion
and rheological measurements were used to define the sol- soft- and gel-hard boundaries
of this copolymer.

E1,S10 and E4(S10E1o copolymers did not form gels in the concentration range analysed.
However, only certain concentrations of copolymer E14S,0E1o were analysed by rheometry.
From experimental data, an upturn in the low-frequency range of the stress moduli was
observed, denoting the existence of an emerging slow process, which was assigned to the
formation of an elastic network.

Block copolymers E1,S19, E10S10E10 and E;37S15E137 showed spontaneous adsorption at the
air-water interface, which slowed down when the hydrophobicity of the molecule was
increased. In contrast, at the chloroform/water interface no measurable effect is observed
for copolymer E;,S;o due to the slow diffusion of its chains to the interface in combination
with a low bulk concentration; this slow diffusion is associated with the fact that
chloroform is a good solvent for both E and S blocks.

Copolymer E;3;S15Eq137 displays an adsorption isotherm with the four classical regions
representing the pancake, mushroom, brush and condensed states; the presence of a
pseudo-plateau is attributed to the pancake-to-brush transition as E chains submerge into
the agqueous sub-phase. On the other hand, for E;,S; and E;(S10E19 copolymers only two
regions are observed in their adsorption isotherms as a consequence of their low
molecular weights, short S and E block lengths, and much larger S/E ratio. This involves the
disappearance of the pseudo-plateau region due to the decrease in the fractional
interfacial area occupied by EO segments.

According to AFM images, circular micelles are observed on Langmuir-Blodgett films of the

copolymers obtained at two surface transfer pressures. A decrease in micelle size and an

124



increase in monolayer thickness are observed with increases in transfer pressure.
Aggregation numbers derived from AFM images increase with the increase of the S weight
fraction at a certain deposition pressure, which can be a consequence of stronger

attractive interactions between the S blocks to avoid contact with the solvent.
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5.1.- Protein structure

From a chemical point of view, proteins are linear heteropolymers whose backbones are
usually composed of almost 20 different monomers, as opposed to most synthetic polymers
which are composed of one or few monomers. Whilst polymers have a large extended
organization in aqueous solution, proteins fold as relatively small compacted structures. The
spatial arrangement of atoms in a protein is called conformation. The possible conformations
of a protein include any structural state which can achieve without breaking covalent bonds. A
change in conformation could occur, for example, by rotation about single bonds. The
conformations existing under a given set of conditions are usually those most

thermodynamically stable, i.e. having the lowest Gibbs energy.
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Four structural levels are frequently considered in protein architecture. The primary structure
corresponds to the amino acid sequence. The secondary structure refers to the spatial
arrangement of amino acid residues that are nearby in the sequence (for example, a-helix and
B-sheet are elements of secondary structure). Tertiary structure refers to the spatial
arrangement of amino acid residues that are far apart in the sequence and to the pattern of
disulfide bonds. Finally, proteins containing more than one polypeptide chain exhibit a fourth
level of structural organization (each polypeptide chain in such a protein is called a subunit). In

this regard, quaternary structure refers to the spatial arrangement of subunits.

5.1.1.- Primary structure of the proteins

Proteins are linear polymers formed by the linkage of the carboxylic group of one amino acid
to the amino group of another amino acid generating a peptide bond. The formation of a
dipeptide from two amino acids is accompanied by the loss of a water molecule. A series of
amino acids joined by peptide bonds form a polypeptide chain, and each amino acid unit in a
polypeptide is called a residue. A polypeptide chain possesses polarity because its ends are
different, with an amino group at one end and a carboxylic group at the other. By convention,
the amino end is taken to be the start of the polypeptide chain, so the sequence of amino

acids in a polypeptide chain is written starting with the amino-terminal residue (4).

Figure 5.1 Polypeptide chain: structural constant backbone (inside the dotted squared box)

and lateral side lateral chains, denoted by the letter R.

As mentioned before, proteins are built by a sequence of amino acids which are chemically
connected by covalent bonds (peptide bond). A polypeptide chain is constituted of two parts: a
main chain or backbone and a complementary one constituted by side lateral chains
characteristic of each amino acid (Figure 5.1). The backbones possess a great ability to
establish hydrogen bonds: each amino acid has a carboxylic group (-C=0), that is an acceptor
of hydrogen bonds (except proline), and an amino group (-NH) which it is a donator of the
hydrogen bonds. These functional groups mutually interact to provide stability to the

biomacromolecule structure. Naturally, proteins are constituted by 20 different types of amino
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acids whose lateral side chains change in size, form, charge, hydrophobic character and

chemical reactivity.

5.1.2.- Secondary structure of the proteins.

The secondary structure of proteins depends on four factors: i) bond length and angles of
peptidic bonds; ii) the coplanar arrangement of the substituted atoms in amide groups; iii) the
hydrogen bonding between functional -NH and C=0 groups in order to maintain structural
stability; iv) the distance of the hydrogen bonds that can be formed (3). For instance, segments
of polypeptide chains are in a coiled conformation due to intramolecular interaction, i.e. the
atoms involved in amide groups must remain coplanar, and for maximal stability, each N-H
group must be hydrogen bonded to a —CO and each -CO to a —NH. Under ideal conditions,
functional groups (carboxylic and amine groups) of amino acids can form hydrogen bonds, with
an energy of 5 kcal/mol. The polypeptide chains tend to adopt up to three different
configurations that enable the formation of a maximum number of hydrogen bonds: alpha

helix, beta sheet, turns or loops (Figure 5.2).

The alpha helix (a-helix) displays a cylindrical structure (Figure 5.2a) where the polypeptidic
backbone possesses a helical conformation strongly folded into the internal cylindrical core.
The side lateral chains are extended out of the helical distribution. The a-helix is stabilised by
the hydrogen bonding along the principal backbone chain. Within this, the separation between
the amino acids is close to 1.5 A, and each complete helical turn has 3.6 amino acids
(4)(91)(92). Alanine and leucine are strong helix favouring residues, while proline is rarely
found in helices, because in its backbone nitrogen is not to available for the hydrogen bonding
required for helix formation. The aromatic side chain of phenylalanine can sometimes

participate in weakly polar interactions (4).

The beta sheet fold (B-sheet) differs markedly from the a-helix. A polypeptide chain, called a -
strand, in a B-sheet is almost fully extended rather than being tightly coiled as in the a-helix.
(Figure 5.2b). The distance between adjacent amino acids along the B-strands is approximately
3.5 A, in contrast with the distance of 1.5 A along the a-helix. A B-sheet is formed by linking
two or more B-strands by hydrogen bonds. Adjacent chains in B-sheets can run in opposite
direction (antiparallel B-sheet) or in the same direction (parallel B-sheet). In the antiparallel
arrangement, the —NH and the —CO groups of each amino acid are, respectively, hydrogen
bonded to the —CO and the —NH groups of a partner on the adjacent chain. In the parallel

arrangement, the —NH group is hydrogen bonded to the —CO group of one amino acid on the
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adjacent strand, whereas the —CO group is hydrogen bonded to the —NH group on the amino

acid two residues farther along the chain (4)(92).
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Figure 5.2 Secondary structures of the proteins a) a-helix, b) B-sheet and c) turns.

In proteins, the directional changes of the polypeptide chains are led by simple structural
elements like inverse turn (Figure 5.2c), called B-turns or hairpin turns and loops. This
structure stabilized abrupt direction changes of the polypeptide chains. Contrary to a-helix and
B-sheet, turns and loops have no periodic structures (turns have a compact folded and usually
rigid structure stabilized by hydrogen bonding, while loops have an extended and disorder
structure without hydrogen bonds). These are the connecting elements that link successive

runs of the a-helix or B-sheet conformations. Particularly, B-turns connect the ends of two
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adjacent segments of an antiparallel B-sheet. The structure is a 180° turn involving four amino
acid residues, with a carbonyl oxygen of the first residue forming a hydrogen bond with the
amino-group hydrogen of the fourth. The peptide groups of the central two residues do not
participate in any inter-residue hydrogen bonding (Gly and Pro residues often occur in B-turn,
the former because it is small and flexible, the later because peptide bounds involving the
amino nitrogen of proline readily assume cis configuration). Generally, B-turns are often
localized near the surface of a protein, where the peptide groups of the central two amino acid
residues in the turn can hydrogen-bonded with water. Hence, the secondary structures of
proteins make reference to highly organized regular geometries. Turns and loops invariably lie
on the surfaces of proteins and thus participate in interactions between proteins and other

molecules (91)(92).

5.1.3.- Tertiary Structure of the proteins

The overall three-dimensional arrangement of atoms in a protein is referred to as the protein
tertiary structure. Whereas the secondary structure refers to the spatial arrangement of amino
acid residues that are adjacent in a segment of a polypeptide, tertiary structure includes
longer-range aspects of the amino acid sequence. Amino acids that are far apart in the
polypeptide sequence and are in different types of secondary structure may interact within the
completely folded structure of a protein. In other words, tertiary structure emerges from the
distribution of side chains of amino acid residues. Instead, the buried parts of proteins consist
almost entirely of non-polar residues. On the other hand, charged residues usually are absent
from the inside of proteins. However, both polar and non-polar residues can be found on the
protein surface. In agueous environment, protein folding is driven by the strong tendency of
hydrophobic residues to be excluded from water (the system is thermodynamically stable
when hydrophobic groups are clustered rather than extended into the aqueous surroundings).
The polypeptide chain therefore folds so that its hydrophobic side chains are buried and its
polar, charged chains are on the surface. Recall that many a-helix and B-strands are
amphipatic since both secondary structures have a hydrophobic face, which points into the
protein interior, and a more polar face, which points into solution. The buried domains in a
hydrophobic environment are stabilized by hydrogen bonding, pairing all the amino and
carboxylic groups. This pairing is neatly accomplished in an a-helix and B-sheet structures. Van
der Waals interactions between tightly packed hydrocarbon side chains also contribute to the

stability of the tertiary protein structure (4).
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5.1.4.- Quaternary structure of the proteins

The quaternary structure refers to the association of several polypeptide chains (with tertiary
structure) linked by weak forces. Amongst the forces stabilising the quaternary structure we
find hydrogen bonding, hydrophobic interactions and cross-linking interactions like disulfide
bridges and metal-ion ligation. At this structural level, the protein assemblies composed of
more than one polypeptide chain are called oligomers, and each individual chain is called

subunit.

5.2.- Protein aggregation

The timescale required to protein folding in biological systems is quickly enough to avoid a
random mechanism for protein folding (93). As a general principle, the kinetic pathway of
protein folding can be described as an ordered fold reaction. In this way, the folding of only
very simple proteins has been determined at atomic level resolution to date (94), using

biophysical and theoretical experiments as a sequential and highly cooperative reaction (95).

The concept of energy landscape is used to visualize the conformational space available to
each individual polypeptide under a given condition. This theoretical formalism describes the
progressive folding of polypeptide chains along their energetic structural evolution (the energy
landscape) from an unfolded conformation to a compact native structure (Figure 5.3) (96). For
small proteins, this landscape appears to be funnel-like and represent the evolutionary
selection of a polypeptide sequence able to fold rapidly and reliably towards a unique native
state. On the other hand, larger polypeptide sequences have rougher energy landscapes, in
which there are present different populations of partially folded species that may be on- or
off-pathway to the native fold. Characterizing the multitude of populated conformational
states on this energy landscape is not only crucial for developing an understanding of the
determinants of protein folding and function, but also contains crucial clues about side-
reactions such as protein aggregation. Such characterization involves the knowledge of all
structural, kinetic and thermodynamic properties of all conformations accessible to a given
polypeptide sequence. However, it is necessary to develop analytical-high resolution tools
capable to resolve the structural fast interconversion of the species involved, as well as the

theoretical bases that permit to understand and interpret the obtained data (97).
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5.2.1.- Unfolded state

Over the last decade, an enormous progress has been made in the description of the
conformation of the unfolded states of polypeptide chains. These important species not only
define the starting point for protein folding, but also have important roles in a variety of
biological process. When described the unfolded state of a polypeptide sequence, the first idea
in mind is a random coil structure, which lacks of specific inter-residue interactions between
the lateral chains of the amino acid sequence. However, this viewpoint has moved over recent
years as a result of the increasing number of detailed studies about the properties and
structure of denatured states under different solution conditions (98). Current views consider
that even in the presence of high denaturant concentrations, significant amounts of aliphatic
and aromatic side chains present in the native state may persist, even when the secondary
structure of the native state has been lost. On the other hand, under lesser harsh solution
conditions, also some proteins can be unfolded in the absence of denaturant agents (for
example, by mutating the sequence or changing the pH of the solution), the unfolded state has
been shown to contain significant native-like interactions with substantial native and non-
native side chain contacts which allow the existence of a residual structure. This residual
structure in the unfolded state has not only been suggested to reduce the conformational
search during protein folding, but also for some proteins may play a role in the onset of

protein aggregation of unfolded polypeptide sequences (97)(99).

5.2.2.- Intermediate and transition state ensembles

The function of the intermediate states (populated partially-folded states) during protein
folding has been a long-standing question. Supported by the observation that many small
proteins fold with apparent two-state kinetics, folding intermediates were initially thought to
be aberrant misfolds on the folding energy landscape, representing off-pathway species or
kinetics traps. Nowadays, thanks to more powerful experimental methods (Foster resonance
emission transfer fluorescence (FRET), fluorescent correlation spectroscopy or NMR
spectroscopy, amongst others) protein folding studies have revealed that partially folded
states are widely populated during the protein folding process, even in simplest proteins (97).
In this regard, a model that involves transient intermediate states in equilibrium into the
pathway of a given polypeptide chain has been suggested. Under this context, a polypeptide
chain with high molecular weight may present many intermediate states, describing a
roughness energy landscape for its particular folding pathway. For example, larger polypeptide
chains have a higher tendency to collapse under specific solution conditions, leading to the

formation of compact states, which can contain substantial native-like structure. Structural
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reorganization as a consequence of inter-residue contact (including both native and non
native-like interactions) of these compact states may involve high-energy barriers, leading to
the transient population of partially intermediate states. Such species can be either productive
for on-pathway folding until reaching the native state; or they can be trapped in such a manner
that the native structure cannot be reached without substantial organizational events (off-

pathway).

5.2.3.- Native state

Currently, it is known that the conformational states of proteins are structural dynamic
processes, i.e. even at native conditions, structured proteins have access to a manifold of near-
native conformations, in which protein native structures show fluctuations around the minimal
energy conformation (100). Such structural movements are essential in order to encompass
their function, such as enzyme catalysis or ligand binding, as well as site-to site communication

within the globular protein fold or between proteins subunits.
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Figure 5.3 Schematic illustration of the energy landscape for protein folding and aggregation.
a) The surface illustrates the roughness of the protein landscape, showing the multitude of
conformational states available to a polypeptide chain. The conformational search of a single
polypeptide chain to a functional monomer can be described in a simple folding funnel (light
grey), intermolecular association increased the roughness of the energy landscape (dark grey),
b) Proposed pathways related to the conformational states shown in a) populated on the

combined folding and aggregation energy landscape (97).
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5.2.4.- Energy landscape: protein aggregation

The schematic diagram in Figure 5.3 attempts to depict the complexity of the protein folding
and aggregation energy landscapes as previously mentioned; at the same time, it makes an
effort to illustrate the wide variety of different conformational states with minimum energies
and the large diversity of folding pathways available for each polypeptide chain as it
circumnavigates the landscape. Regarding the in-depth knowledge of the folding landscape of
simple, single domain monomeric proteins, and the conformational states accessible to
polypeptide oligomers, relatively little is understood. Energy minima on the aggregation side of
the energy landscape might be poorly defined, as a result of broad ensembles of oligomeric
states of similar energy that are rapidly interconverting, but could also be highly defined, as
might be expected for higher order species such protofibrils or fibrils. For example, the energy
minimum of mature amyloid fibrils might be deeper and sharper that those of native
monomeric proteins, as suggested by the rigidity of the amyloid fold, as well as by the
nucleation-dependent polymerisation mechanism (101). Here, however, even under the same
solution conditions a multitude of fibril morphologies can be formed simultaneously,

highlighting the complexity and multiplicity of the aggregation pathway (102)(103).

5.3.- Amyloid fibrils

Into the context of the energy landscape, the observation that virtually any protein sequence
can form amyloid fibrils given the appropriate solution conditions led to the suggestion that
the amyloid fold is the universal global free energy minimum of all polypeptide chains that
may assemble by generic mechanisms governed by the physicochemical properties of the

polypeptide chain.

5.3.1. Amyloid fibrils hallmarks

Amyloid comes from the Greek word amylon which means starch. Amyloid was coined initially
in a botanical context by Scheiden (104). Virchow and others researches used the term
amyloid into medicine to describe human pathogenic deposits that stain with sulphuric acid
and iodine solution, similarly to starch staining. Although these deposits do not primarily
consist of polysaccharides, they were found to be a proteinaceus, nowadays the definitions of
amyloid fibrils depend on the context of their use. In pathological diagnosis, amyloid had been
defined as extracellular deposits of proteins fibrils with a characteristic appearance in electron

microscope, a typical X-ray diffraction pattern, and a strong affinity for Congo red dye (105).
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In vivo, the self-assembly of proteins into highly ordered, B-sheet enriched, fibrillar, insoluble,
supramolecular structures known as amyloid fibrils (or amyloid-like fibrils, term referring to
protein fibrils that not associated with any disease) is linked to the onset of a growing number
of human disorders, including Alzheirmer’s, Parkinson’s, Huntington’s diseases, spongiform
encephalopathies, and type Il diabetes mellitus. On the other hand, the controlled self-
assembly of proteins and peptides into amyloid-like structures may constitute an attractive

alternative to develop nanomaterials (106)(107).

Amyloid fibrils can be obtained in vitro through different ways by adjusting different external
parameters as, for example, pH, ionic strength, and temperature, and cosolute or cosolvent
additions. This means that the formation of amyloid-like conformations is not restricted to
peptide chains of specific length or having a particular primary or secondary structure; this
suggests that the conformational shift into B-sheet rich is energetically preferred. The
characterization of the fibrillation process of proteins in vitro has largely been focused on
biophysical characterization in order to determine the structure of the fibril, and on
biochemical studies to get into the mechanism and kinetics of the process. Also, through
techniques such X-ray diffraction, electron microscopy, and solid state NMR spectroscopy we

now have a good understanding of the core architecture of individual fibrils too.

In general, amyloid fibrils possess distinct physical properties as: i) they are characterized by a
cross-B sheet structure, where individual B-strands are perpendicular and each B-sheet is
parallel to the fibril axis (Figure 5.4). The X-ray diffraction pattern shows two characteristic
reflections at 4.7 A and 10-11 A, corresponding to the inter-strand and stacking distances
between individual B-sheets, respectively; ii) amyloids bind to histological dyes such as Congo
red (CR) and Thioflavin T (ThT). After binding to CR, an apple-green birefringence under cross-
polarized light is observed. CR and ThT dyes, however, do not bind to monomeric proteins or
peptides. These dyes fluoresce when they bind to B-sheet rich fibrils and are, therefore, useful
for spectroscopic monitoring of fibril’s growth and kinetics; jii) under electron microscope
(EM), amyloid fibrils appear to be few micrometers long, non-branched filaments, with 7-12
nm diameter. In a majority of cases, amyloids are composed of 2-4 protofilaments that are
either helically twisted or laterally associated with each other forming higher order fibrils; iv)

amyloids are resistant to heat, wide ranges of pH and proteases (107)-(113).

Over the past several years, soluble proteins and protein fragments self-assembled into

amyloid aggregates have attracted the interest of researchers from diverse fields. From a
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molecular medicine viewpoint, protein deposition is an undesired process associated with
several human diseases. Hence, different questions must be arisen such as why self-
association of a misfolded protein results in organ dysfunction and neurodegeneration?, what
are the toxic species?, and whether aggregates of all proteins are toxic or not?. At the
molecular level, fundamental research has been directed towards obtaining a rational
understanding of the physico-chemical principles underlying protein misfolding and self-
assembly. However, given the complexity of the molecular mechanisms driving amyloid
aggregation, a frequently used strategy in the field consists of design polypeptide model
systems to allow biophysical characterization and the study of their aggregation process (114)-
(118). This strategy permits the analysis of the relationship between the amino acid sequence

of the polypeptide chain and its structural stability during the conformational transition.

a) N b)

— f4 ¥

Figure 5.4 Schematic representation of an amyloid fibril structure: a) B-strands perpendicular
to the fibre axis; the B-sheet structure arises from the hydrogen bonding between lateral side
chains of amino acids; b) cross-B diffraction pattern observed in amyloid fibrils. Arrows
indicate the positions of the cross-B reflection on the meridian at 4,7 A (white) and on the

equator at 10 A (black) (112).

Several studies have shown that the destabilization of the polypeptide sequence per se is not
enough to bring the self-assembly process up to form amyloid fibrils (119)(120). Additionally,
the sudden conformational transition undergone by proteins in their native state to form
amyloid fibrils rich in B-sheets is favoured only if the amino acid sequence increase its ability to
form B-sheet structures. In most of these systems, the structural transitions from a-helix to B-
structures are originated by applying external heat energy. This phenomenon involves a

number of relatively weak non-covalent molecular forces: hydrophobic, electrostatic, and
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hydrogen bonds mainly. Molecular simulations (109) demonstrated that hydrophobic
interactions play an important role in promoting protein self-assembly. Meanwhile, for small
peptides the B-sheet aggregates are stabilized by backbone hydrogen bonds, as well as by
specific side-chain interactions such as hydrophobic stacking of polar side chains and

electrostatic interaction.

5.3.2.- Kinetic fibril formation in vitro

The generic nature of the aggregation process has enabled extensive studies of the transition
between soluble precursor states and insoluble amyloid fibril in vitro (121). The aggregation
into amyloid structure of globular proteins has been shown to require a conformational
transition process before reaching the amyloid fibre structure. To carry out this process, the
native conformation of globular proteins usually must be destabilised by the addition of
denaturants agents, low pH, high temperature, truncation/mutation and so (122)-(124).
Specific protein destabilisation results in an increased population of partially folded
conformations exposing aggregation-prone regions that are usually protected in the native

state and, thus, enhancing the probability of non-native intermolecular interactions.

At present, the proposed models to describe the formation process of amyloid fibrils include
monitoring the fibrillogenesis by high-resolution microscopic and spectroscopic tools, and by
the binding of specific dyes to amyloid fibrils. The most common model for explaining the
amyloid formation is the nucleation-dependent polymerization model. In such a model, the
kinetic pathway from the native structure to amyloid fibrils occurs by a nucleation-aggregation
process. The nucleation step (also known as lag phase) is the factor that determines the rate of
amyloid formation by the slow generation of nuclei under successive thermodynamically
unfavourable steps; these nuclei aggregate when a critical protein concentration value has
been exceeded by a small amount; hence, the process is concentration-dependent. The lag
phase precedes a period of exponential growth that corresponds to fibril elongation,
characterised by a sudden fibre growth as a consequence of the addition of protein monomers
or the association of other competent species; this step is called elongation phase. In contrast,
another proposed model of fibrillogenesis is the “downbhill polymerization” process, which
consists of a continuum aggregate state without requiring a nucleation step. A relatively easy
way to observe the fibrillation kinetics is by using an amyloid specific binding dye such
Thioflavin T (ThT). ThT increases its fluorescence intensity upon binding to amyloid fibrils when
using an excitation wavelength of 440 nm, and collecting the emission intensity at 480 nm.

Figure 5.5 shown the kinetic formation of amyloid fibril followed by ThT binding. Figure 5.5 a)
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shows the typical nucleation-dependent polymerization characterised by a sudden increase of
of ThT fluorescence as a function time; once the lag phase is overcome (the lag phase is
observed as the region where no appreciable changes in ThT fluorescence intensity take
place). In contrast, with the non nucleation-dependent polymerization (downhill
polymerization, Figure 5.5b) shows a marked and continuous ThT fluorescence intensity

increase (125)-(129).

In vitro, the aggregation process of polypeptide chains into fibrillar structures can be also
monitored by means of other analytical tools such as circular dichroism (CD), infrared
spectroscopy (IR), nuclear magnetic resonance spectroscopy (NMR), light scattering,

fluorescence spectroscopy (ThT), or imaging techniques such as TEM, SEM or AFM.
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Figure 5.5 ThT fluorescence intensity as a function of time following a: a) nucleation-

dependent polymerization, and b) a non-nucleation-dependent polymerization process.

5.4.- Human serum albumin (HSA)

HSA is a globular protein constituted by 585 amino acids in a single polypeptide chain with a
molecular weight of 67,000 Da. Human serum albumin is the most abundant protein in blood
plasma, it plays a special role in transporting endogenous and exogenous metabolites through
the vascular system and also maintains the pH and osmotic pressure of plasma (130). The
protein structure contains 17 disulfide bridges giving rigidity and stability to the protein
structure. HSA has one free —SH group, which leads to protein dimerization and high order
association. Accordingly to X-ray crystallography data, the secondary structure of HSA
molecule is composed of 67% a-helix, no B-sheet, 10% turn, and 23% extended chain

(131)(132). On the other hand, in agreement with CD spectroscopy data, the secondary
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structure of HSA molecule at physiological solution conditions is composed of 67% a-helix, 5%
B-sheet, 12% turn, and 17% extended chain (133). The three-dimensional configuration of
serum albumin is divided into three major domains (labelled as I, I and 1ll), and each domain
are composed of two subdomains that possess common structural motifs, which are

predominantly helical and cross-linked by the disulfide bridges (134)(135).

The HSA structure can be influenced by several factors as pH, temperature, cosolvents... It is
known that HSA molecule shows a number of well-defined pH-dependent structural
transitions, (Figure 5.6) (136): E form (below pH 2.7), F form (pH 2.7-4.3), N form (pH 4.3-8), B
form (pH 8-10) and A form (over pH 10) (134)-(137). On the other hand, during its thermal
unfolding process, three states can be distinguished: the native form, the reversible unfolded
form (at ~65°C) and the irreversible unfolded form (at ~74°C) (120). Both unfolding processes
give rise to aggregation-prone conformational changes of both secondary and tertiary
structures, allowing the formation of amorphous aggregates, intermediate states, oligomers

and amyloid fibrils.

Due to the physiological importance of human serum albumin as a carrier protein and blood
pressure regulator and its propensity to easily aggregate in vitro, HSA has become a good
model for protein aggregation studies. Moreover, as the phenomenon of protein aggregation
appears to reflect certain generic “polymeric” features of proteins (138), the study of protein
aggregation mechanisms in model systems is extremely useful to gain a better understanding

about the molecular mechanisms of disease-associated amyloidogenesis.

In this way, in this work we show the propensity of HSA to form amyloid fibrils and other types
of aggregates under different thermal and solvent conditions (changing the solution pH,
solution ionic strength and solvent composition), allowing the modulation of electrostatic,
hydrophobic and hydration interactions between protein molecules and aggregates (139)-
(141). The kinetic aggregation, protein conformational changes upon self-assembly, and
structure of the different intermediates on the fibrillation pathway were determined by means
of ThT fluorescence and CR absorbance; far and near-UV-Vis CD; tryptophan fluorescence;
Fourier transform infrared spectroscopy; X-ray diffraction; and TEM, SEM, AFM and optical
microscopy. We have observed that the fibril formation is largely affected by electrostatic
shielding: at physiological pH, fibrillation is progressively more efficient and faster in the
presence of up to 50 mM NaCl; meanwhile, at larger salt concentrations, excessive charge

shielding and further enhancement of the solution hydrophobicity might involve a change in
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the energy landscape of the aggregation process, which makes the fibrillation process difficult.
In contrast, under acidic conditions a continuous progressive enhancement of HSA fibrillation
is observed as the electrolyte concentration in solution increases. Both the distinct protein
ionization state and the initial structural states of the protein before incubation may be the
origin of this behavior. According to ThT fluorescence data, the fibrillation kinetics of HSA does
not show a lag phase except at pH 3.0 in the absence of added salt. The HSA fibrils obtained at
the end of the fibrillation process show structural features typical of classical amyloid fibers, as
denoted by XRD, CD and TEM techniques. Finally, we describe the physical and structural
properties of additional supraself-assembled structures of HSA under solution conditions in
which amyloid fibrils are formed. We have detected the formation of ordered aggregates of
amyloid fibrils, i.e. spherulites, by means of polarized optical microscopy, laser confocal
microscopy and TEM. These structures possess a radial arrangement of the fibrils around a

disorganized protein core, and have sizes of several micrometers.
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[

pH 5.0

Fast (F) Mo Crystal | Basic (B)
45% Helix Structure | 485; Helix

”, Increase to
pH 10.0

Aged (A) | Mo Crystal
48% Helix | Structure

Expanded (E) 35% Helix

Figure 5.6 pH conditions and helical contents of the five organized forms of albumin including

crystal structure of the N form, and the proposed configuration of the F and E forms (136).

5.5.- Amyloid fibrils as biomaterials

The bottom-up strategy takes advantage of the functionality of molecular materials and
molecular recognition properties for self-assembly (142). The construction of functional
nanomaterials and components through the bottom-up strategy has potential applications in
different areas as electronics, tissue engineering, drug delivery, sensing... (143)(144). In this
regard, self-assembly properties of biomacromolecules, as phospholipids, DNA, peptides, and

proteins, can be an alternative for the obtention of new materials.
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The physical and chemical properties of proteins are an attractive alternative for the
construction of nanoestructured materials, providing an extraordinary array of functionalities
that could be exploited in fields such as biomedicine, biotechnology, materials science, and
nanotechnology (145). Protein amyloids are excellent candidates for the fabrication of
molecular nanobiomaterials, such wires, layers, gels, scaffolds, templates, and liquid crystals,
using the bottom-up strategy as a result of their outstanding physico-chemical properties
(great stiffness, stable against heat and denaturants, resistant to proteases, amongst others)
structural compatibility, nanoscale dimensions and efficient assembly into well-defined

ultrastructures (146)(147).

On the other hand, metal nanoparticles (NP) have received considerable attention during last
decade because of their particular optical, electronic, magnetic and catalytic properties and
their important applications in many fields such as nanosensors, catalysis, biomedicine,
biological, labelling, and surface-enhanced Raman scattering (SERS). To optimize and extend
the applications of metal NPs, methods must be developed to control the assembly and
organization of these nanomaterials. NPs in ordered arrays provide optical and electronic
properties that are distinct compared to individual particles or disorganized macroscale
agglomerations. In this way, the supramolecular structure of amyloid fibrils can be used to
organize nanoparticles into predefined, topologically intricate nanostructures, or synthesize
miscellaneous materials in order to control the properties of nanoparticle assemblies for
potential applications in electronic, optical, and chemical devices. In particular, functionalizing
one-dimensional (1D) supporting biomaterials with metal NPs that combine the properties of
two functional materials, such as the high conductivity, surface area or the precise chemical
functionality of the biotemplate, and the unique plasmonic or catalytic properties of the metal
NPs widen their range of applications and, therefore, their important role in nanoscience and

nanotechnology (148)-(151).

5.5.1 Hen egg-white lysozyme

Hen egg-white lysozyme (HEWL) is a relatively small globular, monomeric protein. HEWL
consist of a polypeptide chain with 129 amino acid residues with four disulfide bonds, and it
folds into two structural domains, the a and B ones. The a domain contains a core of
hydrophobic side chains that are packed closely together (152); this domain consists of three
long helices A (5-15), B (25-35) and C (89-99) (153). In contrast, the B domain of the protein
does not display a similar hydrophobic core; instead, hydrogen bonds and a number of small

hydrophobic clusters appear to be responsible for defining its tertiary fold, and there is also an
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exposed loop region. The secondary structure of lysozyme dissolved in water is composed of
30% a-helix, 18% B-sheet, 22% turn, and 30% unordered structure (153)-(155). It has been also
found that the HEWL easily forms amyloid fibrils under several denaturant solution conditions,
such acidic conditions and elevated temperature (152)(155). In this regard, it has been
proposed that fragment 57-107 is a highly amyloidogenic region, and probably the conversion
to the B-sheet structure of the C subdomain is involved in the amyloid fibril formation rather

than the other subdomains A and B (152)(153).

It is known that the proteins have multiple potential ion-binding sites within its aminoacid
sequence; therefore, protein fibrils can be used in a metallization reaction under relative harsh
conditions. In this regard, we take advantage about the spontaneous self-assembly of both
HSA and HEWL into amyloid fibrils under fibrillation solution conditions, which enables the use
of these fibrils as a template for the construction of 1-D hybrid material, in particular, gold and
Fes;0, nanowires. The inherent structural differences between HSA and HEWL fibrils, such as
strength, length and stability make lysozyme (Lys) fibers (with widths of 4-10 nm, lengths 0.1-2

pUm) most suitable for their use in the obtention of 1-D nanowires.

In this work, gold nanowires were obtained by seeded-growth process. The degree of metal
coverage of the biotemplate was controlled by sequential addition of salt gold growth
solutions. The hybrid metallic fibrils have been proved to be useful as catalytic substrates,
providing a superior catalytical activity when they are incorporated in the reduction reaction of
p-nitrophenol to p-aminophenol in the presence of NaBH,. The reaction rates obtained were
much larger than those reported for other gold hybrid materials such as Au nanoparticle
networks, PAMAM-dendrimer-suported spherical nNPs, solid 1-D Au nanobelts, and nanorods,
polymer micelles-supported Au NPs or 1-D assemblies of Au NPs (156)-(159). On the other
hand, to obtain iron oxide wires, we in situ synthesize Fe;0, NPs by precipitation in an alkaline
medium by using the electrostatic interaction of iron ions (Fe*” and Fe*®) and the negative
charged amino acid residues (mainly aspartic and glutamic acid) located on the protein fibril
surfaces. Complete magnetic coating on the protein fibril surface was obtained by sequential
nanoprecipitation in situ of Fe*> and Fe™ ions (1:2 molar ratio), in the presence of ammonium
hydroxide (NH,OH). Because of their large magnetic properties, the 1-dimensional magnetic
nanowires can serve as efficient magnetic resonance image (MRI) contrast agents, with
transverse relaxativities larger than those obtained previously for other 1-D nanostructures

derived by alternative methods (160)-(162).
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Existence of Different Structural Intermediates on the Fibrillation Pathway
of Human Serum Albumin

Josué Juarez, Pablo Taboada,* and Victor Mosquera

Grupo de Fisica de Coloides y Polimeros, Departamento de Fisica de la Materia Condensada, Facultad de Fisica, Universidad de Santiago de
Compostela, Santiago de Compostela, Spain

ABSTRACT The fibrillation propensity of the multidomain protein human serum albumin (HSA) was analyzed under different
solution conditions. The aggregation kinetics, protein conformational changes upon self-assembly, and structure of the different
intermediates on the fibrillation pathway were determined by means of thioflavin T (ThT) fluorescence and Congo Red absor-
bance; far- and near-ultraviolet circular dichroism; tryptophan fluorescence; Fourier transform infrared spectroscopy; x-ray
diffraction; and transmission electron, scanning electron, atomic force, and microscopies. HSA fibrillation extends over several
days of incubation without the presence of a lag phase, except for HSA samples incubated at acidic pH and room temperature in
the absence of electrolyte. The absence of a lag phase occurs if the initial aggregation is a downhill process that does not require
a highly organized and unstable nucleus. The fibrillation process is accompanied by a progressive increase in the 8-sheet (up to
26%) and unordered conformation at the expense of a-helical conformation, as revealed by ThT fluorescence and circular
dichroism and Fourier transform infrared spectroscopies, but changes in the secondary structure contents depend on solution
conditions. These changes also involve the presence of different structural intermediates in the aggregation pathway, such as
oligomeric clusters (globules), bead-like structures, and ring-shaped aggregates. We suggest that fibril formation may take place
through the role of association-competent oligomeric intermediates, resulting in a kinetic pathway via clustering of these oligo-
meric species to yield protofibrils and then fibrils. The resultant fibrils are elongated but curly, and differ in length depending on
solution conditions. Under acidic conditions, circular fibrils are commonly observed if the fibrils are sufficiently flexible and long
enough for the ends to find themselves regularly in close proximity to each other. These fibrils can be formed by an antiparallel
arrangement of 8-strands forming the 8-sheet structure of the HSA fibrils as the most probable configuration. Very long incubation
times lead to a more complex morphological variability of amyloid mature fibrils (i.e., long straight fibrils, flat-ribbon structures,
laterally connected fibers, etc.). We also observed that mature straight fibrils can also grow by protein oligomers tending to align
within the immediate vicinity of the fibers. This filament + monomers/oligomers scenario is an alternative pathway to the other-
wise dominant filament + filament manner of the protein fibril's lateral growth. Conformational preferences for a certain pathway
to become active may exist, and the influence of environmental conditions such as pH, temperature, and salt must be considered.

INTRODUCTION

B-Sheet-based assemblies have attracted much interest from
multidisciplinary researchers because of their association
with a variety of diseases and their emerging potential in
material science and biotechnology (1,2). Protein misfolding
and self-assembly into highly ordered (-sheet-rich fibrillar
assemblies known as amyloid fibrils are common features
of a growing class of systemic and neurodegenerative
diseases, including Alzheimer’s, Parkinson’s, and Hunting-
ton’s diseases; senile systemic amyloidoses; type II diabetes
(3,4); and many others. The ability to fibrillate is independent
of the original native structure of the protein, whose amino
acid sequence primarily appears to play a key role in terms
of filament arrangement (5), fibrillation kinetics (6), and
overall yield and stability of the fibrils (7,8). Fibrillation
originates under conditions in which proteins are partially
destabilized or completely unfolded (9), and the formation
of the amyloid fibrils reflects an alternative to the native
packing conformational struggle of a polypeptide chain to
1), reduce its surface-accessible area; 2), saturate hydrogen
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bonding; and 3), reach an alternative ‘‘nonnative” global
free energy minimum (10). Therefore, investigators have
emphasized understanding and inhibiting amyloid formation
more so than amyloid dissociation and clearance. Although
the stability of @-sheet-rich amyloid fibrils against proteases,
acids, and chemical denaturants has been shown, increasing
evidence from human (11) and in vitro studies indicates that
a dynamic structure exists within amyloid fibrils and
suggests that the process of amyloid formation is reversible
(12). These findings, along with the fact that strategies aimed
at stabilizing amyloid fibrils and/or accelerating their clear-
ance seem to reverse the disease phenotype (13,14), suggest
that a detailed understanding of the formation, stability, and
dynamic behavior of amyloid fibrils is critically important to
the development of therapeutic strategies for amyloid
diseases. Thus, the reversible untangling of amyloid archi-
tecture and intrafibrillar packing of the (-pleated sheets is
a key issue to consider in designing inhibitors of fibrillar
growth (15), and insights into the fibrillar assembly mecha-
nisms may help elucidate the etiology of the *“prion
diseases”’, provided that the subtle structural differences
underlying the puzzling phenomenon of “‘prion strains”
can be understood (16).

doi: 10.1016/j.bp;j.2008.12.3901
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Because of the physiological importance of human serum
albumin (HSA) as a carrier protein and blood pressure regu-
lator, and its propensity to easily aggregate in vitro, HSA has
become a good model for protein aggregation studies. More-
over, as the phenomenon of protein aggregation appears to
reflect certain generic ‘“‘polymeric’’ features of proteins
(17), studying mechanisms of protein aggregation in model
systems is extremely useful for gaining a better under-
standing of the molecular mechanisms of disease-associated
amyloidogenesis.

Under physiological conditions, HSA consists of 585
amino acids in a single polypeptide chain, with a globular
structure composed of three main domains that are loosely
joined together through physical forces and six subdomains
that are wrapped by disulfide bonds. The protein contains
17 disulfide bridges and one free SH group, which facilitates
dimerization and also influences higher-order association.
Native HSA lacks any properties that suggest a predisposition
to form amyloid fibrils, since most of its sequence (>60%) is
arranged in an a-helix structure, with subsequent tightening
of its structure through intramolecular interactions such as
hydrogen bonds. Therefore, serum albumin aggregation is
promoted under conditions that favor partly destabilized
monomers and dimers, such as low pH, high temperature,
and the presence of chemical denaturants (18). In a recent
report (19), we showed that partially destabilized HSA mole-
cules form amyloid-like fibrils and other types of aggregates
under different solution conditions. These fibrils feature the
structural characteristics of amyloids: x-ray diffraction
(XRD) patterns, affinity to Congo Red (CR) and thioflavin
T (ThT), birefringence, and high stability. We now extend
that previous work to shed further light on the kinetics and
hierarchical assembly of HSA fibril formation, linking the
morphological structural transitions of aggregated protein
intermediates to conformational events on protein structure
as analyzed by means of different biophysical and spectro-
scopic methods. In this way, we present a systematic inves-
tigation of the relationship between protein conformation
and the amyloid-like self-assembly pathway for HSA under
different solution conditions. To this end, we incubated the
protein under different thermal and solvent conditions and
analyzed the protein conformation changes upon incubation.
We additionally imaged different structural intermediates on
the HSA fibrillation pathway depending on solution condi-
tions. In this way, we sought to uncover the structural
features underlying the formation of possibly cytotoxic
HSA assemblies.

MATERIALS AND METHODS
Materials

HSA (70024-90-7), CR, and ThT were obtained from Sigma (St. Louis,
MO) and used as received. All other chemicals were of the highest purity
available.
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Preparation of HSA solutions

Protein was used after further purification by liquid chromatography using
a Superdex 75 column equilibrated with 0.01 M phosphate. Experiments
were carried out using double-distilled, deionized, and degassed water.
The buffer solutions used were glycine + HCl (I = 0.01 M) for pH 3.0,
and sodium monophosphate-sodium diphosphate for pH 7.4 (I = 0.01 M),
respectively. HSA was dissolved in each buffer solution to a final concentra-
tion of typically 20 mg/mL and dialyzed extensively against the proper
buffer. Protein concentration was determined spectrophotometrically using
a molar absorption coefficient of 35,219 M~ ! ecm~! at 280 nm (20). Before
incubation, the solution was filtered through a 0.2 um filter into sterile test
tubes. Samples were incubated at a specified temperature in a refluxed
reactor. Samples were taken out at intervals and stored on ice before addition
of CR or ThT.

Seeding solutions

To test whether seeding with preformed aggregates increases the rate of
HSA aggregation under the different conditions in which fibrils are formed,
a protein solution was incubated for 24 h and an aliquot that corresponded to
10% (w/w) of the total protein concentration was then added to a fresh
protein solution.

CR binding

Changes in the absorbance of CR dye produced by binding onto HSA were
measured in an ultraviolet-visible spectrophotometer (DU series 640; Beck-
man Coulter, Fullerton, CA) operating at 190-1100 nm. All measurements
were made in the wavelength range of 220-500 nm in matched quartz
cuvettes. Protein solutions were diluted 20- to 200-fold into a buffer solution
with 5 uM of CR (Acros Organics, Geel, Belgium). Spectra in the presence
of the dye were compared with those of the buffer containing CR in the
absence of protein and also with those corresponding to the protein solution
without dye.

ThT spectroscopy

Protein and ThT were dissolved in the proper buffer at a final protein/dye
molar ratio of 50:1. Samples were continuously stirred during measurements.
Fluorescence was measured in a Cary Eclipse fluorescence spectrophotom-
eter equipped with a temperature control device and a multicell sample holder
(Varian Instruments, Palo Alto, CA). Excitation and emission wavelengths
were 450 and 482 nm, respectively. All intensities were background-cor-
rected for the ThT fluorescence in the respective solvent without the protein.

Protein fluorescence

To examine the conformational variations around the Tryp residue of HSA,
fluorescence emission spectra were recorded with a Cary Eclipse fluores-
cence spectrophotometer equipped with a temperature control device and
a multicell sample holder (Varian Instruments). HSA samples were excited
at 295 nm, which provides no excitation of tyrosine residues and, therefore
does not cause emission or energy transfer to the lone side chain. Slit widths
were typically 5 nm.

Circular dichroism

Far- and near-ultraviolet (UV) circular dichroism (CD) spectra were
obtained using a JASCO-715 automatic recording spectropolarimeter (Jasco,
Tokyo, Japan) with a JASCO PTC-343 Peltier-type thermostated cell holder.
Quartz cuvettes with 0.2 cm pathlength were used. CD spectra were obtained
from aliquots withdrawn from the aggregation mixtures at the indicated
conditions and recorded between 195 and 300 nm at 25°C. The mean residue
ellipticity 6 (deg cm® dmol™') was calculated from the formula:
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0 = (0ops/10)(MRM /Ic), where 6, is the observed ellipticity in deg, MRM
is the mean residue molecular mass, / is the optical pathlength
(in centimeters), and c is the protein concentration (in g mL™ ! ). To calculate
the composition of the secondary structure of the protein, SELCON3, CON-
TIN, and DSST programs were used to analyze far-UV CD spectra. Final
results were assumed when data generated from all programs showed
convergence (21).

XRD

XRD experiments were carried out using a Siemens D5005 rotating anode
x-ray generator. Twin Gobel mirrors were used to produce a well-collimated
beam of CuKa radiation (A = 1.5418 A). Samples were put into capillary
with a diameter of 0.5 mm. X-ray diffraction patterns were recorded with
an imaging plate detector (AXS F.Nr. J2-394).

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra of HSA in aqueous solutions were
determined by using an FTIR spectrometer (model IFS-66v; Bruker) equip-
ped with a horizontal ZnS ATR accessory. The spectra were obtained at
a resolution of 2 cm ™" and generally 200 scans were accumulated to obtain
a reasonable signal/noise ratio. Solvent spectra were also examined under
the same accessory and instrument conditions. Each different sample spec-
trum was obtained by digitally subtracting the solvent spectrum from the
corresponding sample spectrum. Each sample solution was repeated three
times to ensure reproducibility and averaged to produce a single spectrum.

Transmission electron microscopy

For transmission electron microscopy (TEM), suspensions of HSA were
applied to carbon-coated copper grids, blotted, washed, negatively stained
with 2% (w/v) of phosphotungstic acid, air dried, and then examined with
a Phillips CM-12 transmission electron microscope operating at an acceler-
ating voltage of 120 kV. Samples were diluted 20- to 200-fold when neces-
sary before deposition on the grids.

Scanning electron microscopy

Suspensions of HSA were applied to glass-coated stainless-steel grids,
blotted, washed, air dried, and then examined with an LEO-435VP scanning
electron microscope (Leica Microsystems GmbH, Wetlar, Germany) oper-
ating at an accelerating voltage of 30 kV. Samples were diluted 20- to
200-fold when necessary before deposition on the grids. Microanalysis of
the scanning electron microscopy (SEM) samples was also performed to
avoid the presence of impurities.

Atomic force microscopy

Atomic force microscopy (AFM) images were recorded in tapping mode
by using a multimode SPM microscope equipped with a Nanoscope Illa
controller from Digital Instruments (Santa Barbara, CA). The microscope
was coupled to an AS-12 resp. E-scanner and an Extender Electronics Module
EX-II, which allows acquisition of phase images. The AFM probes were typi-
cally silicon SPM sensors (NCHR Nanosensors, Neuchatel, Switzerland).
Immediately after incubation, the protein samples were diluted 20400 times
onto freshly cleaved muscovite mica (Sigma) attached to a magnetic steel disc
that served as the sample holder. The abrupt dilution of the samples immedi-
ately quenched the concentration-dependent aggregation process. The AFM
samples were dried on air or under nitrogen flow when required. Control
samples (freshly cleaved mica, and mica and buffer solution) were also inves-
tigated with AFM to exclude possible artifacts. Height and phase-shift data
were collected in the trace and the respective retrace direction of the raster.
The scan rate was tuned proportionally to the area scanned and was kept
within the 0.35-2 Hz range.
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RESULTS

It is generally accepted that amyloid formation usually is
a result of misfolded and partially unfolded states acting in
competition with the normal folding pathways (22-24).
The HSA molecule is known to undergo several well-orga-
nized changes during its conformation, usually under non-
physiological conditions, as follows:

1. The N-F transition between pH 5.0 and 3.5 involves the
unfolding and separation of domain III without signifi-
cantly affecting the rest of the protein molecule
(25,26). The F form is characterized by a dramatic
increase in viscosity, lower solubility, and a significant
loss of helical content.

2. The F-E transition occurs between pH 3.5 and 1.2, and is
accompanied by a further protein expansion with a loss
of the intradomain helices of domain I. In addition,
the E form involves an increase in protein intrinsic
viscosity and a rise in the hydrodynamic axial ratio from
~4 t0 9 (27).

3. The N-B transition occurs between pH 7.0 and 9.0, with
aslight reduction in helical content affecting the two interdo-
main helices and a small increase in sheet structure (28).

4. In the presence of denaturant agents, such as urea, HSA
shows a two-step, three-state transition with an interme-
diate (I) characterized by unfolding of the domain III and
partial but significant loss of native conformation of
domain I (29).

Therefore, an easy way to obtain at least partially denatu-
rated states is to induce a temperature-induced or solvent-
induced protein denaturation process through incubation.
Thus, HSA was subjected to conditions previously found to
be effective for protein aggregation, in particular those that
induce amyloid-like fibril formation (19,30). HSA solutions
were incubated at a concentration of 20 mg/mL in 0.01 M
sodium phosphate buffer, pH 7.4, or 0.01 M glycine buffer,
pH 3.0, in the presence of 0 or 50 mM of added NaCl at
25°C or 65°C for 15 days. We chose 65°C as the incubation
temperature because HSA temperature-induced denaturation
takes place through a two-state transition with a first melting
temperature, T,,, of ~56°C and a second T, of ~62°C (31,32)
as a consequence of the sequential unfolding of the different
domains of the protein, in particular, the IIA and IIIA
subdomains. Moreover, as the pH becomes more acidic,
T,, becomes lower. We confirmed these melting temperatures
under our solution conditions by fluorescence spectroscopy,
and the results were in close agreement with previously
reported data (see Table S1 in the Supporting Material).
Therefore, it can be inferred that aggregation is unfavorable
below 65°C because protein folding competes with and
suppresses amyloid formation. It is known that hydrogen
bonding is weakened as temperature rises, but the hydro-
phobic interaction becomes strengthened (33). As the heating
process continues, some of the cooperative hydrogen bonds
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that stabilized helical structure begin to break and expose
hydrophobic groups to the solvent, partially unfolding the
protein structure, which favors aggregation.

Physiological conditions: kinetics and amyloid
self-assembly of HSA

The propensity of protein solutions to form amyloid-like
aggregates under physiological conditions was assessed by
means of ThT fluorescence and CR absorbance measure-
ments. These two dyes specifically bind to ordered (-sheet
aggregates and, notably, to amyloid fibrils (34,35). Both
assays are necessary because positive ThT binding sometimes
does not occur with certain amyloid fibril systems (36).
Before incubation, native HSA does not display a capacity
to bind ThT. When incubated at physiological pH and room
temperature, the fluorescence emission intensity for the
protein at 482 nm is negligible, suggesting that HSA does
not form amyloid fibrils or other types of fluorescent aggre-
gates under these conditions. When the temperature is raised
to 65°C, a time-dependent increase in fluorescence is
observed (Fig. 1, a and b). The kinetics of HSA involved
the continuous rising of ThT fluorescence during the early
periods of the incubation procedure, and exhibited no discern-
ible lag phase until a quasi-plateau region was attained in the
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FIGURE 1 Time evolution of ThT fluorescence in HSA solutions incu-
bated at 65°C at pH 7.4 in the (a) absence and (b) presence of 50 mM NaCl.
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timescale analyzed. The addition of electrolyte favors a faster
formation of amyloid fibrils as a consequence of the screening
of electrostatic repulsions between protein molecules (37). In
fact, a gel phase can be observed after 4 days of incubation,
which denotes an enhanced development of fibril formation
because cross-links can be formed more easily, resulting in
a lower critical percolation concentration.

ThT fluorescence curves were fitted by means of nonlinear
square curve-fitting to a stretched exponential function
F =F* 4 AFexp(—[kgpt]") to obtain information on the
kinetics of amyloid formation. F, F”, and AF are the
observed fluorescence intensity at time ¢, the final fluores-
cence intensity, and the fluorescence amplitude, respectively,
and kg, is the rate of spontaneous fibril formation. Although
the interpretation of the parameters involved in this equation
is not straightforward, these are useful for empiric descrip-
tions of the complex reactions whose kinetics is not easily
modeled (38,39). Values of k,,, n, and AF determined in
this way under the different conditions are shown in Table 1.
Values of n < 1 indicated that the kinetics can be approxi-
mated to several exponential functions indicative of the
existence of multiple events in the amyloid formation.
Furthermore, larger kq;, values in the presence of electrolyte
corroborate the more-efficient aggregation due to electro-
static screening under high ionic strength conditions.

CR absorption also corroborates the formation of amyloid
fibrils, displaying a progressive red shift from 495 to ~530 nm
of the differential absorption maximum at 65°C in both the
absence and presence of added electrolyte, a typical feature
of amyloid fibers (35). Since absorption of HSA alone after
incubation contributes to only ~15% of the increase in CR
absorption, the change in absorption is mainly caused by
the formation of CR-binding species (see Fig. S1 in the Sup-
porting Material).

Fibrillation is independent of seeding
at physiological pH

Typical fibrillation processes involve a lag phase followed by
a relatively rapid elongation phase that stabilizes when all

TABLE 1 Kinetic parameters of the self-assembly process of
HSA solutions
F* AF n ks (1)
pH 7.4
65°C
0 mM NaCl 85 83 0.56 0.019
50 mM NaCl 85 83 0.82 0.064
pH 3.0
25°C
0 mM NaCl 10 8 1.34 0.007
50 mM Na Cl 13 11 1.57 0.007
65°C
0 mM NaCl 8/30 6/22 1.25/3.6 0.144/0.005
50 mM NaCl 59 57 0.96 0.010
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monomers have been incorporated into fibrils (40—42). In our
case, the absence of a lag phase at pH 7.4 would suggest that
nuclei are either formed very rapidly or the aggregation
process we monitor is not a classical nucleation-based fibril-
lation. If nuclei consist of more than one molecule, their
formation will be reduced if the HSA concentration is low-
ered. Nevertheless, when the protein concentration was
decreased to 0.5 and 2 mg/mL at 65°C, we did not observe
the appearance of a lag phase (figure not shown). In addition,
another feature that confirms a continuous fibrillation process
without a nucleation step is the absence of any remarkable
effect on the fluorescence curves when protein seeds were
added to protein solutions followed by subsequent incubation
(see Fig. S2). The aggregation rate during the growth phase
was unchanged by the addition of preformed aggregates and
followed apparent first-order kinetics. These characteristics
suggest that aggregation does not require nucleation, i.e.,
each protein monomer association step is bimolecular and
effectively irreversible, and there is no energy barrier to aggre-
gate growth. As discussed in detail below, TEM pictures
showed the formation of spherical oligomers after very short
incubation times. This usually occurs by a mechanism of clas-
sical coagulation, or downhill polymerization (43), that does
not require a nucleation step.

Structural changes upon aggregation
at physiological conditions: secondary structure

To gain insight into the structural protein modifications upon
formation of amyloid-like aggregates, we recorded CD, FTIR,
and tryptophan (Tryp) fluorescence spectra. As a supplement
to ThT and CR assays, which provide information only about
the formation of fibrillar protein assemblies, far-UV CD and
FTIR data reveal the overall protein secondary structural
composition and their evolution to form amyloid-like or amor-
phous aggregates. On the other hand, near-UV CD and Tryp
fluorescence data denote changes in protein tertiary structure
(for the latter technique, particularly in domain II of HSA).
Fig. 2, a and b, show far-UV CD spectra of HSA at pH 7.4
at 25°C and 65°C. The spectra at room temperature in the
absence of added salt show two minima—one at 208 and
other at 222 nm—-characteristic of helical structure, which
remains unmodified upon incubation. When electrolyte is
present, a small decrease in ellipticity, [f], occurs as a conse-
quence of small changes in protein structure originating from
the formation of some amorphous aggregates in solution, as
shown in Fig. 2 a. In contrast, when the temperature is raised
to 65°C, the minimum at 222 nm progressively disappears
and [#] at 208 nm also strongly reduces (Fig. 2 b). This indi-
cates that high-temperature conditions spawn intermediates
that are clearly less helical than the starting conformations.
This change in CD spectra suggests the increment of either
B-sheet or loop structures, as discussed in detail further
below. The intensity loss of the 222 nm band indicates that
the increase in random coil/3-sheet conformations is accom-
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FIGURE 2 (a) Far-UV spectra of HSA solutions at 25°C in the presence
of 50 mM NaCl at pH 7.4 at 1), 0 h; 2), 24 h; 3), 48 h; 4), 100 h; 5), 200 6),
and 7), 250 h of incubation. (b) Far-UV spectra of HSA solutions at 65°C in
the presence of 50 mM NaCl at 1), 0 h; 2), 12 h; 3), 24 h; and 4), 48 h of
incubation.

panied by a reduction in the a-helical content of the protein
structure. At longer incubation times in the absence of added
salt in solution (~72 h), the CD spectrum resembles that
typical of proteins with high proportions of $-sheet structure,
which are characterized by a minimum at ~215-220 nm and
small [#] values as a consequence of the presence of
amyloid-like aggregates in solution. On the other hand, no
significant changes in far-UV CD spectra are observed
when electrolyte is added to solutions, except that the charac-
teristic features of 3-sheet structure are present at earlier incu-
bation times at elevated temperature. A larger decrease in [6]
is also detected as a consequence of the increased number and
size of scattering objects in solution, which agrees with the
formation of a fibrillar gel upon longer incubation times.
Fig. 3 depicts the temporal evolution of the secondary
structure composition as revealed by CD analysis (21). At
pH 7.4 and room temperature, the initial «-helix content
is ~59%, the -sheet conformation is ~5%, the turn content
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is ~13%, and the remaining random coil content is ~23%, in
agreement with previous reports (25). In the presence of
added electrolyte, no significant alterations in the structure
compositions are observed upon incubation; the initial
a-helix content is slightly reduced to ~55%, in contrast to
a very small increase in turn and @-sheet conformations.
After ~150 h of incubation, an additional slight decrease in
a-helix is observed due to an enhancement of protein aggre-
gation, i.e., the formation of a certain amount of protein
aggregates is observed, which is a characteristic feature of
globular proteins under high ionic strength conditions.

On the other hand, protein conformational compositions at
65°C after incubation indicate an increase in -sheet confor-
mation from ~5% to ~21% at the expense of the a-helix
content (which diminishes from ~59% to ~20%) in the
absence of electrolyte. This is also reflected by the decrease
in the CD signal and the shift of the spectral minimum from
208 nm to longer wavelengths, as noted above. Coil and turn
conformations also change through the incubation process,
with values of ~27-34% and ~17-21%, respectively. The
alteration in structure composition seems to be stronger
when salt is added, due to electrostatic screening, which
favors protein disruption and association by modifying the
balance of interactions, with final B-sheet and «-helix
contents of ~26% and ~19%, respectively (Fig. 3). More-
over, changes in secondary structure take place during the
first part of the incubation process in both the absence
(~90 h) and presence of electrolyte (~50 h), respectively,
and occur more rapidly under the latter condition. At very
long incubation times (>150 h) under high ionic strength
conditions, the increased scattering from the fibrillar aggre-
gates makes it difficult to estimate the secondary structure;
thus, these results are not shown in Fig. 3.

FTIR spectra were recorded at the beginning and end of
the incubation process by monitoring the observed changes
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in the shape and frequency of the amide I and II bands, and
the results corroborated the CD data. Before incubation, two
major absorption peaks in the spectral region of interest were
observed: the amide I band at 1653 (1652) cm ™! and the amide
II band at 1542 (1544) cm ™! in both the original and second
derivative IR spectra, respectively. This indicates the predom-
inant structural contribution of major a-helix and minor
random coil structures, in agreement with CD data (44—46).
For the amide I band (Fig. 4 a), a shoulder at ~1630 cm ™!
can be also observed in the second derivative spectra that is
related to intramolecular G-sheet structure. Additional peaks
at~1689 and 1514 cm ™' would correspond to 3-turn and tyro-
sine absorption, respectively (45). All of these peaks were also
observed in the presence of electrolyte at room temperature as

™02
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FIGURE 4 Second derivative of FTIR spectra at pH 7.4 of (@) native HSA

at 25°C before incubation, (b) HSA at 25°C in the presence of 50 mM NaCl,
and (c) HSA at 65°C in the absence of electrolyte.
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incubation proceeded (Fig. 4 b), compatible with little changes
in secondary structure composition, as noted above.

After incubation at 65°C, a red shift of the amide I band
from 1652 to 1658 cm™ ' and a blue shift of the amide II
band to 1542 cm™" in the second derivative spectrum are
indicative of a certain increase of disordered structure, as
revealed by far-UV CD (Fig. 4 ¢). The appearance of
a well-defined peak around 1628 cm™' (1626 cm™' in the
presence of added salt) points to a structural transformation
from an intramolecular hydrogen-bonded $-sheet to an inter-
molecular hydrogen-bonded-3-sheet structure (47). The spec-
trum also shows a high-frequency component (~1692 cm ™)
that would suggest the presence of an antiparallel 3-sheet
(48). In addition, a little shoulder around 1534 cm ™! also
was assigned to (-sheet after incubation at high temperature
(49). The increase in the band associated with 3-sheet in the
FTIR spectra correlates well with the large changes in CD
spectra. On the other hand, peak shifts are slightly more abrupt
when electrolyte is present in solution because the aggrega-
tion is stronger (plot not shown). This leads to the formation
of a fibrillar gel favored by the decrease in electrostatic repul-
sions and a change in the hydration layer surrounding the
protein molecules that allows interfibrillar attachment.

Structural changes upon aggregation at
physiological conditions: tertiary structure

At room temperature, the near-UV CD spectrum showed two
minima at 262 and 268 nm and two shoulders around 275 and
285 nm, characteristic of disulphide and aromatic chromo-
phores and the asymmetric environment of the latter (Fig. 5
a) (50). These features are significantly retained during incu-
bation in the presence of electrolyte excess despite the forma-
tion of some amorphous aggregates in solution, as noted
above (figure not shown). On the other hand, when the incu-
bation temperature is raised to 65°C, important alterations in
the near-UV CD spectra occur in both the absence and pres-
ence of electrolyte: ellipticity decreases, and the minima at
262 and 268 nm progressively disappear as incubation
proceeds. In addition, a significant loss of fine structure
detectable in the region of 270-295 nm also occurs. Never-
theless, these changes in near-UV CD data are less marked
than in far-UV measurements because secondary structural
changes are more sensitive to temperature than tertiary struc-
tural changes (51). These effects corroborate alterations in
tertiary structure upon fibrillation conditions.

The behavior described by near-CD UV measurements is
also supported by tryptophanyl fluorescence data. HSA has
a single tryptophanyl residue, Tryp*'*, located in domain
II. A very small change in fluorescence emission occurs
with incubation at room temperature in the presence of elec-
trolyte, confirming the existence of little variations in tertiary
structure, in agreement with previous data (not shown). In
contrast, when the temperature is raised to 65°C, a 4 nm
hypsochromic shift (from 341 to 337 nm) takes place accom-
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FIGURE 5 (a) Near-UV CD spectra of HSA solutions at pH 7.4 and 65°C

in the absence of electrolyte at 1), 0 h; 2), 6 h; 3), 12 h; 4), 24 h; and 5), 48 h.
(b) Time evolution of Trp fluorescence of HSA solutions at 65°C in the ()
absence and (O) presence of 50 mM NaCl.

panied by a reduction in fluorescence intensity: the domain II
of HSA unfolds in such a way that the Trp*'* residue of HSA
located at the bottom of a 12 A deep crevice (52) finds itself
in a more hydrophobic environment (32). As incubation at
elevated temperature proceeds, conversion of protein mole-
cules to fibrils is accompanied by an additional burial of
the Tryp residue, as indicated by the decrease of the Tryp
fluorescence emission intensity (Fig. 5 b) and the further
blue shift of the emission maximum from 337 to 333 nm
(53). All of this points to the strong involvement of tertiary
structure changes of domain II of HSA in the fibrillation
mechanism. This change is enhanced and occurs more
rapidly in the presence of added electrolyte, which confirms
a larger structure alteration as a consequence of enhanced
intermolecular interactions to give fibrillar assemblies. This
also agrees with the increasing content of 3-sheet conforma-
tion revealed by CD and FTIR measurements.

In situ observation of fibrillar structures at
physiological pH: TEM

TEM pictures were recorded at different stages of the incuba-
tion period for each of the conditions described above.
Distinct time-dependent morphological stages can be
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observed in these images. Thus, at room temperature neither
fibrils nor other types of aggregates are detected, except for
small amorphous protein clusters observed in the presence of
electrolyte after a long incubation period (150 h), which
possess a largely helical structure (Fig. 6 a). In contrast,
when the temperature is raised to 65°C, fibril formation is
observed. Electron microscopy indicates that aggregation
leads first to a globular species that subsequently converts
to fibrils with a curly morphology. The fibrillation pathway
in the presence of electrolyte is very similar to that observed
in its absence but it takes place in a shorter timescale, in
agreement with previous results. Fig. 6, b—j, show electron
micrographs of the sample heated at 65°C at different steps
of the incubation period in the presence of 50 mM of electro-
lyte. The number and length of the fibrils has increased in
relation to other structures, although several morphologies
can be observed throughout incubation.

Small spherical clusters of ~20 nm formed by protein olig-
omers are observed (Fig. 6 b) at short incubation times (5 h).
These aggregates present relatively few changes in their
tertiary and secondary structures, as shown by CD and fluo-
rescence data. With further incubation (Fig. 6 ¢, 15h), acertain
elongation of these spherical aggregates can be observed. This
bead-like structure at short incubation times arises from what
appears to be attractive interactions between spherical

Judrez et al.

proteins aggregates, as shown in Fig. 6 d-I (see also
Fig. S3), which may result in an increased exposure of hydro-
phobic residues, giving rise to more elongated structures. This
elongation involves a conformational conversion of protein
structure to consolidate the structure, and in all probability
it implies changes in the hydrogen-bonding status (Fig. 6
d-2). This is in agreement with a further development in
ThT fluorescence and decreases in both helical content and
Tryp fluorescence at this incubation point, as shown previ-
ously. On the other hand, we did not find evidence of
formation of elongated structures by longitudinal fusion of
oligomers, as recently reported (54).

Bead-like structures progressively become more elon-
gated upon incubation (35 h) due to mutual interactions
between these structures and subsequent annealing, and
convert into short protofibrils (Fig. 6 ¢), in agreement with
a decrease in helical structure as revealed by CD. Alterations
in the conformational structure of these oligomers and subse-
quent elongation via monomer addition may also be present;
however, the TEM resolution did not allow us to confirm
that. Several authors reported a tendency for these bead-
like structures to transform into fibrillar structures at elevated
temperatures caused by partial unfolding of the protein mole-
cules and giving rise to conditions conductive to fibril forma-
tion (55-57).

FIGURE 6 TEM pictures of the different stages of the HSA fibrillation process at pH 7.4: (a) at 25°C in the presence of 50 mM NaCl after 150 h of incu-
bation, and at 65°C in the presence of 50 mM NaCl after (b) 5 h; (c) and (d) 15 h (part d shows the elongation of oligomers to give bead-like structures); (¢) 35 h
(where short protofibrils are observed); (f) 45 h; (g) 50 h (where long curly fibrils are seen); and (h—k) after 72 h. Part i shows the addition of oligomers to mature
fibrils, j shows the association of mature fibrils in bundles, and k shows mature fibrils with ribbon-like structure.
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Further incubation results in the presence of more fibrils,
which increase in length as incubation proceeds (Fig. 6,
f and g). After 2 days of incubation, numerous longer
curly-branched and interconnected fibrils are present
(Fig. 6 g), with lengths and widths characteristic of classical
amyloid fibrils (i.e., between 0.5 and several micrometers in
length and 9-10 nm in width (3,5,9)), as detected by TEM
and AFM (see Fig. 6 g and Fig. S4). The appearance of
this structure coincides well with the plateau region of ThT
binding, the far UV-CD profiles characterized by minima
around 215-220 nm, and the intermolecular 3-sheet structure
observed by FTIR. Most fibrils appear curly and intercon-
nected, and some of them are even circular, as observed
previously for other proteins, such as ($, microglobulin
(58) and a-crystallin (56).

If the incubation time is extended further (3 days), one can
observe mature straight fibrils, which can be seen as a struc-
tural evolution of curly fibrils (Fig. 6 /). Mature fibrils are
thicker and stiffer than single fibrils and seem to be formed
by lateral (side-by-side) assembly of two or more individual
filaments. These mature fibrils are less numerous in the
absence of electrolyte because the electrostatic screening is
lower, avoiding direct contact between constitutive fibrils.
We have also observed that lateral interactions of single
particles collaborate in growing these straight mature fibrils
(57). Scrutiny of the protein aggregates indicates that HSA
particles and clusters tend to align within the immediate
vicinity of the fibers (Fig. 6 i), serving the single fiber as
a lateral template or scaffold for small protein molecules,
and would constitute a subcomponent in mature fibrils. It
is worth mentioning that some fibril solutions when analyzed
by SEM show the existence of very long fibers, exceeding
200 pum (see Fig. S5). We think that this effect may result
from the air-drying process favoring attractive interactions
between single fibers during the solvent removal.

In addition, a structural diversity of mature fibrils is noted:
flat ribbons are observed in solution, as well as long, straight
fibril ensembles (Fig. 6 j). This polymorphism may arise
from variations in the quaternary structure, the manner in
which protofilaments self-associate, or the protofilament
substructure (e.g., in the details of hydrogen-bonding
networks and side-chain packing) (59). Finally, one of the
characteristic traits of the mature amyloid fibrils is their
tendency to bend, twist, and agglomerate. Fig. 6 k shows
laterally connected fibers that split over a certain distance
or overlap each other. The extent and rate of this growth is
dependent on solution conditions and lateral interactions
between fibrils, which are responsible for the thickening of
the mature fibrils and the formation of suprafibrillar aggre-
gates. Thus, we conclude that pseudo-globular aggregates
rearrange slowly to form linear, curly fibrils. These may be
sufficient to produce a high-affinity template that is subse-
quently elongated by monomeric units or other fibrils, and
can lead to the formation of ordered, straight, or ribbon-
like fibrillar structures.

2361

Fibril structure: XRD

The amyloid-like character of the fibrillar aggregates detected
by TEM was confirmed by XRD. The XRD image of the HSA
fibrils is shown in Fig. 7. Two strong reflections can be
observed: a dominant sharp and intense reflection occurs at
4.8 A, and one weaker, more diffuse, but still intense reflec-
tion is observed at ~11 A. The 4.8 A meridional reflection
arises from the spacing between hydrogen-bonded individual
strands in the (-sheet structure that lie perpendicular to the
fibril axis, and the 11 A equatorial reflection corresponds to
the intersheet spacing, with the 3-sheets stacked face to face
to form the core structure of protofilaments (60,61). This indi-
cates that fibrils possess a cross-g structure, one of the diag-
nostic hallmarks of amyloid structures.

Acidic conditions: kinetics and amyloid
self-assembly of HSA

We next subjected HSA to acidic pH and assessed its propen-
sity to form amyloid fibrils under such conditions in both the
presence and absence of 50 mM NaCl. Increases in ThT fluo-
rescence were observed at both 25°C and 65°C, although the
increase was quite small at 25°C. This indicates the formation
of a small amount of additional (3-sheet conformation as
a consequence of the formation of oligomeric aggregates, as
will be shown below (Fig. 8). At 65°C, the increase in
ThT fluorescence in the absence of electrolyte is lower than
that obtained at physiological pH and extends over a larger
period of time. This can be a result, on the one hand, of alower
capacity of fibrillation under these conditions (see below) or,
on the other, to the presence of a lag phase if compared with
solution to which electrolyte is added, as discussed further
below. After a small increase in ThT fluorescence at relatively
short incubation times, a plateau occurs at ~24—100 h, after
which the ThT fluorescence starts to increase again. Thus, it
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FIGURE 7 XRD pattern of HSA fibrils.
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is thought that under acidic conditions in the absence of elec-
trolyte, oligomeric structures (protein clusters) are formed in
a series of thermodynamically unfavorable assembly steps
followed by a growth phase in which clusters are elongated
by further addition of protein monomers and/or oligomers
upon mutual interaction.

Fitting of the time ThT fluorescence evolution shows us
that under acidic conditions, the self-assembly process
becomes more cooperative, as indicated by the values of
n > 1. This indicates the different nature of the self-assembly
pathway of HSA under acidic conditions with respect to
physiological pH, since interactions between protein mole-
cules are modulated by changes in both the pH and the initial
protein structure (62). In addition, the plot in the absence of
electrolyte is fitted in two steps: 1), the fast formation of
small clusters; and 2), the lag phase, which can originate
from the necessity to reach a critical concentration of clusters
for aggregation to continue. Probably, oligomeric species
formed in very early stages of the aggregation process
(whose existence is indicated by the slight increase of ThT
fluorescence at very short incubation times) are more soluble
under acidic conditions, and only after they achieve a critical
concentration are they able to grow to generate larger aggre-
gates (63). However, complete fibril formation can be
achieved only in the presence of electrolyte.

Nucleation-dependent growth mechanism
in acidic medium

To corroborate the origin of the plateau region in the absence
of electrolyte at elevated temperature, we performed a seeding
fibril growth under the conditions previously specified. When
seeds are added to the protein solution, a continuous increase
in ThT fluorescence is observed. This is the typical behavior
observed for a nucleation-type growth mechanism and corrob-
orates the existence of this lag phase (see Fig. S6). On the other
hand, no changes are observed when protein seeds are added
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to a solution containing 50 mM NaCl. The difference between
both solution conditions may arise from the greater hydropho-
bicity of oligomeric species formed during very earlier incuba-
tion stages in the presence of excess electrolyte. In its absence,
electrostatic repulsion between oligomeric species seems to
preclude for some time the formation of nuclei with a critical
size to overcome the energy barrier that impedes aggregation.

Structural changes at acidic pH: secondary
structure

At acidic pH and room temperature, both minima in [#] at 208
and 222 nm are still present before incubation proceeds, which
indicates an important retention of this type of structure, as
previously described (25,64). During incubation, a slight
decrease in [0] is observed in both the absence and presence
of added electrolyte, which is compatible with a small
decrease in a-helices and the development of a small amount
of 3-sheet conformation due to the appearance of small amor-
phous aggregates in solution (figure not shown). In contrast,
a shift of the 208 nm minimum to lower wavelengths takes
place as incubation proceeds (0—200 h) at 65°C in the absence
of electrolyte (Fig. 9 a). An increase in random coil structure
(characterized by a single minimum below 200 nm) can
account for this shift. Upon further incubation, an additional
red shift occurs as a consequence of the increase of ($-sheet
structure in the aggregates formed, as also indicated by the
increase in ThT fluorescence. The far-UV CD curves at
65°C in the presence of NaCl followed a trend similar to those
obtained at physiological pH, although the ellipticity decrease
is less severe at long incubation times as a consequence of
a lower amount of scattered light from fibril aggregates (see
Fig. 9 b). This confirms the lower fibrillar density under these
conditions, which also precludes the formation of a fibrillar
gel, in contrast to physiological conditions.

The secondary structure compositions in acidic solution at
room temperature at the beginning of the incubation process
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FIGURE 9 Far-UV spectra of HSA solutions at 65°C at pH 3.0 in (@) the
absence of electrolyte at 1), 0 h; 2), 24 h; 3), 125 h; 4), 175 h; 5), 200 h;
and 6), 250 h of incubation; and (b) the presence of 50 mM NaCl at 1),
0 h; 2), 15 h; 3), 48 h; 4), 100 h; 5), 150 h; and 6), 200 h of incubation.

indicate a reduction in a-helix conformation (~45%) and an
increase in B-sheet, G-upturn, and coil contents (7%, 20%,
and 28%, respectively), typical of the acid-expanded E-state
of HSA (25) (Fig. 10). No significant changes were detected
in structural composition during the incubation procedure at
room temperature in either the absence or presence of added
electrolyte up to 100 h incubation. At this stage, a slight
increase in B-sheet and unordered conformations is observed
for both solution conditions. In contrast, when the tempera-
ture is raised to 65°C, an important increase in ($-sheets at
the expense of helical conformation occurs as also observed
at physiological pH. This is also accompanied by an increase
in unordered conformation at early incubation times (0—150
h). The change in secondary structure occurs during a longer
time interval (up to 9 days) in acidic solution. The final a-
helix and @-sheet compositions are respectively 24% and
16% in the absence of electrolyte (17% and 21% in the pres-
ence of 50 mM NaCl), compared to 20% and 21% at neutral
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pH. This indicates small compositional changes in the result-
ing amyloid aggregates. The turn conformation also shows
little changes throughout incubation.

FTIR experiments corroborate the structural changes
undergone by the protein molecules as incubation proceeds
at acidic conditions. Before incubation, the amide I band
at 1650 cm ' and the amide II band at 1542 cm ™' confirm
that there is still a significant amount of a-helices. Incubation
at room temperature under acidic conditions leads to a certain
increase of the peak located at ~1627 nm, which corresponds
to intramolecular (-sheet structure, in agreement with
ThT fluorescence and CD data. On the other hand, after
incubation at 65°C, a red shift of the amide I band from
1650 to 1656 cm ™' and a blue shift of the amide II band to
1540 cm ™! are indicative of an increased amount of disor-
dered structure. In addition, the shift and further increase of
the 1627 cm ™' peak to 1624 cm ™" also points to a structural
transformation from an intramolecular hydrogen-bonded
B-sheet to an intermolecular hydrogen-bonded (-sheet struc-
ture (46), as seen for physiological pH. Spectra also show
a small high-frequency component (~1692 cm ') that would
suggest the presence of antiparallel 3-sheet (47) (see Fig. S7).

Structural changes at acidic pH: tertiary structure

When the pH is decreased, there is an increase in [#] between
260 and 280 nm, and a slight decrease between 285 and
300 nm, denoting loss of tertiary structure. Nevertheless, there
are still significant CD signals left, suggesting a remaining
tertiary structure, in agreement with previous reports (25,65).
These changes at acidic pH are related to structural rearrange-
ments of all HSA domains. In particular, some increase in ellip-
ticity below 295 nm takes place during incubation at room
temperature, which points to little further tertiary structural
changes as aggregation takes place; in particular, a loss of
fine structure is detectable in the 270-295 nm region (see
Fig. S8 a). At 65°C, changes in tertiary structure are more
important; in particular, an almost complete absence of the
minima is observed between 260 and 270 nm, indicating
a further loss of asymmetry around disulfide bridges and/or
aromatic residues as incubation proceeds. An additional loss
of fine structure in the range of 280-295 nm, similar to that
observed at physiological pH, is also detected (Fig. S8, » and c).

Upon incubation at acidic pH and room temperature,
acertain decrease in the tryptophanyl fluorescence and a slight
blue shift of the emission maximum occur between days 0 and
8 of incubation, which points to a certain internalization of
Tryp to the nonpolar environment of domain II as a result of
certain aggregation under these conditions (see Fig. S9).
Because changes in far- and near-UV CD spectra are relatively
small for this incubation period, this leads us to think that
structural changes in domain II of HSA are involved in this
aggregation process (66). At 65°C, the tryptophanyl residues
are in a more solvent-exposed environment during the incuba-
tion because the fluorescence intensity abruptly decreases
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during the first4 days of incubation as a result of the sequential
unfolding of domains I and IT of HSA. This period of time is
slightly shorter than at pH 7.4 (mainly in the presence of elec-
trolyte excess) because the expanded E state already involves
an important alteration in the tertiary structure.

In situ observation of fibrillar structures at acidic
pH: TEM

HSA samples obtained at different incubation times were
also subjected to TEM analysis under acidic conditions. At
room temperature in the absence of salt, no aggregates
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were observed during the first 2 days of the incubation
process. From the third day, the presence of small clusters
(globules) of aggregated protein could be observed. These
aggregates have a globular or spherical shape, not the regular
fibrillar appearance associated with amyloid structures (see
Fig. 11 a). In addition, less numerous, more elongated aggre-
gates (20-30 nm long, 34 nm wide) can be also observed,
and their population slightly increases as incubation
proceeds. The formation of these types of aggregates is char-
acterized by a decrease of helical structure accompanied by
a slight rise in (-sheet and unordered conformations from
CD measurements at long incubation times.

FIGURE 11 TEM pictures of the different stages of the
HSA fibrillation process at pH 3.0 in the presence of 50
mM NaCl (a) at 25°C after 150 h of incubation, and at
65°C after (b) 24 h, (¢) 150 h, and (d) 250 h of incubation
in the presence of 50 mM NaCl.
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When the temperature is raised to 65°C, fibril formation
takes place in several steps. First, formation of quasi-spher-
ical aggregates takes place under incubation times similar to
those at pH 7.4, and these seem to be fairly soluble. On the
other hand, we have found that a coexistence of spherical
aggregates with circular ring-shaped particles of larger size
(~100-300 nm) is observed at short incubation times (on
the order of a few hours) in the presence of excess electrolyte
(Fig. 11 b). These structures appear as a possible interme-
diate structural rearrangement of smaller protein aggregates
before fibril formation facilitated by electrostatic screening.
There is no evidence as to whether structural reorganization
to form fibrils takes place within this type of aggregates, or
whether dissociation of HSA molecules from these structures
occurs. Based on our CD data, which indicate that a progres-
sive gaining of §-sheet structure and unordered conformation
at the expense of a-helices takes place in the first part of the
incubation process, we suggest that only after a certain crit-
ical amount of (3-sheet structure is reached inside these ring-
shaped particles will short fibrils be formed in solution from
decomposition of the former and become stable. Once suffi-
cient molecules are present within the oligomer, reorganiza-
tion steps become thermodynamically favorable as a result of
an increase in the number of hydrogen bonds and other stabi-
lizing interactions. Once fragments of highly ordered aggre-
gates are present, the free energy for addition of monomeric
molecules to a growing fibril will become more favorable.
Similar circular ring-shaped structures have also been
observed as a structural intermediate before the formation
of amyloid fibrils in the self-assembly process of insulin
(67), AB17.4> peptide (68), AB;4 peptide, and HaPrP23-
144 prion protein (69). In this case, the circular structures
may incorporate into fibrils but also self-aggregate to form
large, amorphous structures (57). Given the large structural
differences between HSA insulin and AB;7.4, peptide, and
their distinct propensity to form amyloid fibrils, it seems
reasonable to think that these circular ring-shaped structures
can be a sort of common structural intermediate of amyloid
fibril formation under different solution conditions.

After longer incubation times (6 days) for HSA solutions in
the absence of electrolyte at 65°C, small, well-defined, short
protofibrils (~100 nm long and 3—-4 nm wide) start to appear
(Fig. 11 ¢). The corresponding CD spectrum shows a progres-
sive increase in the proportion of 3-structure at the expense of
the helical one during incubation. In contrast, the presence of
electrolyte involves an additional step: the formation of short
curly fibers occurs in a broader incubation timescale than at
physiological pH (Fig. 11 d); under further incubation, the
fibrils appear to increase slightly in number and length.
They range from ~100 nm to several hundred nanometers in
length and 8 to 11 nm in width; thus, they are shorter on
average than those obtained at physiological conditions but
have the same average width. Closed fibril loops with diame-
ters of ~100 nm were also frequently observed because the
formed filaments can remain short and thin to enable them
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to bend and form closed rings, as also observed for 8, micro-
globulin (58), a-crystallin (56), equine lysozyme (70), insulin
(67), and a-synuclein (71). This fibrillar material appears
similar to protofilaments observed in the early stages of other
amyloidogenic systems, given the small length and the
absence of higher-order structures.

DISCUSSION

The ability to form amyloid fibrils is a generic property of
polypeptide chains, although the propensity of different
regions of proteins to form such structures varies substantially
(72). The properties of unfolded polypeptides, including their
relative propensities for a- and (-structure, their intrinsic
solubility, and the nature of the interactions within the resul-
tant fibrillar structures, are likely to be particularly important
determinants in their relative abilities to form fibrils. The
conformation of the partially folded state is not by itself a crit-
ical feature of fibril formation; rather, it is suggested that the
basis for amyloidogenesis is the presence of partially denatur-
ation conditions that destabilize the native fold of the protein
but do not preclude noncovalent interactions between the
various groups within the protein. In our case, it appears
necessary to destabilize HSA molecules and hence to generate
a partially folded intermediate that can aggregate to form
fibrils. Thus, one can readily atttain conditions in which
such aggregation-prone intermediate states are significantly
populated by lowering the pH or raising the temperature.
ThT fluorescence, CR staining, XRD, and TEM pictures
demonstrate the formation of amyloid-like structures under
these conditions. The aggregation process is governed by
the balance between attractive and repulsive interactions
between protein molecules. Conformational changes induced
by heat increase the number of hydrophobic residues exposed
to the aqueous solvent. The exposure of these groups results in
attractive hydrophobic interactions that play a dominant role
in the aggregation process. Repulsive forces are induced by
a surface charge that can be modulated by changes in pH,
which controls the net charge of the protein, and by the ionic
strength of the solvent, which controls the screening of elec-
trostatic interactions (73).

Absence of a lag phase in HSA fibrillation process
in most solution conditions

A first characteristic of the HSA fibrillation process is the
absence of a lag phase, as previously observed for bovine
serum albumin (BSA) (74) and acyl phosphatase (75) under
all solutions conditions analyzed except for acidic pH at
room temperature. This occurs if the initial aggregation is
a downhill process that does not require a highly organized
and unstable nucleus. This is supported by the fact that
seeding of preformed aggregates does not accelerate the
fibrillation process. In this regard, it has been suggested
that large multidomain proteins like BSA are able to form
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propagation-competent nucleus-like structures (oligomeric
structures) (74). In our case, TEM pictures also show the
formation of spherical oligomers upon very short incubation
times, which occur by a means of classical coagulation mech-
anism. In contrast, the presence of a certain lag phase upon
incubation in acidic medium at 65°C in the absence of electro-
lyte may well indicate that oligomeric aggregates need more
time to develop and/or persist for longer times because of their
enhanced solubility, so they need to reach a certain number or
size to change the energy landscape of the system and promote
further aggregation.

Existence of different intermediates on the HSA
fibrillation pathway

On a macroscopic scale, the different steps in the fibril forma-
tion pattern, as observed by TEM, consist of the formation of
nonfibrillar aggregates (oligomeric globules) and their subse-
quent elongation (bead-like structures and circular ring-
shaped structures), and the development of protofilaments
and their assembly in fibrils, which can rearrange in more
complex structures. On amolecular level, CD and FTIR results
show that HSA possesses native-like a-helical characteristics
with residual §-sheet content before acidic or heat treatment.

In very early periods of incubation, HSA forms small,
soluble, globular oligomers of mainly native-like molecules
in acidic, physiological, and/or high-temperature conditions,
with a progressive increase in $-sheet content and unordered
conformation upon further incubation, as revealed by ThT
fluorescence and far-UV CD. Thus, upon further incubation
(5-50 h) at elevated temperature, the spectroscopic character-
istics indicate losses of persistent tertiary structure along with
unfolding of certain secondary structure to different extents
depending on the solution conditions (acidic or physiological
pH, added salt). Different conditions may cause different
regions of the polypeptide chains that are relatively flexible
and not involved in strong intramolecular interactions
(76,77) to enhance the aggregation process, leading to an
evolution of the previous globules into additional intermediate
structures (bead-like structures and circular ring-shaped struc-
tures at physiological and acidic pH, respectively, with the
latter found only at high ionic strength). Bead-like structures
arise from what appears to be attractive interactions between
globular protein oligomeric clusters, which may result from
an increased exposure of hydrophobic residues, mainly in
the presence of electrolyte. We found no evidence of formation
of elongated structures by longitudinal fusion of oligomers.
These bead-like structures progressively become more elon-
gated upon incubation (35 h) due to mutual interactions
between them and convert into protofibrils, in agreement
with a decrease in helical structure as indicated by CD data.
The decrease in diameter accompanying elongation may be
explained on the basis of reorganization of structure, in partic-
ular of the @-strands. Several authors have also reported the
tendency of these bead-like structures to transform into fibrillar
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structures at elevated temperatures caused by partial unfolding
of the protein molecules and giving rise to conditions condu-
cive to fibril formation (55-57), as shown in Fig. 6 d.

The combination of experimental observations described
here indicates that the formation of fibrils from soluble HSA
molecules proceeds in a series of stages, the first of which is
effectively the presence of oligomeric globules. Thus, the
role of association-competent oligomeric intermediates may
result in a kinetic pathway via clustering of these oligomeric
species, which can be rationalized in the light of colloid coag-
ulation theory, i.e., the formation of a critical oligomer or an
ensemble of critical oligomers and subsequent aggregation
into bead-like structures, and then protofibrillar structures
(78). The persistence of these spherical oligomers in solution
coinciding with fibril assembly also supports the view that
they may be ‘“‘on-pathway’’ intermediates (see Fig. 6 and
Fig. S10). Spherical oligomeric structures have been
proposed to serve a key, on-pathway role in both the forma-
tion and elongation of amyloid fibrils of the Sup35 (79) and
Ure2p yeast prion proteins (80).

In contrast, we speculate that the circular ring-shaped struc-
tures found in acidic medium at high ionic strength, which
appear to be composed of two semicircular units, may come
from bending and association of early-formed, short, bead-
like structures due to a decrease in their solubility. This
decrease would stem from the electrolyte concentration
present in solution, which screens electrostatic interactions
between aggregates. Once sufficient molecules are present
within this type of intermediate structure, reorganization steps
become thermodynamically favorable as a result of an increase
in the number of hydrogen bonds and other stabilizing interac-
tions. Once critical fragments of ordered aggregates are
present (with a critical amount of (-sheet structure), the free
energy for addition of monomeric molecules to a growing
elongated structure becomes more favorable. In this way, short
protofibrils will be formed in solution upon dissolution of the
ring-shaped intermediate structures and will become stable.
These intermediates are not observed by TEM once protofi-
brils start to be observed, which suggests that they may act
as reservoirs of the initially very short protofibrils. However,
a deeper structural analysis of this structural intermediate
and its evolution to protofibrils is needed, and is currently
under way. On the other hand, the fact that some elongated
structures (but not fibrils) are formed in acidic pH at room
temperature, in contrast to physiological medium, for which
no aggregation is observed except for some amorphous aggre-
gates, suggests that the charge distribution on the protein influ-
ences the propensity to form amyloid fibrils. The neutralization
of negative charges at acidic pH may promote this elongation.

HSA fibrils are curly

The thermodynamic instability of prefibrillar aggregates
causes them to evolve into more stable assemblies upon addi-
tional incubation (>75 h), eventually leading to the appearance
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of stable fibrils, mainly at physiological conditions at elevated
temperatures, where structural reorganization results in the
large majority of hydrophobic groups being concealed from
the solvent. This is corroborated by ThT fluorescence, far
UV-CD, and FTIR spectra, which demonstrate that the major
elements of ordered secondary structure are (3-sheets, suggest-
ing that the a-helical regions of the native protein have under-
gone significant structural changes. TEM pictures corroborate
this picture, showing that the fibrils formed are mainly, narrow,
branched, and elongated but curly, in contrast to the straight
needle-like structures characteristic of bona fide fibrils. As
incubation proceeds, these worm-like structures increase in
length. These fibrils display the typical 4.8 A peak indicating
the typical interstrand distance of classical fibrils, and the
11 A equatorial reflection corresponds to the intersheet
spacing, with the (-sheets stacked face to face to form the
core structure of protofilaments (81). Based on the CD and
FTIR data, we speculate that these types of fibrils may be
formed by a seam of §-sheet structure decorated by relatively
disorganized «-helical structure, as previously observed for
RNase A (82) or yeast Ure2p (83). In addition, an antiparallel
arrangement of §-strands forming the §-sheet structure of the
HSA fibrils seems to be the most probable configuration, as
denoted by the band at ~1691-1693 cm ™' in the FTIR spectra.
Curly aggregates have been also seen in other proteins, such as
B> microglobulin (58) and a-crystallin (56). In addition, intra-
molecular end-to-end association of short individual filaments
appears to be favorable, as TEM images reveal the presence of
a substantial number of closed loops appearing to form spon-
taneously, mainly in the absence of electrolyte at acidic condi-
tions. Qualitatively, the probability of a single fibril joining
end-to-end to form a closed loop will be high if the fibril is
sufficiently flexible and of appropriate length for the ends to
find themselves regularly in close proximity to each other
(84). Indeed, the results presented here exemplify the favorable
nature of loop formation when such fibril morphologies are
adopted. Loop formation was reported previously for other
amyloid-forming systems (85,86).

On the other hand, it is interesting to note that a similar
curly morphology for HSA can be achieved under different
solution conditions: the single filament, in the form of both
open flexible chains and closed loops, is observed at both
physiological and acidic pH in the presence of electrolyte.
Nevertheless, the rate and extent of aggregation depends
on the solution conditions: the amount of formed fibrils
and their length (larger at physiological conditions) favor
interactions between early aggregates to form fibrils. This
is revealed by the formation of a gel phase under suitable
solution conditions.

Curly fibers can evolve into a suprafibrillar
structure

Very long incubation times (>150 h) lead to a more complex
morphological variability among amyloid fibrils (e.g., long
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straight fibrils, flat-ribbon structures, or laterally connected
fibers). These compact, mature fibrillar assemblies formed
at the endpoint of the aggregation process may result from
an effort to minimize the exposure of hydrophobic residues,
and are also likely to result in increased van der Waals inter-
actions, leading to greater stability, as previously noted for
B>-microglobulin (87), a-synuclein (5), and insulin (88). A
similar progression in structure from curly fibrils to mature
straight fibers was also observed for AB-peptide (89) and
insulin (90). In contrast, BSA fibrillation was shown to be
halted at the early curly stage, despite the enormous struc-
tural similarities with HSA, since no further development
in fibrillar structure over long timescales was observed
(74). Mature fibrils are thicker and stiffer than single fibrils
and appear to be formed by lateral (side-by-side) assembly
of two or more individual filaments. Nevertheless, under
physiological conditions, we observed that mature straight
fibrils can also grow by swollen protein particles tending
to align within the immediate vicinity of the fibers, as shown
in Fig. 6 i, serving the single fiber as a lateral template or
scaffold for small protein molecules, and would constitute
a subcomponent in mature fibrils. Their population is depen-
dent on solution conditions and lateral interactions between
fibrils. This may be an additional pathway to the formation
of mature fibrils via association of protofibrils. Conforma-
tional preferences for a certain pathway to become active
may exist, and thus the influence of environmental condi-
tions such as pH, temperature, and salt must be considered.
Thus, it seems that a single filament may act as a “‘lateral
template” or scaffold for small protein particles, which
would constitute a neighboring subcord-like feature in the
fiber shown in Fig. 6 h. This filament + monomers/oligo-
mers scenario is an alternative pathway to the otherwise
dominating filament + filament manner of the protein fibril’s
lateral growth, as has been also observed for insulin (57).
AFM data recently reported by Green et al. (91) suggest
that mature fibrils from human amylin are unlikely to be
assembled by the lateral association of protofibrils.

It appears, therefore, that even for a homogeneous HSA
sample undergoing uniform temperature or acidic treatment,
there is still more than one mode of assembly of filaments
(92). Such polymorphism may be caused by differences in
the number of filaments assembled in the mature fibrils;
however, it may also result from the incorporation in different
regions of the sequence of the polypeptide chain with various
types of fibrils. In addition, the differences between the pop-
ulations of fibers clearly involve not only the rate of the aggre-
gation process, but also the different quaternary folds.
Although the different distribution profiles of the fibrillar
features may still be explained in terms of kinetic effects
(e.g., temperature may differently affect the kinetics at various
stages of the assembly, effectively marginalizing certain
sequential processes), high temperatures may also have
a more direct effect on amyloidogenesis, for instance, by
increasing the thermal energy of the interacting molecules
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and hence causing the alignment of filaments to become less
accurate. Such unspecific effects may contribute to morpho-
logical differences in any protein’s amyloid samples induced
at high temperature. In this regard, recent reports based on
nuclear magnetic resonance showed that different fibril
morphologies have different underlying secondary structures,
and as such are likely produced by distinct independent
assembly pathways (93,94).

A summary of the various fibril morphologies observed in
this study is shown in Fig. 12 together with a schematic
representation of the assembly process. We propose that at
elevated temperature (except at pH 3.0 in the absence of elec-
trolyte), HSA forms rapidly globular oligomers that upon
mutual interaction evolve into more elongated structures
(bead-like) that grow to protofibrils either by subsequent
annealing of oligomers and/or protein monomers. Mature
fibrils can be formed by lateral association of protofibrils
or the addition of protein oligomers to the growing fibril,
both at the ends of the fibril and by lateral fusion. Ring-
like structures are present in acidic conditions at elevated
temperature in the presence of electrolyte as an additional
intermediate state formed by association of short bead-like
structures, which disappears when protofibrils are observed
in solution. Thus, we think that they may act as reservoirs
of initially very short protofibrils.

CONCLUSIONS

We observed the formation of protofibrils, curly fibers, and
mature fibrils by the protein HSA under different solution
conditions. We analyzed the fibrillation process and the
conformational changes associated with it by using different
spectroscopic techniques, and confirmed the necessary devel-
opment of 8-sheet structure upon fibrillation. In addition, the
shapes of the different structural intermediates and final prod-
ucts in the fibrillation process were observed by TEM, SEM,
and AFM. The obtained fibrils show structural features typical
of classical amyloid fibers, as denoted by XRD, CD, and fluo-
rescence spectroscopies, and TEM. A model of fibril forma-
tion based on the elongation of protein oligomers through
mutual interactions and subsequent annealing and growth is
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presented. Nevertheless, some differences in the fibrillation
mechanism occur depending on the solution conditions; for
example, ring-shaped structures are observed only as a struc-
tural intermediate under acidic conditions in the presence of
added electrolyte.

SUPPORTING MATERIAL

Ten figures and a table are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(09)00322-1.
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The fibrillation propensity of the multidomain protein human serum albumin (HSA) has been analyzed under
physiological and acidic conditions at room and elevated temperatures with varying ionic strengths by different
spectroscopic techniques. The kinetics of fibril formation under the different solution conditions and the
structures of resulting fibrillar aggregates were also determined. In this way, we have observed that fibril
formation is largely affected by electrostatic shielding: at physiological pH, fibrillation is progressively more
efficient and faster in the presence of up to 50 mM NaCl; meanwhile, at larger salt concentrations, excessive
shielding and further enhancement of the solution hydrophobicity might involve a change in the energy
landscape of the aggregation process, which makes the fibrillation process difficult. In contrast, under acidic
conditions, a continuous progressive enhancement of HSA fibrillation is observed as the electrolyte concentration
in solution increases. Both the distinct ionization and initial structural states of the protein before incubation
may be the origin of this behavior. CD, FT-IR, and tryptophan fluorescence spectra seem to confirm this
picture by monitoring the structural changes in both protein tertiary and secondary structures along the
fibrillation process. On the other hand, the fibrillation of HSA does not show a lag phase except at pH 3.0 in
the absence of added salt. Finally, differences in the structure of the intermediates and resulting fibrils under

the different conditions are also elucidated by TEM and FT-IR.

Introduction

Protein aggregation and, particularly, amyloid formation have
received considerable interest in the fields of protein research
and clinical medicine, since growing evidence has accumulated
that these processes are likely to be key issues in the etiology
of various medical disorders such as Alzheimer’s, Parkinson’s,
Huntington’s, and Creutzfeldt—Jakob diseases, type II diabetes,
and cystic fibrosis among others. In fact, about 20 different
known syndromes are associated with the formation of amyloid
fibrils.!® In addition, a number of nondisease associated proteins
have also been found to be able to form ordered cytotoxic
aggregates and amyloid fibrils in vitro.” On the other hand, the
exceptional physical characteristics of the amyloidal protein
state, such as its stability, mechanical strength, and resistance
to degradation, imply that this type of structure possesses a range
of potential technological applications in biotechnology and
materials science.?

A consensus has emerged that the different processes of in
vivo and in vitro aggregation might be linked by the implication
of destabilized protein molecules that undergo non-native
backbone-dominated self-assembly as a competing pathway to
native functional folding.!® However, both folding and protein
aggregation are thought to underlie some common principles
which aim at minimizing the Gibbs energy of destabilized
protein states, such as the saturation of dangling hydrogen
bonds,!! the reduction of the solvent-accessible surface area, or
the burial of hydrophobic residues.'? In this way, globular
proteins generally need to be destabilized (e.g., by mutation,'>!*
heat,'>'® high pressure,'”'® low pH,'*?° or organic denaturant’'%)
to aggregate rapidly, with fibril formation proceeding from

* Author to whom correspondence should be addressed. E-mail:
pablo.taboada@usc.es. Telephone: 0034981563100, ext. 14042. Fax:
0034981520676.

10.1021/jp902224d CCC: $40.75

extensively or partially unfolded states®?! or, in some cases,

from native-like states in which unfolding may initially be
limited and confined to local regions of the protein.?>?

The physiological importance of human serum albumin as a
carrier protein and blood pressure regulator and its propensity
to easily aggregate in vitro have become a good model for
protein aggregation studies. As the phenomenon of protein
aggregation appears to reflect certain generic “polymeric”
features of proteins,24 the studies of the mechanisms of protein
aggregation on model systems are extremely useful for a better
understanding of the molecular mechanisms of disease-associ-
ated amyloidogenesis. Since in living organisms the native
environment of proteins is a complex composition of water,
cosolvents, and cosolutes which affect the stability of the native
protein fold,> experimental approaches to mimic various cellular
environments in vitro to allow investigations on protein folding
and aggregation often utilize the addition of cosolvents and
cosolutes. Thereby, differences in the properties of the solvent
might induce solvent-adapted structural “responses” of the
aggregating protein. In particular, the importance of electrostatic
interactions in the formation of amyloid fibrils®**?*?” and the
relevance of the total net charge on the protein to the fibril
formation propensity have been pointed out.?*?

To put more light on this issue, in the present work we present
a systematic study on the relationship between serum albumin
amyloid-like fibrillation kinetics, fibrillation pathways, and the
resulting aggregated protein structures under different conditions
where the amyloid fibrils of this model protein were found by
changing solution pH and solution ionic strength.?®?° In this
manner, a modulation of the electrostatic interactions between
protein molecules and aggregates results in different balances
of intermolecular forces between protein molecules, which
involve changes in both protein aggregation and their kinetics.
In this way, we have found large differences in the fibrillation
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Published on Web 07/02/2009

165



10522 J. Phys. Chem. B, Vol. 113, No. 30, 2009

kinetics of HSA and, as a result, different structural intermedi-
ates and fibrillation pathways. As well as that, differences in
the resulting amyloid-like fibrils under the different solution
conditions were also observed. It seems, then, that both pH and
ionic strength play a key role in regulating the several steps
which regulate HSA fibrillation.

Experimental Section

Materials. Human serum albumin (70024-90-7), Congo Red
(CR), and Thioflavin T (ThT) were obtained from Sigma
Chemical Co and used as received. All other chemicals were
of the highest purity available.

Preparation of HSA Solutions. The buffer solutions used
were glycine + HCI for pH 3.0 and sodium monophosphate-
sodium diphosphate for pH 7.4, respectively. The buffers were
prepared in different NaCl concentrations (0, 20, 50, 100, 150,
and 250 mM NaCl). The HSA was dissolved in each buffer
solution to a final concentration of typically 20 mg/mL, if not
otherwise stated. Protein concentration was determined spec-
trophotometrically using a molar absorption coefficient of 35 219
M~ cm™! at 280 nm.’® Before incubation, the solution was
filtered through a 0.2 um filter into sterile test tubes. Samples
were incubated at a specified temperature in a refluxed reactor.
Samples were taken out at intervals and stored on ice before
adding CR or ThT.

Seeding Solutions. To test whether seeding with preformed
aggregates increases the rate of HSA aggregation under the
different conditions where fibrils are formed, a protein solution
was incubated for 24—48 h and an aliquot that corresponded to
10% (w/w) of the total protein concentration was then added
to a fresh protein solution.

Thioflavin T Spectroscopy. 50 uL aliquots of protein
solution were withdrawn at different times and diluted 100 times
with 4 mL of ThT solution in corresponding buffer (final ThT
concentration 20 4uM). Samples were continuously stirred during
measurements. Fluorescence was measured in a Cary Eclipse
fluorescence spectrophotometer equipped with a temperature
control device and a multicell sample holder (Varian Instruments
Inc.). Excitation and emission wavelengths were 450 and 482
nm, respectively. All intensities were background-corrected for
the ThT-fluorescence in the respective buffer without the protein.

Congo Red Binding. Changes in the absorbance of Congo
Red dye produced by binding to HSA were measured in a
UV —vis spectrophotometer DU Series 640 (Beckman Instru-
ments) operating from 190 to 1100 nm. All measurements were
made in the wavelength range 200—600 nm in matched quartz
cuvettes. Protein solutions were diluted 20—200-fold into a
buffer solution with 5 uM Congo Red (Acros Organics, Geel,
Belgium). Spectra in the presence of the dye were compared
with that of the buffer containing Congo Red in the absence of
protein, and also with that containing protein without dye.

Circular Dichroism (CD). Far-UV circular dichroism (CD)
spectra were obtained using a JASCO-715 automatic recording
spectropolarimeter with a JASCO PTC-343 Peltier-type ther-
mostatted cell holder. Quartz cuvettes with 0.2 cm path length
were used. CD spectra were obtained from aliquots withdrawn
from the aggregation mixtures at the indicated conditions and
incubation times, and recorded between 195 and 250 nm at 25
°C. The mean residue ellipticity 6 (deg cm? dmol™!) was
calculated from the formula 6 = (0,,/10)(MRM/Ic), where 6y,
is the observed ellipticity in deg, MRM is the mean residue
molecular mass, [ is the optical path-length (in cm), and ¢ is
the protein concentration (in g mL™"). In order to calculate the
composition of the secondary structure of the protein, SEL-
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CON3, CONTIN, and DSST programs were used to analyze
far-UV CD spectra. Final results were assumed when data
generated from all programs show convergence.’!

Fourier Transform Infrared Spectroscopy (FT-IR). FT-
IR spectra of HSA in aqueous solutions were determined by
using a FT-IR spectrometer (model IFS-66v from Bruker)
equipped with a horizontal ZnS ATR accessory. The spectra
were obtained at a resolution of 2 cm™!, and generally 200 scans
were accumulated to get a reasonable signal-to-noise ratio.
Solvent spectra were also examined in the same accessory and
at the same instrument conditions. Each different sample
spectrum was obtained by digitally subtracting the solvent
spectrum from the corresponding sample spectrum. Each sample
solution was repeated three times to ensure reproducibility and
was averaged to produce a single spectrum.

Protein Fluorescence. To examine the conformational varia-
tions around the tryptophan residue of HSA, fluorescence
emission spectra of HSA samples were excited at 295 nm, which
provides no excitation of tyrosine residues, and therefore, neither
emission nor energy transfer to the lone side chain takes place.
Slit widths were typically 5 nm. The spectrophotometer used
was a Cary Eclipse from Varian Instruments Inc.

Transmission Electron Microscopy (TEM). Suspensions of
HSA were applied to carbon-coated copper grids, blotted,
washed, negatively stained with 2% (w/v) of phosphotungstic
acid, air-dried, and then examined with a Phillips CM-12
transmission electron microscope operating at an accelerating
voltage of 120 kV. Samples were diluted between 20 and 200-
fold where prior deposition on the grids was needed.

X-ray Diffraction. X-ray diffraction experiments were carried
out using a Siemens D5005 rotating anode X-ray generator.
Twin Gobel mirrors were used to produce a well-collimated
beam of Cu Ka radiation (A = 1.5418 A). Samples were put
into capillaries with diameters of 0.5 mm. X-rays diffraction
patterns were recorded with an AXS F.Nr. J2-394 imaging plate
detector.

Results and Discussion

It has been previously reported that amyloid fibrils can also
be formed in vitro from a-globular proteins such as myoglobin,
ovoalbumin, bovine (BSA), and human (HSA) serum albumins,**>3
for example. Similar to these proteins, native HSA also lacks
any properties suggesting a predisposition to form amyloid
fibrils, since most of its sequence (>60%) is arranged in an
a-helix structure, with the subsequent tightening of its structure
through intramolecular interactions such as hydrogen bonds. In
this way, serum albumin aggregation is only promoted under
conditions favoring partly destabilized monomers and dimers
such as low pH, high temperatures, or the presence of chemical
denaturants.* In a recent report,”® we have shown that partially
destabilized HSA molecules form amyloid-like fibrils and other
types of aggregates under different solution conditions such as
increasing the solution temperature and changing the solution
pH.?$3536 Thus, HSA was subjected to conditions previously
found to be effective for protein aggregation, in particular those
inducing amyloid-like fibril formation but modifying the solution
ionic strength in order to analyze its effects on the amyloid-
like assembly pathway of this protein. Thus, we prepared HSA
solutions at a concentration of 20 mg/mL in 0.01 M sodium
phosphate buffer (pH 7.4) or 0.01 M glycine-HCI buffer (pH
3.0) in the presence of 0, 20, 50, 100, 150, and 250 mM NaCl
at 25 or 65 °C followed by subsequent incubation for up to 15
days. HSA is in its native form (N) at pH 7.4, which is composed
mostly of o-helix secondary structure. In contrast, HSA adopts
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Figure 1. Time evolution of ThT fluorescence in HSA solutions
incubated at 65 °C at (a) pH 7.4 and (b) pH 3.0 in the presence of (H)
0, (O) 20, (a) 50, (V) 100, (®) 150, and (+) 250 mM NaCl.

an extended less-ordered configuration (E-state) below pH 3.5
with lesser helical content.’’ 3 On the other hand, 65 °C was
chosen as the incubation temperature, provided that HSA
temperature-induced denaturation takes place through a two-
state transition with a first melting temperature, Ty,, of ~56 °C
and a second T, of ~62 °C¥4%4! a5 a consequence of the
sequential unfolding of the different domains of the protein, in
particular IIA and IIIA subdomains: at 50 °C, a reversible
separation of site I and II occurs; below 70 °C, the irreversible
unfolding of site II is present, while increasing the tempera-
ture over 70 °C or higher results in the irreversible unfolding
of site 1. Moreover, as the pH becomes more acidic, T,
becomes lower.*

Amyloid Formation Kinetics. When HSA solutions (20 mg/
mL in the presence of 0, 20, 50, 100, 150, or 250 mM NaCl)
were incubated at room temperature up to 300 h, the ThT
fluorescence emission intensity was negligible at pH 7.4 whereas
a slight increase was observed at pH 3.0 as a consequence of a
little gain in fB-sheet structure due to the formation of some
oligomeric aggregates (data not shown). This suggests that HSA
was not capable of forming amyloid fibrils or other types of
aggregates with significant 3-sheet structure under these condi-
tions. In contrast, a time-dependent increase in ThT fluorescence
is observed when the different HSA solutions were incubated
at 65 °C (see Figure 1), in accordance with fibril formation.
Congo Red (CR) absorption was also used to corroborate the
formation of these fibrils in HSA solutions, which display a
red-shift of the differential absorption maximum from 495 to
ca. 530 nm at 65 °C (see Figure S1 as an example).

In general, the kinetics of HSA fibrillation under the present
solution conditions at 65 °C involved the continuous rising of
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TABLE 1: Kinetic Parameters of the Self-Assembly Process
of HSA Solutions

pH NaCl (mM) AF kg (071 n
7.4 0 83 0.019 0.56
20 82 0.040 0.70
50 83 0.084 0.92
100 57 0.068 0.80
150 52 0.056 0.77
250 46 0.034 0.70
3.0 0 6/22 0.144/0.005 1.25/3.60
20 44 0.008 1.25
50 57 0.010 0.96
100 73 0.012 0.95
150 77 0.024 0.93
250 56 0.233 1.10

ThT fluorescence during the early periods of incubation until a
quasi-plateau region was attained in the time scale analyzed,
as occurred for different proteins such as BSA,*? acylphos-
phatase,” or ovoalbumin,* and it exhibited no discernible lag
phase. This absence may be related to the fact that the initial
protein aggregation is a downhill process, which does not require
a highly organized and stable nucleus. This was confirmed by
the absence of any remarkable effect on the fluorescence curves
when protein seeds are added to protein solutions followed by
subsequent incubation (see Figure S2 in the Supporting Infor-
mation). It has been suggested that large multidomain proteins
such as BSA are able to form propagation-competent nucleus-
like structures (oligomeric structures), since there is no energy
barrier to impede aggregate growth.*? As has been discussed in
detail previously before,?>3¢ HSA forms these oligomers upon
very short incubation times, which usually occurs by a mech-
anism of classical coagulation or downhill polymerization.*
Nevertheless, a different behavior was found at acidic pH in
the absence of added electrolyte: After a small increase in ThT
fluorescence at very short incubation times, there exists an
almost plateau region (between 24 and 100 h approximately),
from which the ThT fluorescence starts to increase again (see
Figure 1b). This plateau region was identified as a lag phase,
as confirmed by a fibril seeding growth process (see Figure S3
in the Supporting Information). This might well indicate that
the formation of oligomeric structures might need more time
to be developed and/or persist for longer times due to their
enhanced solubility under acidic conditions in the absence of
added salt, so oligomers need to reach a certain number/size to
change the energy landscape of the system and promote further
aggregation.

Figure 1 also shows that amyloid formation was favored and
took place progressively quicker as the electrolyte concentration
increased from 0 to 50 mM NaCl at pH 7.4 and at the whole
concentration range studied at pH 3.0, as denoted by the
increment in ThT fluorescence intensity and the subsequent
presence of a plateau region at shorter incubation times. This
points out that the increasing hydrophobicity originated from
the screening of repulsive electrostatic interactions between
protein molecules is capable of stabilizing the -sheets. 643748
In contrast, a progressive decrease in ThT fluorescence intensity
is observed at electrolyte concentrations larger than 50 mM at
physiological pH, with the plateau located at shorter incubation
times. This decrease can be related to the formation of bundles
of shorter fibrils and to the presence of amorphous aggregates
(with larger o-helix and unordered conformation contents, as
will be shown below), and is a consequence of an excessive
shielding of intermolecular electrostatic forces, which is ac-
companied by an additional enhancement of the solution

167



10524 J. Phys. Chem. B, Vol. 113, No. 30, 2009

20 T T T T T T T

a)

[6] (mdeg)

205 210 215 220 225 230 235
A (nm)

240

20

[6] (mdeg)

1
215

1
225

1
235

-80 L
200 205

L 1
220 230

A (nm)

1
210 240

Juérez et al.

20 T T T T T T T

[6] (mdeg)

-80 | -

L I L 1
220 225 230 235

A (nm)

L L 1
200 205 210 215 240

20 T T T T T T T
d)

[6] (mdeg)

I L Il 1 L L L

200 205 210 215 220

A (nm)

225 230 235 240

Figure 2. Far-UV spectra of HSA solutions at 65 °C and pH 7.4 in the presence of (a) 0, (b) 50, (c) 100, and (d) 150 mM NaCl at (1) 0 h, (2)

12 h, (3) 24 h, (4) 48, (5) 60 h, and (6) 72 h of incubation.

hydrophobicity through (a) a side-to-side adsorption between
protein molecules and fibrils; (b) a reduction of the ThT
fluorescence by blocking ThT binding sites on the fibrils due
to a reduction in exposed surface area;*’ and (c) a lower fraction
of formed fibrils due to an unsuitable energy balance to establish
effective intermolecular interactions; that is, random aggregation
is promoted, so there exists a change in the energy landscape
of the protein fibrillation process.*

Differences in the trends observed between physiological and
acidic conditions in the presence of electrolyte might arise from
the fact that ordered aggregation of globular proteins requires
partial unfolding of the native state,>’ which enables this
precursor state to be populated and to expose aggregation-
competent regions that are usually protected against intermo-
lecular interactions in the native protein. However, these regions
can be different and display different propensities to solvent
exposition depending on solution conditions. Thus, although
amyloid formation can occur, rates and extents of fibril
formation, fibrillation pathways, and the structures of the
resulting fibrils can be very diverse.’'? In this way, it seems
that both the distinct ionization state of the protein and the
different initial structural state at acidic conditions (expanded-
E-state) may be the origin of the observed differences, which
change the energy landscape of the aggregation process.

The time-dependence of the ThT fluorescence curves was
fitted by nonlinear square curve-fitting to a stretched exponential
function F = F~ + AF exp(—[kypt]") in order to derive
information on the amyloid kinetics formation. F, F*, and AF
are the observed fluorescence intensity at time ¢, the final
fluorescence intensity, and the fluorescence amplitude, respec-
tively, and k; is the rate of spontaneous fibril formation. Values
of kg, n, and AF are shown in Table 1. Values of n lower than
1 indicated that the kinetics can be approximated to several

exponential functions indicative of the existence of multiple
events in the amyloid formation. The increasing kg, values as
the electrolyte concentration goes up to 100 mM at physiological
pH and at the whole concentration range under acidic conditions
corroborate the more efficient aggregation due to electrostatic
screening in the presence of added salt. However, under
physiological conditions, progressively lower kg, and n values
are derived at larger ionic strengths (see Table 1), maybe as a
predominance of fibril bundling and formation of amorphous
aggregates over that of new fibrils, as commented before. This
behavior is in contrast to that observed for other albumin
proteins such as ovoalbumin and BSA, for which their fibril-
lation mechanisms and, thus, their aggregation rates were found
not to be so strongly influenced by ionic strength if compared
to that of HSA.*® In particular, for ovolabumin, it was found
that a continuous slight decrease in the rate of fibrillation takes
place as the electrolyte concentration occurs, whereas for BSA
the trend is similar to that of HSA, although less marked.
Possibly, the subtle differences in the amino acid sequence
between the proteins and in their structural conformation may
account for these differences.

On the other hand, it is interesting to note that, after 3 days
of incubation, most HSA solutions transformed into a gel-like
state at elevated ionic strengths (between 100 and 250 mM). It
is known that salt concentrations have an important role, not
only favoring conformational transitions and intramolecular
interactions in the protein but also enhancing protein—protein
interactions leading to gelification.**>° In our case, these gels
can be a consequence of a “correct” balance between electro-
static shielding and hydrophobic interactions which enables
fibrils to interact in suitable relative orientations, as has been
previously demonstrated for other proteins.*® Nevertheless, these
effects will be discussed in a forthcoming publication.
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TABLE 2: Secondary Structure Variations (in %) on HSA
Samples upon Incubation at 65° C under Different Solution
pH Values and Electrolyte Concentrations

pH NaCl (mM) Aa-helix Af-sheet Aturn A unordered
7.4 0 =35 16 8 11
20 =37 18 9 12
50 —42 21 10 11
100 -39 16 9 14
150 =37 15 8 16
250 —33 11 7 19
3.0 0 —20 9 3 8
20 —25 12 4 9
50 —28 14 4 10
100 —32 17 5 10
150 —36 19 6 11
250 =35 20 5 10

Structural Changes. To shed additional light on the differ-
ences of the amyloid-like formation of HSA in the presence of
added salt at the different pH values, we recorded CD, FT-IR,
and tryptophan (Trp) fluorescence spectra. The far-UV CD
spectra of HSA solutions incubated at room temperature in the
absence and the presence of electrolyte showed two minima at
208 and 222 nm, characteristic of a helical structure. At acidic
pH, HSA molecules also preserve an important part of their
a-helix structure upon incubation, as denoted by the presence
of the minima at 208 and 222 nm. However, a slight decrease
in ellipticity, [6], is observed, which is compatible with a little
decrease of a-helices due to the appearance of small amorphous
aggregates in solution (not shown).

When HSA solutions were incubated at 65 °C, far-UV CD
spectra showed a dramatic change in ellipticity throughout
incubation. Figures 2 and 3 show CD spectra for HSA solutions
at 65 °C in the presence of several NaCl concentrations at both

220

230 240

A (nm)
Figure 3. Far-UV spectra of HSA solutions at 65 °C and pH 3.0 in the presence of (a) 0, (b) 50, and (c) 150 mM NaCl at (1) 0 h, (2) 24 h, (3)

pH 7.4 and 3.0, respectively. Under these conditions, the
minimum at 222 nm progressively disappears while the negative
band intensity at 208 nm is also reduced. All this indicates that
high-temperature conditions spawn intermediates, which are
clearly less helical than the starting conformations (a decrease
in o-helix content is observed). Thus, these changes obtained
in CD spectra suggest the increments of [-sheet and loop
structures at longer incubation times (~72 h and ~150 h for
pH 7.4 and 3.0, respectively), which resemble those typical of
proteins with important proportions of -sheet structure char-
acterized by a minimum at ca. 215—220 nm and small [0] values
as a consequence of the presence of f-rich aggregates in
solution, as can be observed, for example, in Figure 2b.
Nevertheless, it is worth mentioning that the increasing number
and size of large scattering objects such as fibrils in solution as
the incubation proceeds involves the strong decrease in ellip-
ticity, which makes it a little less clear the ellipticity minimum
around 215—220 nm corresponding to -sheet structures.
Changes in protein structure composition derived at the end
of incubation at 65 °C were obtained from CD analysis®' and
are shown in Table 2. Data in this table are displayed as the
difference (expressed in %) between the beginning and the end
of the incubation process of protein structure composition (Aot
helix, AS-sheet, Aturn, and Arandom coil conformation, re-
spectively). The negative signs mean a decrease in the corre-
sponding structure. At pH 7.4 and room temperature, the initial
o-helix content is ~59%, the f-sheet conformation is ~5%,
the turn content is ~13%, and the remaining random coil content
is ~23%, in agreement with previous reports.” When HSA
solutions were incubated at 65 °C, these showed important
differences in the secondary structure compositions (see Table
2). The largest changes were observed in a-helix and (-sheet
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Figure 5. Time evolution of Trp fluorescence of HSA solutions upon
incubation at (a) pH 7.4 and (b) pH 3.0 in the presence of (H) 0, (O)
20, (A) 50, (¥) 100, and (<) 150 mM, and (@) at pH 3.0 and 25 °C in
the presence of 50 mM NaCl.

contents, with the former mainly decreased to be converted into
the f-sheet structure. Moreover, coil and turn conformations
also change throughout the incubation process, increasing
slightly their significance.

On the other hand, increases in the -sheet content become
more important as the electrolyte concentration increases, but
only up to 50 mM NaCl at physiological conditions and in the
whole concentration range at acidic pH, for which these
variations were lighter. In this regard, fully mature amyloid
fibrils could not be formed at low electrolyte concentrations at
acidic pH, provided that effective interactions between f3-strands
are not allowed due to electrostatic repulsions: recent studies
using hydrogen exchange and proteolysis have indicated a less-

ordered structure for protofilaments compared with mature
amyloid fibrils,”* in agreement with their lower -sheet content
suggested by CD and ThT binding studies, as in the present
study. On the other hand, certain recovery of o-helical content
is observed at pH 7.4 at 150 and 250 mM NaCl concentrations,
which agrees with the decrease in ThT fluorescence intensity
observed at these concentrations, as commented previously.
FT-IR spectra recorded for HSA solutions under different
conditions at the beginning and the end of the incubation process
additionally corroborated ThT and CD data. Figure 4 shows
the second derivative of the HSA solutions at 65 °C at pH 7.4
and pH 3.0 for different electrolyte concentrations. Following
incubation at 65 °C, a red-shift from 1652 to 1658 cm™! (see
Figure S4 in the Supporting Information for the FT-IR spectrum
of native HSA) and a decrease in intensity of the amide I band
occur up to 50 mM NaCl at physiological conditions, which
are indicative of the presence of a certain increase of disordered
structure, as also seen by far-UV CD. For pH 3.0, this shift is
more progressive along the whole added salt concentration
range. The appearance of a well-defined peak around 1625 cm™'
points out a structural transformation to an intermolecular
hydrogen-bonded-f-sheet structure,® which is a structural
characteristic of the amyloid fibrils and is present at both pH
values. The spectra also show a high frequency component
(~1693 cm™!) at these electrolyte concentrations that would
suggest the existence of a f5-sheet in an antiparallel configura-
tion.>” The decrease of the peak intensity at 1657 cm™! and the
increase at 1625 cm™! as the electrolyte concentration increases
from O to 50 mM NaCl at pH 7.4 support that the major
structural transition is from o-helix — f-sheet and that
intermolecular interactions are favored at low and medium salt
concentrations, in agreement with CD data. In contrast, the
decrease in the band at 1625 cm™! and the blue shift of the
band at 1542 cm™! (not shown) at larger electrolyte concentra-
tions at this pH point out a lower [3-sheet configuration and a
further unordered conformation, which confirms that large
electrolyte concentrations do not facilitate amyloid formation,
in agreement with CD and ThT fluorescence data.
Tryptophanyl fluorescence data showed that when temperature
is raised to 65 °C, a reduction in fluorescence intensity and a
hypsochromic shift were observed, as noted in detail previ-
ously.?® Nevertheless, we found that when incubation proceeds
at electrolyte concentrations larger than 100 mM NaCl at pH
7.4, a slightly lower decrease in fluorescence intensity takes
place, which agrees with the assumption that less ordered
amyloid-like fibrils are formed under these solution conditions
in coexistence with amorphous aggregates. In contrast, at acidic
pH, the decrease in fluorescence is also slightly larger as the
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added salt concentration increases, which denotes more impor-
tant changes in tertiary structure (see Figure 5).

In Situ Observation of Protein Structures. TEM images
were recorded at different stages during incubation under the
different conditions described above to denote the possible
differences existing between the aggregates as denoted previ-
ously. Distinct time-dependent morphological stages can be
observed in these images. At room temperature, neither fibrils
nor other type of aggregates are detected at the beginning of
incubation. Only after some hours (24 h at pH 7.4, and 48 h at
pH 3.0, respectively) are some spherical aggregates detected.
These developed to amorphous clusters, which possess largely
helical structure in the presence of electrolyte upon longer
incubation (150 h), as seen in Figure 6a. In addition, at acidic
pH, less numerous, more elongated aggregates can also be
observed, with sizes of 20—30 nm in length and 3—4 nm in
width, and their population slightly becomes more important
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Figure 6. TEM pictures of the different stages of the HSA fibrillation process at 25 °C at pH 7.4: (a) in the presence of 50 mM NaCl after 150 h
of incubation; (b) at pH 3.0 after 150 h of incubation in the absence of added salt; (c) at pH 7.4 at 65 °C in the presence of 150 mM NaCl after
50 h of incubation; (d) at pH 7.4 at 65 °C in the absence of added NaCl after 50 h of incubation; (e) at 65 °C at acidic pH in the presence of 100
mM after 150 h of incubation; (f) at 65 °C at acidic pH in the presence of 250 mM after 50 h of incubation.

as incubation proceeds and electrolyte concentration becomes
larger (Figure 6b). The formation of these types of aggregates
is characterized by a decrease of helical structure accompanied
with a slight rise in S-sheet and unordered conformations at
long incubation times, as seen from CD measurements.

In contrast, when temperature is raised to 65 °C, fibril
formation is observed. Electron microscopy has pointed out that
aggregation leads first to globular species, which subsequently
convert to fibrils with a curly morphology via several structural
intermediates, as has been previously discussed in detail.*® X-ray
diffraction data also confirms fibril formation (see Figure 7).
Two strong reflections at 4.8 A and 11 A are observed in the
X-ray image. The 4.8 A meridional reflection arises from the
spacing between hydrogen-bonded individual strands in the j3-
sheet structure that lie perpendicular to the fibril axis, and the
11 A equatorial reflection corresponds to the intersheet spacing,
with the -sheets stacked face-to face to form the core structure
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Figure 7. X-ray diffraction pattern of HSA fibrils at pH 7.4 and
65 °C.

of protofilaments.’®% This indicates that fibrils possess a cross-3
structure, one of the diagnostic halfmarks of amyloid structures.

Nevertheless, the presence of larger concentrations of added
electrolyte induces some changes in the structure of the resulting
aggregates. In this way, at salt concentrations larger than 100
mM, we have detected that the resulting fibrils appear to be
shorter and thicker, and coexist with amorphous material (see
Figure 6¢ and d for comparison). Enhanced attractive interac-
tions between structural intermediates such as beadlike structures
and lateral protofibril previously observed can be the origin of
these differences. Since electrolyte shields electrostatic repulsion
between charged groups in the protein and between protein
chains, the hydrophobic effect is progressively more important.
Electrostatic shielding allows fibril bonding not only between
fibril ends but also between axial sides of adjacent protofibrils
and protein molecules, resulting in short and thicker fibrils. In
particular, in the case when electrostatic shielding is so effective
that protein association occurs before getting suitable relative
orientations to give regular fibril assemblies, nonspecific ag-
gregation may take place, leading to the formation of amorphous
aggregates, provided that a suitable balance between interactions
is necessary to completely stabilize the f3-sheet structure.

On the other hand, at acidic conditions, the presence of
increasing electrolyte concentrations allows further growth of
the short protofibrils presented in solution at 48—96 h of in-
cubation (depending on conditions), which do not develop
otherwise. The corresponding CD spectrum shows a progressive
increase in the proportion of the f-structure at the expense of
the helical one during incubation. The presence of electrolyte
concentrations larger than 50 mM involves other structural
intermediates in the self-assembly process as ring-shaped
structures, as seen before (see also Figure S5 in the Supporting
Information).’¢€° Furthermore, as the added electrolyte concen-
tration increases, there is an increase in size and a denser
population of fibrils, in contrast to the behavior observed for
physiological conditions (see Figure 6f): From the previously
existing fibrils at low salt concentrations possessing sizes ranging
from ~100 nm to several hundred nanometers in length and
8—11 nm in width (shorter on average than those obtained at
physiological conditions), which are composed of a seam of
[-sheet structure decorated by relatively disorganized o-helical
structure as occurred for Rnase®! or yeast Ure2p,* it is possible
to obtain larger and thicker curly fibrils at high electrolyte
concentrations due to electrostatic screening, quite similar to
those observed at pH 7 (Figure 6g).

Juérez et al.

Thus, it is interesting to note that a similar curly morphology
for HSA fibrils can be achieved under the different solution
conditions. Nevertheless, the rate and extent of aggregation
depends on solution conditions. On the other hand, it is worth
mentioning that, in contrast to HSA, BSA fibrillation has been
shown to be halted at the early curly stage in spite of the
enormous structural similarities with HSA, since no further
development in fibrillar structure over long incubation times
has been observed.*> On the other hand, it was also noted that
the formation of the mature fibrils in vitro is concomitant with
gelation, as occurred in the present study.® %

Conclusions

HSA has the ability to assemble into amyloid-like aggregates
under different solution conditions, i.e., under both physiological
and acidic pH at elevated temperature and different ionic
strengths. However, the fibrillation process is strongly influenced
by the latter parameter. In this way, we have analyzed the HSA
fibrillation process and its kinetics by ThT fluorescence spec-
troscopy. We observed that, at physiological pH, fibrillation is
progressively faster and more efficient in the presence of up to
50 mM NaCl due to electrostatic shielding. However, at higher
salt concentrations, an excessive shielding and further enhance-
ment of the solution hydrophobicity due to salt excess occurs,
which induces a reduction of the ThT fluorescence by (a)
decreasing the fraction of formed fibrils due to an unsuitable
energy balance to establish effective intermolecular interactions,
which favors random aggregation; (b) favoring side-to-side
adsorption between protein molecules and fibrils, which leads
to the formation fibril bundling, as observed by TEM; or (c)
blocking the ThT binding sites on the fibrils due to a reduction
in exposed surface area. Thus, there is a change in the energy
landscape of the fibrillation process. CD, FT-IR, and Trp
fluorescence spectra seem to confirm this picture by monitoring
the structural changes in both tertiary and secondary structure
along the fibrillation process. In this way, a reduction in f3-sheet
structure at large salt concentrations is also confirmed from the
analysis of far-UV CD spectra. In contrast, under acidic
conditions, a progressive enhancement of HSA fibrillation is
observed as the electrolyte concentration in solution increases.
Both the distinct ionization state and the different initial
structural state of the protein at acidic conditions (expanded
E-state) may be the origin of this behavior. On the other hand,
we have noted that the fibrillation process of HSA does not
show a lag-phase, except at acidic pH in the absence of added
salt. This involves that the initial aggregation is a downhill
process which does not require a highly organized and unstable
nucleus, with a progressive increase of the 5-sheet (up to 26%)
and an unordered conformation at the expense of the a-helical
conformation. Finally, the obtained fibrils show a curly mor-
phology and differ in length depending on solution conditions.
In fact, at acidic conditions, a progressive evolution of the
resulting fibrils can be found from a seam of [5-sheet structure
decorated by relatively disorganized o-helical structure to highly
structured fibrils, as found under physiological conditions, as
derived from CD and FT-IR data.
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Protein aggregation has a multitude of consequences ranging from affecting protein expression to its implication
in different diseases. Of recent interest is the specific form of aggregation leading to the formation of amyloid
fibrils, structures associated with diseases such as Alzheimer’s disease. These fibrils can further associate in
other more complex structures such as fibrillar gels, plaques, or spherulitic structures. In the present work,
we describe the physical and structural properties of additional supraself-assembled structures of human serum
albumin under solution conditions in which amyloid-like fibrils are formed. We have detected the formation
of ordered aggregates of amyloid fibrils, i.e., spherulites which possess a radial arrangement of the fibrils
around a disorganized protein core and sizes of several micrometers by means of polarized optical microscopy,
laser confocal microscopy, and transmission electron microscopy. These spherulites are detected both in solution
and embedded in an isotropic matrix of fibrillar gels. In this regard, we have also noted the formation of
protein gels when the protein concentration and/or ionic strength exceds a threshold value (the gelation point)
as observed by rheometry. Fibrillar gels are formed through intermolecular nonspecific association of amyloid
fibrils at a pH far away from the isolectric point of the protein where protein molecules seem to display a
“solid-like” behavior due to the existence of non-DLVO (Derjaguin—Landau—Verwey—Overbeck) intermo-
lecular repulsive forces. As the solution ionic strength increases, a coarsening of this type of gel is observed
by environmental scanning microscopy. In contrast, at pH close to the protein isoelectric point, particulate
gels are formed due to a faster aggregation process, which does not allow substantial structural reorganization
to enable the formation of ordered structures. This behavior also additionally corroborates that the existence
of particulates might also be a generic property of all polypeptide chains as amyloid fibril formation under

suitable conditions.

Introduction

A number of neurodegenerative diseases have been related
to protein aggregation and deposition in the form of amyloid
fibrils, such as type II diabetes, Alzehimer’s, Parkinson’s,
Huntington’s, and prion diseases amongst others.!™® A wide
range of proteins is known to misfold and aggregate in mildly
or hard denaturating conditions as amyloid fibrils provided that
the ability to fibrillate is independent of the original native
structure of the protein, whose amino acid sequence primarily
appears to play a key role in terms of filament arrangement,’
fibrillation kinetics,® and overall yield and stability of the
fibrils.”!® These fibrils have been found to be based on a
common structural motif consisting of continuous intermolecular
[3-sheets which run along the fibril axis such that the individual
B-strands are perpendicular to the fibril axis.!!

Under certain conditions, protein fibrils can further associate
either nonspecifically such as in fibrillar gels or plaques or in a
more ordered fashion such as in spherulites.'>”'® Tt is known
that fibrillar gels are formed by protein aggregation if the protein
concentration exceeds a given critical value under conditions
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where protein molecules are partially denaturated (as at high
temperatures) and electrically charged (this is, far away from
their isolectric point) upon incubation, i.e., under conditions
where fibrillation can occur. Nevertheless, the correspondence
between fine strand gels and amyloid fibril structure was
established recently.!”? In contrast, by decreasing the inter-
molecular repulsion through shifting the solution pH to values
near the protein isoelectric point, or by increasing the solution
ionic strength the gel networks are comprised of particulate
aggregates.

On the other hand, for systems where fibrillar protein aggregates
and gels are formed, the strands can further associate in a more
ordered fashion such as spherulitic structures. These are character-
ized by the presence of anisotropic material ordered in a spherically
symmetric way. This gives rise to the appearance of a Maltese
cross extinction pattern when these structures are studied under a
polarized light microscope, much in the same way as spherulites
formed by synthetic polymers,?"*? natural polymers, and biopoly-
mers.?*~ In solutions in vitro, spherulites have been reported for
different synthetic and natural peptides,'"**3" and have also usually
been associated to the amyloid-like formation pathways of
several proteins such as -lactoglobulin,?**!? o-L-iduronidase,*
lysozyme,' and insulin.'®3* Spherulites were also found in vivo
in Alzheimer’s disease, Gerstmann—Straulsler—Scheinker dis-
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ease, Down’s syndrome,* and in tumors.**3” Thus, the formation
of fibrillar structures may not be the end of the aggregation
process, and proper knowledge of the nature and structure of
these supramolecular assemblies may have important implica-
tions in different fields such as medicine,>**~37 food industry,**%
or biomaterials.*®

In recent reports,*"** we have shown that partially destabilized
human serum albumin (HSA) molecules form amyloid-like
fibrils under different solution conditions. These fibrils feature
the structural characteristics for amyloids: X-ray diffraction
patterns, affinity to Congo Red and Thioflavin T dyes, bire-
fringence, and high stability. Nevertheless, different fibrillation
pathways, fibrillation kinetics, and structural intermediates and
morphological differences in the resulting fibrils were observed
depending on the incubation conditions.*?

In this paper, we extend our previous studies in order to
explore the solution conditions which enable the formation of
different supramolecular assemblies of HSA amyloid-like fibers,
and the structure of these resulting assemblies. To do that,
extensive incubation of HSA solutions of pH 2.5, 5.5, and 7.4
at elevated temperature and ionic strengths ranging from 0 to
250 mM NaCl was made, and the resulting protein assemblies
were analyzed by optical, confocal, transmission electron,
environmental scanning electron, and atomic force microscopies,
rheometry, and attenuated reflectance Fourier transform infrared
(ATR-FTIR) and fluorescence spectroscopies. We have observed
that spherulitic formation takes place under conditions where
amyloid fibrils were previously present. The spherulites possess
a radial arrangement of the protein fibrils around a disorganized
protein core and sizes of 5—50 um. In addition, different types
of gels were also obtained upon extensive incubation under
different solution conditions, either with fibrillar or particulate
structure. Fibrillar gels that form at a pH far from the isoeletric
point of the protein display a “solid-like” behavior and are
formed through intermolecular nonspecific association of amy-
loid fibrils. A coarsening of these gels occurs when the solution
ionic strength increases. When the solution pH is close to the
protein isoelectric point, particulate gels are formed. These
originate from a faster protein aggregation which does not allow
the necessary structural reorganization to enable the formation
of more ordered structures.

4142

Materials and Methods

Materials. Human serum albumin (70024-90-7) and Thiofla-
vin T (ThT) were obtained from Sigma Chemical Co. and used
as received. All other chemicals were of the highest purity
available.

Preparation of HSA Solutions. Protein was used after further
purification by liquid chromatography using a Superdex 75
column equilibrated with 0.01 M phosphate. Experiments were
carried out using double distilled, deionized, and degassed water.
The buffer solutions used were glycine + HCI (/ = 0.01 M)
for pH 2.5, sodium acetate—acetic acid for pH 5.5 (/ = 0.01
M), and sodium monophosphate—sodium diphosphate for pH
7.4 (I =0.01 M), respectively. HSA was dissolved in each buffer
solution to a final concentration of typically 20 mg/mL if not
otherwise stated, and dialyzed extensively against buffer solu-
tion. Protein concentration was determined spectrophotometri-
cally, using a molar absorption coefficient of 35219 M~ cm™!
at 280 nm.*? Prior to incubation, solutions were filtered through
a 0.2 um filter into sterile test tubes. Samples were incubated
at a specified temperature (65 °C) for up to 15 days in a refluxed
reactor if not otherwise stated. Samples were taken out at
intervals and stored on ice before adding ThT.

Judrez et al.

Polarized Optical Microscopy (POM). After incubation,
aliquots of protein solutions were removed from the vials and
put onto microscope slides. These were immediately studied
using a Zeiss Axioplan optical microscope (Carl Zeiss Ltd.,
Welwyn Garden City, U.K.). A total magnification of either
50x or 100x was used. A polarizer and analyzer were put in
fixed positions, orthogonal to one another for the cross-polarizer
imaging. Images were taken using a Kodak digitial camera
mounted on the top of the microscope. The size of the
spherulites seen in the images was determined by calibrating
with a scale bar of known dimensions and thereby quantifying
the spatial resolution per pixel image.

Laser Confocal Microscopy. Confocal microscopy was
performed on a Leica TCS SP2 confocal system mounted on a
Leica DM-IRE2 upright microscope, using a 40x objective. For
fluorescence measurements, Thioflavin T was added to spheru-
litic solutions and excited using the 458 nm line of an argon
ion laser. Simultaneously, transmission images were obtained
with crossed polarizers in place using the 633 nm line of a
He—Ne laser.

Thioflavin T Spectroscopy. Protein and ThT were dissolved
in proper buffer at a final protein—dye molar ratio of 50:1.
Samples were continuously stirred during measurements. Fluo-
rescence was measured in a Cary Eclipse fluorescence spec-
trophotometer equipped with a temperature control device and
a multicell sample holder (Varian Instruments Inc.). Excitation
and emission wavelengths were 450 and 482 nm, respectively.
All intensities were background-corrected for the ThT fluores-
cence in the respective solvent without the protein. Data from
at least three different separate experiments were averaged and
normalized on a scale from 0 to 1.

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR). ATR-FTIR spectra of HSA in
aqueous solutions were determined by using a FTIR spectrom-
eter (model IFS-66v from Bruker) equipped with a horizontal
ZnS ATR accessory. The spectra were obtained at a resolution
of 2 cm™!, and generally 200 scans were accumulated to get a
reasonable signal-to-noise ratio. Solvent spectra were also
examined using the same accessory and instrument conditions.
Each different sample spectrum was obtained by digitally
subtracting the solvent spectrum from the corresponding sample
spectrum. Each sample solution was repeated three times to
ensure reproducibility and averaged to produce a single spectrum.

Transmission Electron Microscopy (TEM). Suspensions of
HSA were applied to carbon-coated copper grids, blotted,
washed, negatively stained with 2% (w/v) phosphotungstic acid,
air-dried, and then examined with a Phillips CM-12 transmission
electron microscope operating at an accelerating voltage of 120
kV. Samples were diluted between 20—200-fold and sonicated
when needed prior to deposition on the grids.

Environmental Scanning Electron Microscopy (ESEM).
Suspensions of HSA were applied to glass-coated stainless steel
grids, blotted, washed, air-dried, and then examined with an
LEO-435 VP scanning electron microscope (Leica Mycrosys-
tems, Cambridge, U.K.) operating at an accelerating voltage of
20 kV. Samples were diluted when needed prior to deposition
on the grids. Samples were left to equilibrate at 2 °C. A few
drops of distilled and deionized water were place around the
sample. The chamber was flooded repeatedly with water vapor
and the pressure subsequently reduced to ~5 Torr. Further
decreases in pressure led to evaporation of water and drying of
the samples.

Atomic Force Microscopy (AFM). AFM images were
recorded in the tapping mode by using an AFM XE100
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instrument (PSIA Inc., Seoul, Korea) equipped with a rigid
silicon cantilever of nominal spring constant of about 40 mN/m
and resonant frequency of 325 kHz. Immediately after incuba-
tion, protein samples were diluted 20—400 times onto freshly
cleaved muscovite mica (from Sigma Chemical Co.) attached
to a magnetic steel disk which served as a sample holder. The
abrupt dilution of the samples immediately quenches the
concentration-dependent aggregation process. The AFM samples
were dried in air or under nitrogen flow when required. Control
samples (freshly cleaved mica, mica and buffer solution) were
also investigated with AFM to exclude possible artifacts.
Topography and phase-shift data were collected in the trace and
retrace direction of the raster, respectively. The offset point was
adapted accordingly to the roughness of the sample. The scan
rate was tuned proportionally to the area scanned and kept within
0.35—2 Hz range.

Rheometry. The rheological properties of the samples were
determined using a Bohlin CS10 rheometer with water bath
temperature control. Couette geometry (bob, 24.5 mm in
diameter, 27 mm in height; cup, 26.5 mm in diameter, 29 mm
in height) was used, with a 2.5 cm® sample being added to the
cup in the mobile state. Samples of very high modulus were
investigated using cone-and-plate geometry (diameter 40 mm,
angle 4°). A solvent trap maintained a water-saturated atmo-
sphere around the cells. Frequency scans of storage (G’) and
loss (G”") moduli were recorded for selected protein concentra-
tions and temperatures with the instrument in the oscillatory
shear mode and with the strain amplitude (A) maintained at a
low value (A < 0.5%) by means of the autostress facility of the
Bohlin software. This ensured that measurements of G’ and G”
were in the linear viscoelastic region. Measurements on solutions
of low modulus (G = 1—10 Pa) which fell outside the range
for satisfactory autostress feedback were rejected.

Results and Discussion

Human serum albumin consists of 585 amino acids in a single
polypeptide chain, with a globular structure composed of three
main domains that are loosely joined together through physical
forces and six subdomains that are wrapped by disulfide bonds.
The protein contains 17 disulfide bridges and one free SH group.
Most of the HSA sequence (>60%) is arranged in a-helix
structure, with the subsequent tightening of its structure through
intramolecular interactions such as hydrogen bonds. Neverthe-
less, amyloid-like formation of HSA has been reported under
different solution conditions.*'*> HSA fibril formation usually
takes place in the absence of a lag phase, and the resulting fibrils
share the common structural features of “true” amyloid fibrils,
although their final morphology depends on the incubation
conditions.*?

Spherulite Formation and Characterization. The propen-
sity for spherulite formation was investigated by using optical
and confocal microscopy at pH 2.5, 5.5, and 7.4 at 65 °C upon
incubation in the presence of NaCl in the range 0—250 mM.
We have observed that spherulitic structures are found under
conditions where HSA fibrils were previously detected,*? that
is, at physiological pH and under acidic conditions in the
presence of the highest added salt concentrations (100—250 mM
NaCl). Although data were not collected quantitatively, the
highest density of spherulites was observed at pH 7.4 in the
presence of 50 mM NaCl, and at acidic pH in the presence of
250 mM. This agrees with the maximum efficiency of fibril
formation previously reported.*> In this regard, it has been
previously found*! that at both physiological pH and temperature
fibril formation is disfavored at high ionic strengths due to an
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excesive shielding of repulsive electrostatic forces, which
involves an increase in rapid random protein aggregation. In
contrast, under acidic conditions fibril formation is continuosly
enhanced as the added salt concentration increases. This
difference has been assigned to the different nature and structure
of the protein precursor states, which leads to different fibril-
lation rates, fibril conversion extents, fibrillation pathways, and
structures of resulting fibers.**~* In addition, no differences were
observed between the spherulites obtained in the various samples
studied regardless of the incubation conditions.

Analysis of the solutions at both pH 2.5 and 7.4 by polarized
optical microscopy allowed us to observe the presence of
classical Maltese cross extinction patterns (Figure 1a) as a key
mark of the presence of spherulites. This type of pattern was
not observed at pH 5.5. The observed spherulites possess sizes
ranging from 5 to 50 #m. In addition, the test tubes when placed
between crossed polarizers showed birefrigence from spherulites
in the samples (not shown). Spherulitic structures are detected
both in solution prior to gelification and embedded in an
isotropic gel matrix after gelification. It should also be noted
that nonspherulitic areas of the sample, which may contain fibrils
not assembled into spherulites, are not visibly birefringent,
indicating that polypeptide chains in this region are unoriented.
Similar spherulitic occurrences in protein gels were also found,
for example, for whey proteins,’ B-lactoglobulin,?3° and
insulin.?>%

To confirm that the spherulites contain amyloid fibrils, they
were imaged by confocal microscopy using ThT as the
fluorescent dye, whose fluorescence is known to increase
markedly upong binding to amyloid fibrils.*® In confocal mode,
the fluorescence emission was observed to come from the
spherulites (Figure 1b), which confirms they are composed of
amyloid fibers.* Confocal microscopy in transmission mode
resulted in an image similar to that obtained with an optical
microscope (Figure Ic), clearly displaying the presence of
spherulites as Maltese cross patterns of comparable sizes to those
observed by optical miscroscopy. The nonordered and nonfluo-
rescent core is probably due to nonpenetration of ThT. As this
core is present even after extensive incubation in the presence
of the dye, a more feasible explanation is the absence of
significant amounts of amyloid material in this core, that is, it
is formed before spherulitic growth takes place due to an
interplay between amyloid fibrillation and protein random
aggregation.'® Aliquots of spherulitic solutions were also added
to solutions containing ThT. The enhanced fluorescence relative
to solutions of ThT and ThT containing freshly dissolved HSA
additionally proved the presence of amyloid structures forming
the spherulites (see Figure 1d).

To reveal the orientation of the fibrils within the spherulites,
insertion of a waveplate at 45° angle to the cross polars provided
confirmation of this radial arrangement (see inset in Figure la).
The four quadrants in the spherulites are now colored. The
appearance of the blue color indicates that the fast optical axis
of the spherulites is aligned with the fast optical axis of the
wave retardation plate.* The slow direction within the spherulite
is the radial direction and, therefore, indicates that the fibrils
lie radially within the spherulites, as seen previously for other
proteins such as p-lactoglobulin, 32  q-1-iduronidase,*
lysozyme,'® and insulin.'®3* Figure le shows that out from the
core the radially oriented internal structure appears to be strands
of fibril bundles (because individual fibrils are too narrow to
be seen optically) with slight curvature to their orientation and
without obvious branching. This is particularly viewable at the
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Figure 1. (a) Optical microscopy images of grown spherulites of HSA at pH 7.4 in the absence of added NaCl at 65 °C after 72 h of incubation
under cross-polarizers. The inset indicates the radial arrangement of fibrils through insertion of a waveplate at 45° between the polarizers. (b)
Fluorescence image in the confocal mode of spherulites using ThT as a probe. (c) Confocal image in the transmission mode of spherulites between
cross-polarizers. (d) ThT fluorescence upon incubation in a solution without HSA, containing native HSA and containing spherulites. (e) Optical
microscopy image of HSA spherulites without polarizers. Scale bars are (a) 50, (b) 200, and (c and e) 100 xm.

outer edges of the spherulites, where the fibril bundles are
slightly separated from one another.

The spherical morphology of spherulites was also observed
by ESEM (see Figure 2), with sizes similar to those derived
from optical and confocal microscopy. Their surface appears
to have a texture on the length scale of several micrometers
but shows no obvious orientational order. Some cracks on the
particle surface appeared as a consequence of the dehydration
process in ESEM. Unfortunately, we could not observe if the
spherulites formed display a radial internal order, since internal
cracking of spherulitic structures was not achieved.

Direct measurement of spherulitic solutions was not posible
by TEM provided that a film was formed on the grids which
do not allow visualization. In this way, dilution and sonication
of the spherulitic solutions were performed in order to inves-
tigate the samples by TEM. This treatment resulted in the
disruption of the spherulites and the appearance of amyloid-
like fibril structures, as seen in Figure 2d. This fact further
confirms that spherulites are mainly composed of amyloid fibrils.

Gel Formation and Characterization. Prolonged incubation
of solutions containing 0.3 mM HSA (or 0.8 mM where
corresponds) at either pH 7.4, 5.5 or 2.5 at 65 °C in the presence
of different amounts of added salt leads to the formation of
gels. In this work, we have only analyzed solution conditions
previously studied for amyloid fibril formation.*'*? Significant
differences were observed in the association properties of the

different protein solutions. In this way, we have observed that
at pH 7.4 and 5.5 gels were formed at electrolyte concentrations
larger than 20 mM with gelation times decreasing from several
days to hours as the solution ionic strength increases (or the
protein concentration rises). On the other hand, under acidic
conditions gels were only formed at the highest electrolyte
concentration analyzed, 250 mM NaCl at 0.3 mM HSA. In
general, it seems that gel formation is favored by the screening
of electrostatic interactions between protein molecules, which
favors protein aggregation.**® Nevertheless, protein interactions
at acidic pH are weaker than those at physiological pH due to
the initial different conformational state of the protein (Expand-
ed-E state under acidic conditions), which imparts a larger
solubility to the acid-denaturated protein molecules as a result
of electrostatic repulsion between them due to an increase of
surface-charged groups.

Figure 3a shows cure curves (G, the storage modulus, versus
time) for gelling HSA solutions at pH 7.4, 5.5, and 2.5 in the
presence of 100 mM NaCl at 65 °C. To follow the protein
gelation in a suitable time scale for the experiment, we increased
the protein concentration up to 0.8 mM. The obtained cure data
are typical of a sol—gel transition of biopolymer solutions: The
elastic component of the shear modulus starts small but
undergoes a sudden increase at a critical time and, then,
ultimately almost levels off at longer times. For pH 7.4 and
2.5, the behavior is similar to that expected for a strongly gelling
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Figure 2. (a—c) ESEM images of different HSA spherulites incubated at pH 7.4 at 65 °C in the absence of added electrolyte along dehydration.
Progressive dehydration allows a better visualization of the spherulites. In part ¢, some surface cracking can be observed. The scale bars are 200,
100, and 50 um in parts a, b, and c, respectively. (d) TEM image of HSA fibrils obtained after disruption of grown spherulites by extensive

sonication.
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Figure 3. (a) G’ versus time (cure data) for a 0.8 mM HSA solution
heated at 65 °C at pH (H) 7.4, (@) 2.5, and (2) 5.5 in the presence of
100 mM NaCl. (b) Time evolution of storage (G’, O) and loss (G”, B)
moduli of a 0.8 mM HSA solution heated at 65 °C and pH 7.4 in the
presence of 100 mM NaCl.

biopolymer solution, with the divergence between G’ and G”
becoming larger with time and G” < G’. Another feature of
these cure curves is the “dip-down” in the modulus at long times,
which may be indicative of slippage of the gel samples.'?
Interestingly, G’, though small initially at both pHs, was larger
than G” (the loss modulus) even before the gelling point (see
Figure 3b as an example). This “solid-like” behavior of the
starting protein solutions has been ascribed to colloid-like
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Figure 4. Frequency depedence of the storage (G’, closed symbols)
and loss (G”, open symbols) moduli of a 0.8 mM HSA solution at pH
(@) 7.4, (W) 2.5, and (A) 5.5 in the presence of 100 mM NaCl at 65
°C.

structuring in the pregel solution due to nonclassical DLVO
forces.”™! This is indicative of a different self-assembly
mechanism and/or kinetics if compared to what was observed
at pH 5.5, for which G” > G’ at short incubation times. At the
latter pH, faster aggregation takes place since enhanced protein/
protein interactions are favored due to the proximity of the
solution pH to the protein isoelectric point. It has been pointed
out that rapid formation of an appreciable amount of intermo-
lecular 3-sheets favored by protein/protein interactions> involves
very compact structures which precipitate, thereby limiting the
amount of protein available to form protein/water networks
necessary for robust gel formation®® as in the present case. This
fact is also corroborated comparing the lower G’ values at pH
5.5 to those obtained at pH 7.4 and 2.5.

Figure 4 shows the corresponding frequency spectrum of G
and G” for the gels after completion of the cure experiment.
Samples at pH 2.5 and 7.4 show typical gel spectra. G’ is
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Figure 5. (a and b) ESEM and (c) AFM images showing progressive coarsening of fibril strands of HSA gels after incubation at 65 °C at pH 7.4
in the presence of 20, 100, and 250 mM NaCl, respectively (scale bars in parts a and b are 10 and 5 um, respectively; AFM image size is 5 um
X 5 um). (d) TEM and (e) AFM images of fibrils from coarsed HSA gels after disruption by dilution and sonication at physiological pH (AFM
image size is 5 um x 5 um). (f and h) AFM and (g) ESEM images of particulate gels of HSA at pH 5.5 after incubation at 65 °C in the presence
of 20 (f and g) and 150 mM NaCl (h) (scale bar in part g is 2 um; AFM image size is 5 um x 5 um).

essentially frequency-independent, so we can assert that the
storage moduli will have a finite value at very long times (low
frequencies); i.e., it confirms the solid-like properties consistent
with the development of a network, as previously commented.
On the other hand, G’ values at physiological pH are larger than
those at acidic pH, which denotes the formation of a stiffer gel.
This is also supported by the essentially frequency-independent
behavior of G” at pH 7.4. In contrast, under acidic conditions,
a slight minimum in G” can be observed, which becomes much
more intense at pH 5.5. This minimum at pH 5.5 can be assigned
to molecular packing,>* and is in agreement with the lower G’
values, the frequency-dependent behavior, and the particulate
structure of the gels formed at this pH, as seen below.

Figure 5 shows ESEM and AFM images of the gels formed
at pH 7.4, 55, and 2.5 at different ionic strengths. For

physiological conditions after incubation at 65 °C in the presence
of 20 mM NaCl, a fibrillar gel formed by fine strands can be
observed (Figure 5a). These strands are formed by intercon-
nected amyloid-like fibrils as denoted by the cross-f pattern
derived from XRD analysis (see Figure S1 in the Supporting
Information), and in agreement with the rheology data. More-
over, upon strong dilution and sonication the strands dissociate
into fibrils which showed a predominant curly morphology, as
observed previously for HSA*? and other proteins such as
3, microglobulin,® a-crystallin,® or bovine serum albumin
(BSA).”” Nevertheless, some mature straight fibrils and ribbon-
like structures could also be observed (see Figure S2 in the
Supporting Information).

When the ionic strength is increased at pH 7.4 up to 250
mM NaCl, a coarsening of the gel is progressively observed,
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with the presence of relatively long, large, and thick aggregates
which seem to be composed, at least partially, of globular
aggregates (Figure 5b and c). Additionally, the size of the
elementary particles appeared to be larger than those formed at
lower added salt concentrations. A similar picture was observed
for the gel formed at acidic pH (not shown). Therefore, a
transition from fine-stranded to coarse gels with increasing ionic
strength seems to be caused mainly by kinetic effects without
accompanying fundamental changes in aggregation mecha-
nisms.*® After extensive dilution and sonication, rupture of these
types of aggregates in a variety of fibrillar structures rather than
in smaller spherical aggregates was observed by TEM and AFM
(see Figure 5d and e), as seen in previous studies.” The length
of the fibrils varies between 0.1 and 1—2 um with a thickness
of 15—30 nm.

In contrast, at pH 5.5 a network of quasipherical protein
aggregates surrounded by liquid is formed; i.e., we observed a
particulate gel (see Figure 5f—h). The particle size varies
between ~300 and ~500 nm, which increases as the ionic
strength increases. This leads to fused long and thick aggregates
possibily composed of several particulates. In this regard, it has
been speculated that intermolecular disulfide bonding is involved
in connecting protein molecules within the particulates and that
the connections among them is a nonspecific physical cross-
linking without any specific connective sites.’*%° ESEM also
indicates that an amount of residual monomeric protein was
left in the solutions (Figure 5g) and deposited between the
particulates. This gives the appearance of connected particulates
and, sometimes, apparently amorphous films. As commented
above, shifting the pH toward the isoelectric point decreases
the intermolecular electrostatic repulsion. This implies that
aggregation becomes faster, preventing the formation of highly
ordered nanostructures such as amyloid-like fibrils, but globular
shapes are formed.

Thus, it seems that the gelation of HSA is also pH-dependent
and the structures which form the gel depend on the solution
conditions. In this regard, in a recent report the capability of
several proteins such as f-lactoglobulin, BSA, insulin, and
lysozyme among others to form either fibrillar or particulate
gels under partially denaturing conditions but at different pHs
has been confirmed.®’ This suggests that the formation of
particulates can be a generic property of all polypeptide chains
like amyloid fibrillation is. In this way, the results reported in
this work support this view.

Finally, in order to investigate the internal structure of the
fibrillar and particulate gels, attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) measurements
were made. All spectra were well resolved with clearly
distinguishable secondary structure signatures. In this way,
before incubation two major bands peaks in the second
derivative IR spectra in the spectral region of interest were
observed at pH 7.4: the amide I band at 1652 cm™' and the
amide II band at 1544 cm™!. This indicates the predominant
structural contribution of major o-helix and minor random coil
structures.®>%* For the amide I band (see Figure 6a), a shoulder
at ca. 1630 cm™! can also be observed in the second derivative
spectra, which is related to a low intramolecular 5-sheet content.
Additional peaks at ca. 1689 and 1514 cm™! would correspond
to B-turn and tyrosine absorption, respectively.%3 As the pH is
lowered, the remaining presence of the amide I and II bands
confirms that there is still a significant amount of a-helices,
even at the most acidic pH (see Figure 6a).

Following incubation at 65 °C and formation of the gel at
pH 7.4, a red-shift of the amide I band from 1652 to 1658 cm ™"
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Figure 6. Second derivative of FTIR spectra of HSA samples formed
at (a) pH 2.5, (b) pH 5.5, and (c) pH 7.4 in the presence of 50 mM
NaCl (—) before and (+++) after incubation and gelation at 65 °C.

(1650 to 1656 cm ™" at acidic pH) and a blue-shift of the amide
11 band to 1542 cm™! (1540 cm™! for pH 2.5) is indicative of a
certain increase of disordered structure (see Figure 6b). The
appearance of a well-defined peak around 1625 cm™' (1624
cm™! for pH 2.5) points to a structural transformation from an
intramolecular hydrogen-bonded f-sheet to an intermolecular
hydrogen-bonded-{3-sheet structure,** which is a structural
characteristic of the amyloid fibrils. The spectrum also shows
a high frequency component (~1693 cm™!) that would suggest
the presence of an antiparallel 5-sheet.% In addition, a small
shoulder around 1534 cm™' was also assigned to a f3-sheet.®®

In the case of particulate gels formed under incubation at 65
°C at pH 5.5, we could also observe a decrease and shift to
1657 cm™" of the amide I band and an increase in the content
of f3-sheet conformation. This is indicated by the enhancement
of the intensity and further shift of the band positioned around
1626 cm™!, in agreement with previous reports (see Figure
6¢).51678 In addition, the proportion of 3-sheet content is lower
than that at pH 7.4 and 2.5. This corroborates that the
aggregation near the protein isoelectric point takes place faster
and nonspecifically which decreases the likehood of substantial
structural rearrangements during the aggregation process. In
contrast, amyloid fibrils and fibrillar gels resulted from partially
highly charged unfolded states,*'*> which involve long-range
repulsion and slow aggregation occurring only when substantial
structural reorganization allows the formation of a favorable
structure, the cross-f structure. In fact, when excess electrolyte
is added, aggregation becomes faster and the proportion of
p-sheet structure decreases due to an enhancement of the
aggregation rates.*®

Conclusions

In this work, we have described the existence of su-
prafibrillar assemblies formed by the protein human serum
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albumin under different solution conditions: spherulites and
fibrillar gels. Under conditions where amyloid-like fibrils for
this protein were previously detected, that is, upon incubation
at 65 °C at both acidic and physiological pH in the presence
of different amounts of added electrolyte, spherulite formation
was detected. Within spherulites, fibrils display a radial
arrangement around a disoganized protein core with sizes of
several micrometers, as revealed by POM and confocal
microscopy. The spherulites are detected both in solution and
embedded in an isotropic matrix of a fibrillar gel. Upon
extensive incubation under increasingly added electrolyte and/
or protein concentration, gels are formed. Under conditions
where the protein is electrically charged, fibrillar gels were
observed. In contrast, at a pH close to the protein isolectric
point, particulate gels were observed. Fibrillar gels are formed
through intermolecular nonspecific association of amyloid
fibrils at a pH far away from the isolectric point of the protein,
as observed by TEM, AFM, and ATR-FTIR. For these types
of gels, the protein molecules seem to display a “solid-like”
behavior due to the existence of non-DLVO intermolecular
repulsive forces, as observed by rheometry. As the solution
ionic strength increases, a coarsening of this type of gels is
observed as seen by AFM, with a decrease in the elastic
response. In contrast, at pH 5.5, particulate gels are present
as a consequence of a faster protein aggregation which does
not allow the necessary structural reorganization to enable
the formation of more ordered structures such as fibrils, as
observed by their shorter gelation times and the frequency-
dependent behavior of the loss modulus. On the other hand,
the formation of particulate gels with HSA also confirms the
possibility that this type of structure may be a generic
property of the polypeptide chains under suitable solution
conditions.
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In this work, we have studied the fibrillation process of human serum albumin (HSA) under different
solution conditions. In particular, aggregation kinetics, fibril morphology, and composition structural
changes were investigated at varying experimental conditions such as pH (2.0 and 7.4), temperature (at 25
and 65 °C), and solvent polarity (ethanol/water mixtures, 10 — 90% v/v). The characterization was carried
out by means of static and dynamic light scattering (SLS and DLS), ThT fluorescence, circular dichroism
(CD) and Fourier Transform Infrared spectroscopies (FT-IR), and transmission electron microscopy
(TEM). The aggregation process and the o-helix to B-sheet transitions were found to be favored by
temperature and physiological pH. Also, pH was observed to influence both the fibrillation pathway and
aggregation Kinetics, changing from a classical fibrillation process with a lag phase under acidic
conditions to a downhill polymerization process at physiological pH in the presence of the alcohol.
Regarding protein structural composition, at room temperature and physiological pH ethanol was found to
promote an a-helix to B-sheet conformational transition at intermediate alcohol concentrations, whereas at
low and high ethanol contents a-helix prevailed as the predominant structure. Under acidic conditions,
ethanol promotes an important fibrillation at high cosolvent concentrations due to screening of electric
charges and a decrease in solvent polarity. On the other hand, important differences in the morphology of
the resulting fibrils and aggregates are observed depending on the solution conditions. In particular, the
formation of classical amyloid-like fibrils at physiological pH and high temperature are observed, in
contrast to the usual curly morphology displayed by HSA fibrils under most of solution conditions.
Although high temperature and pH are the main parameters influencing the protein structure
destabilization and subsequent aggregation upon incubation, ethanol helps to regulate the hydrogen
bonding, the attractive hydrophobic interactions, and the protein accessible surface area, thus, modifying
packing constraints and the resulting aggregate morphologies.

Introduction

50

From a general perspective, amyloid fibril formation present
pros and cons regarding different approaches such as human
health or technological development. On one hand, amyloid
fibrils are recognized as high-performance protein nanomaterials
with a formidable rigidity;*® on the other, amyloidosis, the
clinical condition in which amyloid fibrils form from innocuous
soluble proteins, has been found to be involved in diverse
pathological responses as observed in various neurodegenerative
disorders including Alzheimer’s, Parkinson’s, and prion diseases
amongst others.>® The elucidation of the underlying molecular
mechanisms for fibril formation would result not only in the
development of strategies for the treatment of amyloidosis-related
disorders but also in the design of new biomaterials for future
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Materia Condensada, Facultad de Fisica, Universidad de Santiago de
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applications in the area of nanobiotechnology.

Concerning protein folding and its repercussion on amyloid
fibril formation, it has been demonstrated that fibrillation may
proceed from different protein conformations including

ss completely/partially unfolded®*! or fully folded states, >
although the essential nature of the resulting amyloid fibrils can
be largely independent of the conformational properties of the
soluble precursors.®

In living organisms, the native environment of proteins is a

s complex composition of water, cosolvents and cosolutes which
affect the stability of the native protein fold.* In this way,
different experimental approaches using the addition of
cosolvents and cosolutes to mimic various cellular environments
in vitro have provided further knowledge on protein folding and

es aggregation/fibrillation mechanisms.”>%® Thereby, cosolvent-
mediated systems have revealed that differences in solvent
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properties induce solvent-adapted structural “responses” of the
aggregating protein, which leads to a structural diversity of the
resulting aggregates/fibers.**®®* In particular, alcohols are
included among the most commonly studied cosolvents. Several
studies have shown that the effects of alcohol on very different
systems and processes such as the thermal denaturation of nucleic
acids and proteins, protein folding, micellization of surfactant
molecules, or the solubility of nonelectrolytes are strikingly
similar.2*% Also, water/alcohol mixtures at moderately low pH
values have been suggested as model systems for studying the
joint action of the local decrease in both pH and dielectric
constant on the protein structure near the membrane surface;?"*
similarly, new ways of protein administration and delivery based
on inhalation systems with non-aqueous solvents as suspension
media also reinforce the necessity of clarifying how the presence
of the solvent affects the protein conformation and biological
activity.?* %

From a thermodynamic standpoint, the protein accessible
surface area (ASA), the solvent exposure of hydrophobic
residues, and a solvophobic backbone® can be taken as barriers
hampering  protein-solvent interactions.**  Therefore, the
hierarchical assembly of amyloids can perfectly be understood as
an alternative to the native packing conformational struggle of a
polypeptide chain, reducing ASA and saturating hydrogen
bonding, while a simultaneous decrease in the configurational
entropy of the protein is offset by gains in solvent entropy. The
role of hydrational forces in protein aggreation in vivo, while still
poorly understood, may be instrumental in elucidating the
molecular basis of amyloidosis and, as such, attracts considerable
interest.® In this way, the propensity for amyloid formation in
mixed solvents of different proteins as, for example, human
serum albumin (HSA), hen egg white lysozyme, bovine p-
lactoglobulin, histone H2A, insulin, and bovine trypsinogen
amongst many others, has been characterized.***® Amongst them,
HSA has been proposed as a good model for protein aggregation
studies®®* as a consequence of both its physiological
implications as a carrier protein and blood pressure regulator,
together with its propensity to easily aggregate in vitro. Previous
reports have addressed the HSA fibrillation kinetics, fibrillation
pathway, and intermediate and final protein aggregated structures
under varying pH and ionic strength solution conditions.**42
However, a detailed characterization of the aggregation/fibril
process and the structure of the resulting aggregates in mixed
solvent solutions under varying external conditions is still lacked.

In the present work, we present a detailed study on the
aggregation/fibrillation pathway of the protein human serum
albumin (HSA) in water/ethanol mixed solvent solutions at
varying pH and temperature conditions. This enables us to make
a clear comparison between the fibrillation pathway and
intermediate/final protein aggregates in the mixed solvent with
those obtained in pure aqueous solution in order to define the role
of hydrational forces on the protein fibrillation mechanism. In
fact, changes on the fibrillation mechanism from a downhill to a
nucleated-growth polymerization mechanism at acidic pH and
high temperature solution conditions are confirmed. Overall, as a
result of differences in packing depending on the solution
condition, different structures for the resulting fibrils are
observed, from classically thin and very long straight to shorter

100 Scale

and more curly fibers. In this regard, it comes as no surprise that

s0 factors favoring or disfavoring exposure of solvophobic groups
must affect thermodynamic  preferences for particular
conformations.

Materials and Methods

65
Materials.

Human serum albumin (70024-90-7), and Thioflavin T (ThT)
were obtained from Sigma Chemical Co. ThT was used as
70 received. All other chemicals were of the highest purity available.

Preparation of HSA solutions.

HSA was purified by liquid chromatography using a
7 Superdex 75 column equilibrated with 0.01 M phosphate buffer
before use. To prepare the protein solutions, increasing volumes
of ethanol were added to 1.0 mL of HSA stock solution either at
pH 7.4 (sodium monophosphate-sodium diphosphate buffer) or
pH 2.0 (glycine + HCI buffer), to get the desired ethanol
g concentration in the mixed solvent. The final protein
concentration in all cases was 10 mg/mL with ionic strength 10
mM. pH was kept constant by adding HCI or NaOH when
needed. The protein  concentration was determined
spectrophotometrically, using a molar absorption coefficient of
65 35219 M ecm? at 280 nm.*® Aliquots were added through an
electronic disperser unit Dosimat Metrohm 765. Experiments
were carried out using double distilled, deionized and degassed
water. Before incubation, solutions were filtered through a 0.2
um filter into sterile test tubes. Samples were incubated at a
o specified temperature in a refluxed reactor for 15-20 days as
required.

Light Scattering.

% DLS and SLS intensities were measured at 25 °C by means of
an ALV-5000F (ALV-GmbH) instrument working with a
vertically polarized incident light of wavelength A = 488 nm
supplied by a CW diode-pumped Nd; YAG solid-state laser
supplied by Coherent, Inc. and operated at 400 mW. The intensity

was calibrated against scattering from toluene.

Measurements were carried out at a scattering angle 6 = 90° to

the incident beam. Solutions were equilibrated for 30 min before

measurements to reach thermal stabilization. Experiment duration
was in the range of 3-5 min, and each experiment was repeated

105 two or more times. The correlation functions from DLS were

analyzed using the CONTIN method to obtain intensity
distributions of decay rates (7).* The decay rate distribution
functions gave distributions of apparent diffusion coefficient

(Dapp = F/qz,where the scattering vector q = (47ng/A)sin(€/2),

uo and ng is the refractive index of solvent) and integrating over the

intensity distribution gave the intensity-weighted average of Dapp.
Values of the apparent hydrodynamic radius (rh,app, radius of
hydrodynamically equivalent hard sphere corresponding to Dapp)
were calculated from the Stokes-Einstein equation:
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where Kk is the Boltzmann constant and 7 is the viscosity of water
at temperature T.

Thioflavin T spectroscopy.

Protein and ThT were dissolved in buffer at a final protein-
dye molar ratio of 50:1. Samples were continuously stirred only
during data acquisition intervals in order to avoid ThT deposition
onto protein aggregates/fibrils. Fluorescence was measured in a
Cary Eclipse fluorescence spectrophotometer equipped with a
temperature controller and a multi-cell sample holder (Varian
Instruments Inc.). Excitation and emission were at wavelengths of
450 and 482 nm, respectively. All intensities were background-
corrected for the ThT-fluorescence in the respective solvent in the
absence and presence of monomeric HSA at pH 7.4 and 2.0.

Circular Dichroism (CD).

20

Far-UV circular dichroism (CD) spectra were obtained using
a JASCO-715 automatic recording spectropolarimeter with a
JASCO PTC-343 Peltier-type thermostated cell holder. Quartz
cuvettes with 0.2 cm pathlength were used. The protein
concentration was reduced to 0.1 mg/mL in order to avoid light
scattering effects as much as possible due to protein aggregation.
CD spectra were obtained from aliquots withdrawn from the
aggregation mixtures at the indicated conditions after incubation,
and recorded at wavelengths between 195 and 300 nm at 25 °C.
The mean residue ellipticity & (deg cm? dmol™?) was calculated
according to: 6=(Bobs/10)/(MRM/Ic), where 6Oy is the
observed ellipticity (in deg), MRM is the mean residue molecular
mass (in g mol™), | is the optical path-length (in cm), and c is the
protein concentration (in g ml™). The secondary structure of the
protein was calculated from far-UV CD spectra by running the
SELCON3, CONTIN, and DSST programs within the
DICHROWERB server.**“ Final results were assumed when data
generated from all programs showed convergence.

Transmission electron microscopy (TEM).

HSA solutions were applied to carbon-coated copper grids,
blotted, washed, negatively stained with 2% (w/v) of
phosphotungstic acid, air dried, and then examined with a Phillips
CM-12 transmission electron microscope operating at an
accelerating voltage of 120 kV. Samples were diluted between
20-200-fold prior deposition onto the grids.

Results and Discussion
50
To induce HSA aggregation and subsequent amyloid
formation we use 10 mg/mL HSA solutions at either pH 7.4 or
pH 2.0 and ionic strength of 10 mM. At pH 7.4 the protein is in
its native state whereas at pH 2.0 it is in its E-expanded one,
ss Which is characterized by a separation of domain Il and a loss of
the intradomain helices of domain 1.*” Monomer sizes and
structural compositions were similar to those previously
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reported.”® Samples were prepared by adding specified volumes
of protein stock solutions and different amounts of ethanol, which
has been shown to destabilize both the secondary and tertiary
structures of HSA;® subsequently, samples were incubated at
room or elevated temperature (65 °C, above the melting
temperature of HSA)*®*° to induce further protein structural
changes and aggregation.

Aggregate formation.

The formation of HSA aggregates and their aggregation
kinetics were firstly analyzed by SLS. Figure 1 shows the time
evolution of the scattered light intensity of HSA samples at
varying pH, temperature and alcohol content conditions upon
incubation. Different curve profiles are obtained depending on
incubation conditions.

At physiological pH (Figure 1la-b), the plots reflect a quick
increase in the scattered intensity at short incubation times, which
denotes the fast formation of protein aggregates. SLS plot profiles
suggest a mechanism of continuous protein aggregation (in
particular, a continuous fibrillation process as later confirmed by
ThT, CD and TEM data) without a nucleation step, as denoted the
absence of a lag phase in the early periods of incubation (see inset
in Figure 1a). In addition, the absence of a faster aggregation
process when protein seeds (i.e. protein aggregates) are added to
protein solutions followed by subsequent incubation, and the
decrease in the aggregation rate if the starting protein
concentration is lowered (see Figure S1 in ESI) further indicate
that under the present conditions HSA aggregation occurs by
means of a classical coagulation or downhill polymerization
mechanism, i.e. each protein monomer association is bimolecular,
effectively irreversible and thermodynamically favorable, so that
there is no energy barrier to impede aggregate growth.®® A similar
behavior has been previously obtained in the absence of
alcohol.*%#2%951 ThT fluorescence data confirmed similar trends
as those observed by SLS (see Figure S2). High values of ThT
fluorescence point to an important formation/gain of B-sheet
structure along the protein aggregation process, which is a first
evidence of the possible formation of HSA fibrils during the
aggregation process,*” as further confirmed below by CD and
TEM techniques.

Also, under physiological conditions we observe that as the
ethanol concentration increases up to 60% (v/v) the formation of
more numerous and/or bulkier protein aggregates takes place as
derived from both the increments in scattered intensities —
proportional to protein concentration and molecular weight
(Figure 1a,b), and the shifts of the aggregate size distributions to
larger values (see Figure 2a-b below). The clustering of alcohol
molecules and the enhancement of alcohol-water interactions at
intermediate ethanol concentrations in the mixed solvent should
modify the extent of protein hydration and molecular packing™ as
confirmed by CD and FT-IR below, favoring an enhanced protein
aggregation. At larger alcohol concentrations (> 60% (v/v)),
protein solutions became progressively turbid as a consequence
of the formation of even larger aggregates,® which gradually
precipitated (see below for further explanation).
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Figure 1: Time evolution of the scattered intensity of HSA solutions at a) pH 7.4 and 65 °C, b) pH 7.4 and 25 °C, c) pH 2.0 and 65 °C,
and d) pH 2.0 and 25 °C under different concentrations of ethanol in the mixed solvent. In a), b) and d) ethanol concentrations are ()

5 20, (O) 40, (A) 60, and (V) 80% (v/v). The enhanced scattered dispersion above 1000 a.u. at high alcohol concentrations in the mixed
solvent is a consequence of the formation of big aggregates. In c) ethanol concentrations in the mixed solvent are (H) 20, (O) 40, (@)
50, (A) 60, and (V) 80% (v/v). The inset in Figure 1b illustrates, as an example, the absence of a lag phase in the incubation of HSA at
25 °C in the presence of 20% (v/v). The inset in Figure 1c illustrates the existence of the first step in the aggregation kinetics.

For samples incubated under acidic conditions (Figure 1c-d),
the scattered intensity plot profiles depend on both alcohol
content and temperature. HSA samples incubated at 25 °C in the
whole range of mixed solvent compositions and those incubated
at 65 °C at ethanol concentrations below 50% (v/v) gave rise to
SLS plots with classical sigmoidal profile, i.e., there exists an
initial lag phase in which the scattered intensity remains almost
constant followed by a subsequent exponential phase which ends
up in a final equilibrium region. These three stages correspond to
the nucleation, elongation, and equilibrium phases.®**® The
presence of a lag phase at acidic pH is related to the different
initial structure of protein molecules in acidic solution, and to
changes in the nature and strength of intermolecular interactions
upon incubation, as previously stated in previous works.**#2 This
finding is additionally confirmed when a seeding growth process
is performed, in which the lag phase is abolished (see Figure
S3a).

On the other hand, for HSA samples at 65 °C in the presence
of alcohol concentrations between 50 and 90% (v/v), the
formation of protein aggregates occurs in two well-differentiated

3!

4

4

a0 Steps: there exists a first short increase in the scattered intensity at

very low incubation times followed by a quasi-plateau region;
then, a second much stepper rise in a narrow time interval takes
place until the final equilibrium region is reached. It has been
previously demonstrated that this plot profile emerges when small
oligomeric structures rapidly form,*® which need more time to
develop and/or persist for longer times due to their enhanced
solubility under acidic conditions.***! These species are water-
soluble and, hence, only after achieving a critical
concentration/size the energy landscape of the solution changes,
i.e.,, the aggregation process becomes thermodynamically
favorable enabling the evolvement of small oligomers to larger
aggregates™ as confirmed below by DLS data. Hence, the quasi-
plateau region has been identified as a lag phase, as confirmed its
suppression when a seeding fibril growth process is performed
under the present solution conditions (see Figure S3b). It is also
worth mentioning that the scattered intensities at equilibrium
increases at ethanol concentrations between 0 and 50% (v/v),
followed by a decrease between 50-70% (v/v), and by a new final
increment (see Figure 1c). As confirmed by TEM and CD data
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below, the first increase is related to the presence of progressively
interconnected aggregates from the reduction in solvent polarity,
which originates subtle changes in the protein secondary structure
composition favoring the entanglement of protein aggregates. The
subsequent intensity decrease at larger alcohol concentrations (>
50% vl/v) originates from the formation of well-dispersed
aggregates (short fibrils, see TEM pictures below) as a
consequence of additional changes in protein secondary structure
(as confirmed CD data below). The final scattered intensity
increase at the largest ethanol contents arises from the presence of
more numerous and longer aggregated structures in solution.

These observations are in contrast with the behavior observed
at 25 °C (see Figure 1d). For samples containing low ethanol
contents, their low scattering intensity suggests that almost no
aggregation occurs, whereas at higher ethanol contents (>40%
v/v) the rise in the scattered intensity profile corroborates the
presence of aggregates as a consequence of the screening of
electrostatic repulsions between protein molecules as the solvent
permittivity decreases. Additional confirmation is given by CD
and ThT fluorescence data below.

On the other hand, comparison of scattered intensities at
acidic and physiological pH shows the scattered intensity at the
former pH is, in general, lower than that at the latter at the same
mixed solvent conditions (see Figure 1). This is a consequence of
the lowering of intermolecular interactions due to protonation of
positively charged residues.>’Also, when comparing the effect of
temperature on the scattered intensity profiles, we can observe
that incubation at 25 °C involves a lower scattered intensity at
both pH in the whole range of solvent compositions. It is known
that hydrogen bonding is weakened as temperature rises, but
hydrophobic interactions become strengthened.® As the heating
process proceeds, destabilization of the protein helical structure
of HSA occurs though hydrogen bonding weakening, as denoted
by the loss of the minima at 208 and 222 nm typically assigned to
a-helices in the HSA native state in the CD profiles of HSA
samples at high temperature (see Figure 3); then, previously
buried aminoacid residues can be now exposed to solvent as
follows from changes in protein conformation from CD data (see
below), which results more prone to aggregation as observed
from the SLS data (and further confirmed by TEM pictures
below).

Aggregation kinetics.

Data analysis of scattered intensity plots with a sigmoidal-like
profile is consistent (also according to spectroscopy and TEM
data), at a first approximation, with the following kinetic scheme:

M < | <> nucleus — fibrils

where M is the monomer and | is the intermediate. Thus, the
scattered intensity as a function of time was fitted to the
following equation:

Y=y,+m,y+1y"+mfy @)
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ss where Y is the scattered intensity, x the time, and X, is the time to
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reach 50% of maximal scattered intensity. Thus, the apparent rate
constant, kypp, Of fibril growth is given by 1/z, and the lag time by
%o - 27.%° Lag times and apparent first-order rate constants were
determined from curve fits and shown in Table S1 in ESI. In
general, an increase in the alcohol concentration resulted in
longer lag times and larger apparent rate constants. Also, the
aggregation kinetics at physiological pH appears to be faster than
under acidic conditions. This behavior is probably related to the
existence of electrostatic repulsions between protein molecules
and to an enhanced solubility of the initial protein clusters under
acidic conditions. Finally, it is necessary to mention that two
growth rates were obtained at high ethanol concentrations upon
incubation at acidic conditions and 25 °C. This fact is originated
by the presence of intermediate oligomeric structures along the
HSA aggregation pathway under these solution conditions, as
discussed elsewhere.*°

Aggregate size distribution.

Figure 2 shows some examples of population size
distributions for samples incubated under the different solution
conditions. At 65 °C and physiological pH, two different
populations are well differentiated and present under all mixed
solvent compositions (Figure 2a): A peak at large sizes (ca. 400-
1000 nm) assigned to protein aggregates, and other at smaller
sizes (at ca. 20 to 40 nm) probably representing protein
clusters/oligomers. Also, it is observed that a third population of
aggregates with very large sizes (~ 20 um) appears at an ethanol
concentration of 80% (v/v). This feature confirms that supra-
aggregation of protein aggregates is favored at high alcohol
contents under the present conditions, in agreement with SLS
data, and as further confirmed below by TEM pictures. For
samples incubated at 25 °C and physiological pH and at 65 °C and
pH 2.0 (Figure 2b-c), a progressive increase in the size of protein
aggregates takes place as the ethanol concentration increases, as
denoted by the existence of bimodal distributions. Only at
intermediate ethanol concentrations the referred size increase
involves the superimposition of population sizes corresponding to
large protein aggregates and oligomeric structures, creating a
wide population distribution (but still bimodal, as observed after
deconvolution). In contrast, incubation at pH 2.0 and 25 °C
results in the simultaneous decrease of the peak height
corresponding to the smallest sizes and the increase of that
corresponding to the biggest ones. This fact indicates a
progressive evolvement of protein monomers and small
oligomeric structures to aggregates of larger sizes as the ethanol
concentration in the mixed solvent increases (Figure 2d),
corroborating SLS data.

Regarding the hydrodynamic radii derived from the size
distributions depicted in Figure 2a-d, they can be grouped into
three average values corresponding to ry ., Of ca. 400-1000 nm,
20-50 nm, and 2-5 nm. At this point, it is necessary to remind that
DLS sizes are obtained assuming a spherical shape, so these
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Figure 2: Selected size distributions derived from DLS data for HSA solutions incubated at pH 7.4 and a) 65°C, and b) 25 °C at ethanol

s concentrations of (—) 20, (—) 60, and (—) 80% (v/v), respectively; and at pH 2.0 and ¢) 65 °C and d) 25 °C at ethanol concentrations of
(—) 20, (—) 50, and (—) 80% (v/v), respectively. Figure 2e shows the variation of the hydrodynamic radii of the main peak of the
distribution with ethanol concentration after incubation at 65° C and (M) pH 7.4 and (O) 2.0, or at 25 °C and (A) pH 7.4 and (V) 2.0.

are bare size estimations. In general, aggregates formed at
10 physiological pH are bulkier if compared to those formed under
acidic conditions, as plotted in Figure 2e. Structures with rp a5, =
400-1000 nm constitute the main contribution to light scattering.
As depicted in the TEM images shown below, vide infra, these
can be associated with fibrillar conformations, in particular,
15 assigned to the large axis of protein fibers. Those values of rp 4,
between 30-50 nm might have different interpretations depending
on solution conditions: On one hand, at acidic pH and 25 °C they
correspond to oligomeric structures, which confirms the two-step

80

20

100

aggregation process observed from SLS data under these

20 conciditions; on the other, at high temperature conditions Iy sp
values might also include contributions from the fibrillar
aggregates width. Finally, the smallest ry, 5, Values around 2-5 nm
fit fairly well with the estimated size of protein monomers.

25 Conformational structure changes along protein fibrillation.

To get further insight into the structural characterization of the
resulting protein aggregates, CD, FT-IR and ThT fluorescence
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Figure 3: Selected far-UV spectra of HSA solutions after incubation at pH 7.4 at a) 65 °C and b) 25 °C; and at pH 2.0 at ¢) 65 °C and d)
25 °C at different ethanol concentrations in the mixed solvent: 1) 20, 2) 40, 3) 60, and 4) 80% (v/v).

experiments were performed. Figure 3 represents the far-UVv CD
spectra of HSA solutions at the different experimental conditions.
When incubation is performed at high temperature and
physiological pH (Figure 3a), a minimum at ca. 215 nm is
observed in the whole range of solvent mixture compositions.
This minimum denotes the predominant presence of [-sheet
structure. The amount of a-helix conformation remains constant
up to a 50% (v/v) alcohol concentration (see Table S2) and, then,
it slightly decreases with an additional slight gain of B-sheets. At
the largest ethanol concentrations (> 80% v/v), the reduction
observed in ellipticity is related to light scattering caused by the
presence of big aggregates in solution. These aggregates do not
enable the obtention of reliable structural composition values.
Upon incubation at pH 7.4 and 25 °C (Figure 3b), a little increase
in a-helical content is observed at ethanol concentrations below
30% (v/v) as a result of the weakening of hydrophobic
interactions due to the presence of the cosolvent.®® This fact
results in the stabilization of the compact protein native structure
and strengthens other interactions such as hydrogen bonding,
stabilizing the secondary structure. Thus, alcohol acts as a
“structure maker”. At larger ethanol concentrations (30-60 %
(v/v)) a simultaneous decrease in o-helix and an increase in p-
sheet structures take place in a wider alcohol range as compared

3

4

4

5

&

S

o

<3

to non-buffered solutions®, which is characterized by the absence
of the minimum at 220-224 nm and the appearance of a new one
at ca. 215 nm®®®* (see Figure 3b). At ethanol contents higher than
60% (v/v), a progressive new increase in ellipticity at 222 nm and
208 nm occurs, which suggests the formation of non-native
helical structure at the expense of pB-sheet and unordered
conformations. The loss of non-polar contacts at high ethanol
concentrations appears to favor the formation of intramolecular
hydrogen bonds responsible of the formation of new helices. This
non-native a-helix structure is more prone to aggregation,® as
denoted by the important increase in aggregate sizes previously
observed in Figure 2.

Incubation at acidic pH and high temperature (Figure 3c) was
found to involve an increasingly negative Cotton effect at 208 nm
and the simultaneous decay in ellipticity at 222 nm. This suggests
that, while ethanol induces disorder, some helical content is still
retained. In fact, within the ethanol concentration range between
20-50% (v/v), the a-helix and unordered conformation contents
slightly increase at the expense of B-sheets (see Table S2). The
formation of this extra a-helix might arise from the disruption of
long-range hydrophobic interactions due to the presence of
alcohol molecules, which allows local helical conformation to
provide a transient means of decreasing backbone solvation. At
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Figure 4: Normalized maximum ThT fluorescence intensities of HSA samples incubated at different ethanol concentrations in the mixed
solvent at a) pH 7.4 and 65 °C, b) pH 7.4 and 25 °C, ¢) pH 2.0 and 65 °C and d) pH 2.0 and 25 °C. Normalization is made with respect to

the maximum ThT fluorescence observed at pH 7.4 and 65 °C.

ethanol concentrations larger than 50% (v/v) the B-sheet content
increases, as denoted from the progressive shift of the minimum
in CD spectra to 215 nm, which is characteristic of B-strand
formation. In contrast, at acidic pH and 25 °C (Figure 3d), the
structural content of protein samples at ethanol concentrations
lower than 60% (v/v) remains almost invariable. Since HSA
molecules are in a starting acid-denaturated state, alcohol
stabilizes the a-helix conformation of the acid-unfolded protein
monomers by minimizing the exposure of the peptide backbone.
In particular, at alcohol concentrations < 40% (v/v),
intermolecular interactions are disfavored by suppression of the
strong aggregate-stabilizing effect of negatively charged residues,
still resulting in an effective electrostatic repulsion between
positively charged chains. Hence, under these conditions alcohol
stabilizes the molten-globule state of HSA during incubation, and
only protein clusters can be formed.®*®* The presence of these
clusters, confirmed by the presence of a small peak at relatively
low aggregate sizes (~20-30 nm) (see Figures 2d), implies some
increase in light scattering from solution as shown previously
and, thus, possibly originates the slight decrease in ellipticity
observed in Figure 3d. Protein molecules experience additional
structural rearrangements at ethanol concentrations between 50-
90% (v/v) when the polarity of the medium is drastically
changed. This involves a decrease in a-helix structure and
formation of B-strands that, as observed from light scattering
data, are prone to aggregate. FT-IR measurements corroborate the

structural changes undergone by protein molecules depicted by
CD data (for additional comments see ESI).
Although reliable in detecting B-strands and probing hydrogen
bonding between them, CD and FT-IR spectroscopies fail to
60 discriminate between amorphous and ordered aggregates. Since
ThT dye strongly emits when bound to amyloid-like material
rather than to amorphous aggregates, we conducted ThT
fluorescence measurements of HSA samples under the different
solution conditions in order to determine the presence of ordered
65 aggregates (amyloid-like fibrils) in solution. Experimental data
were background corrected for solvent and monomeric protein
contributions and normalized to the largest value attained, i.e., at
pH 7.4 and 65 °C at 70 % (v/v) ethanol. Figure 4 confirms that (3-
sheet rich structures (fibrils as shown by TEM pictures below) are
70 formed under all conditions except at acidic pH and 25 °C at
alcohol concentrations below 60% (v/v). At pH 7.4 and 65 °C
(Figure 4a), the amount of fibrils progressively increases up to an
ethanol content of 70% (v/v), and then decreases. This decrease
in ThT fluorescence can be associated with the presence of
75 mature fibril association/aggregation, as confirmed by TEM (see
below), which may reduce the protein exposed surface area and
the number of available ThT binding sites.®® In contrast, at acidic
conditions (Figure 4c) the maximum level of fibril formation
takes place at the largest ethanol concentrations (70-90% v/v). On
g0 the other hand, the temporal evolution of ThT binding confirms
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Figure 5: Selected TEM images of HSA samples incubated at pH 7.4 and a-c) 65 °C, or d-f) 25 °C at ethanol concentrations in the mixed
solvent of a,d) 20, b,e) 60, c,f) 80% (v/v), respectively.

6

the trends previously observed from SLS kinetic data, although 0 induces a further exposure of residues,®® which enhances the

10 some differences at acidic and high temperature conditions are internal degrees of freedom of side-chains.®” Then, in most of the
observed (see Figure S2 and further explanation in ESI). studied conditions, the cosolvent induces additional modifications
Based on all the above findings, the combination of i) in the starting protein structure, leading to a strong protein

incubation at high temperature and ii) the presence of ethanol as a aggregation and fibril formation, but with differences in the

cosolvent in solution result in important variations of the protein 25 packing mechanisms leading to fibril polymorphism, as will be
15 structural content and subsequent strengthening of hydrophobic shown below. All these facts become even clearer when

interactions between protein molecules. Incubation at high comparing the secondary structure compositions here obtained

temperatures involves the denaturation of protein monomers due with those measured under identical incubation conditions in the

to the disruption of the structure of protein domains**“%€% while absence of alcohol. %4042

the presence of the cosolvent changes the solvent polarity and 30
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Aggregate morphology.

In order to determine the structural arrangement of protein
aggregates and confirm the presence of amyloid-like fibrils, TEM
images were obtained. Figures 5 and 6 show the structures of the
different protein aggregates upon incubation under the different
mixed solvent conditions.

Samples incubated at 65 °C and physiological pH fibrillated
in the whole range of alcohol concentrations analyzed (Figure 5a-
c). However, remarkable differences in the structure of the
resulting fibrils are observed if compared to those obtained in the
absence of ethanol. In particular, for alcohol concentrations up to
70% (v/v) straight-several micrometers-long fibers with widths of
ca. 10-12 nm are seen (Figure 5a,b). These fibrils are longer than
those obtained in the absence of ethanol under similar conditions
and do not possess the typically observed curly morphology of
HSA fibrils;**® In fact, they resemble those fibers obtained for
classically amyloidogenic proteins such as a-synuclein,®
insulin,®” or lysozyme.” Probably, the larger B-sheet content
which results from the combination of high temperature and
alcohol-mixed solvent conditions during incubation favored the
establishment of strong attractive interactions between protein
monomers and a further exposition of their side chains to solvent.
The reduction of the thermodynamic costs for the exposure of
hydrophobic residues as the dielectric properties of the solvent
approach to those of the bulk alcohol may be the origin for such
behavior. Hence, this enables the possibility of a better packing of
the protein strands inside the fibrils favoring an increase in fibril
length. At larger ethanol contents (> 70% v/v), an important
amount of thicker mature fibrils formed by lateral assembly (side
by side) of two or more individual fibrils is observed. Moreover,
very large aggregates composed of assembled fibrils are also seen
(Figure 5c¢), which agrees with the decrease in ThT fluorescence
and the existence of a third population distribution at very large
sizes observed by DLS.

As observed from Figure 5d-f, incubation at room
temperature and physiological pH involved the formation of
protein globules (with sizes ranging from 15 to 60 nm), which
seem to elongate at low alcohol content (< 30% v/v) as a
consequence of the existence of attractive interactions between
them (see Figure 5d). As ethanol concentration increases (up to
60% v/v) we observe the formation of curly fibrils with similar
characteristic features (lengths between 0.2-1 um, widths ranging
between 8-15 nm, and a curly morphology) as those obtained
upon incubation at high temperature in the absence of the alcohol
(Figure 5e).C At larger ethanol contents (>60% v/v) fibrils
progressively disappeared and large-elongated glomerular
aggregates were observed. Considering CD, FTIR, and ThT
fluorescence data obtained at this alcohol concentration range, we
expect these aggregates to possess an increased level of a-helix
content (Figure 5f) and recover the tertiary conformation.*

Under acidic conditions and 65 °C, more curly fibrils are
observed if compared with incubation at 25 °C (see Figure 6a and
d, for example). Also, the width and length of these fibrils are
slightly larger than at room temperature. At intermediate ethanol
contents, interconnected networks of elongated aggregates are
observed (Figure 6b), which agrees with the increases in scattered
light observed by SLS data. At large ethanol concentrations (>
60% v/v), single dispersed curly fibrils are again observed
s (Figure 6c), in agreement with the decrease in SLS intensities and

a

IS}

S

a

S

a

S

&

1S}

conformational CD and FTIR data. On the other hand, at acidic
pH and 25 °C oligomeric partially-elongated structures with
lengths of ca. 20-40 nm and widths of 3-4 nm are observed at
ethanol concentrations between 0-40% (v/v), as seen in the
absence of alcohol (see Figure 6d).*° According to ThT and CD
data, these structures are mainly composed of o-helix and
unordered conformations. When larger amounts of ethanol are
present in the solvent (>60% v/v), fibrils with a curly morphology
are present (see Figures 6e,f). Under the present conditions, it
seems the increasing amounts of ethanol induce an enlargement
and fusion of oligomers as a result of additional intermolecular
hydrophobic contacts between side chains, which favors the
formation of B-strands and, hence, fibril formation.

Conclusions

In summary, from a general perspective, ordered
aggregation of globular proteins requires partial unfolding of the
native state.”* This enables the globular precursor state to be
populated and to expose aggregation-competent regions that are
usually protected against intermolecular interactions in the native
protein. However, these regions can be different and display
distinct propensities to solvent exposition depending on solution
conditions and, thus, different ability to fibrillate.*>"? This seems
to be the origin of the differences observed in the behavior of
HSA samples incubated at physiological and acidic pH at the
different solvent compositions. Under physiological pH ethanol is
able to destabilize the protein secondary structure in most of the
conditions, giving rise to an aggregation/fibrillation process. In
contrast, under acidic conditions pH induces further structural
changes in secondary structure favoring electrostatic repulsive
interactions, which makes the protein molecules more soluble,
disfavoring their aggregation to a great extent. Only when a
cosolvent concentration threshold is reached does the fibrillation
process start to be significant. Despite amyloid formation can
occur under different solution conditions, rates and extents of
fibril formation, fibrillation pathways, and the structures of
resulting fibrils can be very diverse depending on solution
conditions. Constraints due to electrostatic and hydrophobic
interactions are, in this regard, important in that they govern the
side-chain packing that controls stacking of B-sheets, favoring the
formation of more classical amyloid-like fibrils at physiological
pH and high temperature. The different modes of association
under the present conditions are also dictated by the influence of
solvent on hydrogen bonding within the B-sheets. At this respect,
the distinct self-assembled motifs can be also a result of changes
in the arrangement of B-strands within the B-sheets. This is clear
from the different types of fibrillar structures observed under
varying ethanol concentrations, in particular at physiological pH:
from the classical curly geometry of HSA fibrils at low ethanol
concentrations to the formation of long-straight fibrils which
resemble those formed in originally disease-related proteins.
Nevertheless, high temperature and physiological pH conditions
are the main parameters influencing the protein structure
destabilization and subsequent aggregation upon incubation,

us While ethanol aids to regulate hydrogen bonding, the attractive

hydrophobic interactions, and the protein accessible surface area.
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Figure 6: Selected TEM images of HSA samples incubated at pH 2.0 and a-c) 65 °C, or d-f) at 25 °C at ethanol concentrations in the

mixed solvent of a,d) 20, b,e) 50, c,f) 80% (v/v), respectively.

The role of “fibril enhancer” of ethanol under most of the
10 conditions is contrary to what is observed when already-formed
fibrils are incubated in its presence. For example, it has been
shown that insulin and B-lactoglobulin fibrils disassemble upon
incubation in DMSO and ethanol, respectively, as a result of a
weakening of hydrogen bonding inside the fibrils.”>™ Thus, it
15 appears that the solvent composition and the different initial state
of the protein are responsible of the observed differences as a

consequence of changes in the energy landscape of the
aggregation process.
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ABSTRACT Gold nanowires were obtained by a seeded growth process using
protein lysozyme fibrils as biotemplates. The degree of metal coverage until full
biotemplate coverage onto the fibril was controlled by the gold salt concentration
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and the number of sequential additions of metal growth solutions. The hybrid
fibrils might have a potential use as catalysts since they display enhanced catalytic

activity in the reduction of p-nitrophenol to p-aminophenol by NaBHy.

SECTION Nanoparticles and Nanostructures

etal nanoparticles have received considerable atten-
M tion in past decade because of their particular optical,
electronic, magnetic, and catalytic properties and their
important applications in many fields such as nanosensors,' ~*
catalysis,”~® biomedicine,”™"" biological labeling,'*”'* and
surface-enhanced Raman scattering (SERS)."'®~'® To optimize
and extend the application of metal NPs, methods must be
developed to control the assembly and organization of these
nanomaterials. Assemblies of NPs provide optical and elec-
tronic properties that are distinct compared to individual
particles or disorganized macroscale agglomeration. In this
regard, Nature offers us the possibility to take advantage of the
well-defined structures and special properties of biomolecules
and their supramolecular structures to organize nanoparticles
into predefined, topologically intricate nanostructures or to
synthesize miscellaneous materials in order to control the
properties of nanoparticle assemblies for potential applica-
tions in electronic, optical, and chemical devices.'””*> In
particular, functionalizing one-dimensional (1D) supporting
biomaterials with metal NPs that combine the properties of
two functional nanomaterials, such as high conductivity sur-
face area or precise chemical functionality of the biotemplate
and the unique plasmonic or catalytic properties of metal NPs,
to achieve a wider range of applications will therefore play an
important role in the development of nanoscience and nano-
technology. As a result, considerable efforts have been direc-
ted toward the use of 1D biotemplates such as DNA,**7%7
viruses,*® ! peptides,”* * proteins,”® % or fungus’ to con-
struct corresponding multifunctional hybrid 1D nanostructures
such as nanowires,**~** nanotubes,**”*® or nanodumbbells.*”
The spontaneous fibrillation mechanism which different
proteins undergo under suitable conditions results in the
formation of amyloid-like fibrils,””***? which should be valid
as alternative templating agents for the construction of 1D
hybrid materials. In particular, lysozyme (Lys) is a protein
which is known to fibrillate under different solution conditions
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to form protein fibrils with diameters ranging from 10 to 50 nm
and lengths up to several micrometers (see Figure 1a).*%>>
The dimensions of the fibrils can be tuned by varying the
solution conditions and the incubation time. They are also
thermally stable at high temperatures and different pHs, and
they contain multiple potential ion-binding sites within their
amino acid sequences, which enables their use in metalliza-
tion reactions under relatively harsh conditions. Thus, we
exploit all of these features to generate 1D nanoparticle
assemblies and nanowires by in situ nanoparticle formation
and seeding growth on the fibril surface and to analyze their
potential applicability as biocatalysts.

Although biotemplating of 1D metallic nanoparticle as-
semblies and nanowires by peptides and protein fibrils has
been previously reported®>>”*%4%4> and their electric and
magnetic properties have been evaluated,”” less attention
has been paid to the obtention of 1D protein-fibril-templated
metallic nanostructures with a controlled degree of metalliza-
tion and their potential application as a catalyst. Here, we
present a seeded-mediated method for the controlled cover-
age by Au NPs on the surface of the fibrils formed by the
protein Lys in order to find the optimal conditions for the use
of the present biohybrid systems as a catalyst. We test their
catalytic capability using the model reduction reaction of
p-nitrophenol by NaBH,.

Lys fibrils were prepared as previously described (see
Experimental Section). Au-nanoparticle-coated protein fibrils
were obtained by the addition of preformed citrate-stabilized
Au seeds to an aqueous solution containing self-assembled
fibrils at pH 2.0. Provided that the isoelectric point of Lys is
around 11,7 it is expected that negatively charged gold seed
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Figure 1. TEMimages of (a) bare Lys fibrils and Au—fibril biohybrids obtained after (b) zero, (c) one, (d) two, (e) three, and (f) four sequential
additions of the Au growth solution; (g) bright field and (h) dark field TEM images of fully covered fibrils; (i) SEM image of a Au—metallic
biohybrid nanowire. Scale bars are (a,i) 500, (b) 100, and (c—h) 200 nm.

Table 1. Au Content of the Obtained Nanohybrids

sample ([Au]/[protein] MR) Au concentration (10~ M)

biohybrid 1(50) 3.4
biohybrid 2 (100) 3.9
biohybrid 3 (125) 4.6
biohybrid 4 (150) 573
biohybrid 5 (200) 6.0

ions would interact electrostatically with electrically charged
amine groups located at the fibril surfaces after incubation.
Subsequently, different sequential additions of a solution
containing HAuCl, and ascorbic acid were performed in order
to achieve a full coverage of the hybrid composites. Different
initial [Au seeds]/[protein] molar ratios (MR) were tested in
order to find an initial suitable MR to ensure full coverage after a
few additions and to avoid both precipitation of the nanohybrid
and the generation of free gold NPs. An initial [Au seed]/[protein]
MR = 50 was found to be the optimal one and was further used
during the sequential additions of Au ions to achieve the
formation of the metallic nanowires (see Table 1).

The morphologies of the resulting products were investi-
gated by transmission electron microscopy (TEM) and scanning
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transmission microscopy (SEM). Figure 1a shows a typical
TEM image of the as-prepared Lys fibrils, with lengths
ranging from 0.4 to 8 um and widths of 12—20 nm. The
metallic coverage of the nanofibrils could be easily con-
trolled by changing the number of sequential additions of
gold growth solution into the fibril solution over already
preformed Au nanocrystals. Figure 1b—e shows the progres-
sive coverage of the nanofibrils after increasing the number
of sequential additions, with the formation of more metallic
nanoparticles onto the fibril surface. TEM revealed that
metallic nanoparticles on the fibril surfaces possess a size
ranging from 3.7 to 8.0 + 2.0 nm, depending on the number
of sequential additions of the gold growth solution. The
continuous coverage is a result of the growth of pre-existing
NPs and generation of new ones on the fibril surface and
subsequent fusion of adjacent as-synthesized NPs. The fully
covered fibrils display a relatively rougher surface than
pristine and partially covered fibrils, as can be observed
from the TEM image obtained in the backscattering mode
and the SEM picture obtained without the need for metallic
contrast (see Figure 1h,i). Also, the size of the metallic NPs
clearly increases, and the size population can also broa-
dened (see Figure S1, Supporting Information). In addition,
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Figure 2. (a) XRD pattern of spherical Au NPs on the surface of protein fibrils; (b) EDX pattern of a gold hybrid fibril.

under conditions of excessive addition of Au ions in solution,
an increasing presence of fibril networks is observed as a
consequence of fibril bundling, which leads to precipitation
of the nanowires after several days (see Figure S2, Supporting
Information).

The formation of hybrid fibrils was further characterized by
energy dispersive X-ray (EDX) spectroscopy and X-ray diffrac-
tion (XRD). XRD patterns of the resulting hybrid fibrils display
the classical peaks corresponding to metallic spherical gold
NPs. The crystallite sizes calculated according to the modified
Scherrer relation®” for the hybrid fibrils range from 5 to 8 nm
depending on the number of additions of Au growth solution.
The EDX spectrum (Figure 2b) of protein-fibril-supported Au
NPs shows the peaks corresponding to C, O, S, and Au,
confirming the existence of Au NPs on the surface of the Lys
fibrils. The S peak is characteristic of protein samples.®®

To study the performance of the Au NP hybrid fibrils as
catalysts, we have chosen the borohydride reduction of
p-nitrophenol as a model reaction. It is well documented that
this reaction can be catalyzed by noble metal nanoparticles,
and the color changes involved in the reduction also provide a
simple way based on spectroscopic measurements for mon-
itoring the reaction kinetics.*”*® Under a neutral or acidic
condition, p-nitrophenol solution exhibits a strong absorption
peak at 317 nm. Upon the addition of NaBHy, the alkalinity of

v (© XXXX American Chemical Society

the solution increases, and p-nitrophenolate ions would
become the dominating species, together with a spectral shift
to 400 nm for the absorption peak.”’”®® This peak remains
unaltered with time, suggesting that the reduction did not take
place in the absence of a catalyst, as reported elsewhere.®' %>
However, the addition of a small amount of the Au-based
catalyst (i.e., metal hybrid fibrils with a Au concentration
ranging from 0.002 to 0.02 mM) to the above reaction
mixture causes fading and ultimate bleaching of the yellow
color of the reaction mixture quickly. Time-dependent absorp-
tion spectra of this reaction mixture show the disappearance
of the peak at 400 nm that is accompanied by a gradual
development of a new peak at 300 nm corresponding to the
formation of p-aminophenol (Figure 3a). The UV spectra also
exhibit an isosbestic point between two absorption bands,
indicating that only two principal species, p-nitrophenol and
p-aminophenol, influence the reaction kinetics. Similar spec-
tral changes were also observed with other hybrid fibrils with
different Au NP concentrations. These results indicate that the
hybrid fibrils can successfully catalyze the reduction reaction.
Several research groups have also reported similar kinds of
spectral changes of p-nitrophenol during its catalytic reduc-
tion in the presence of both supported and unsupported
spherical metallic nanoparticles.®>~®° In this reduction pro-
cess, as the concentration of NaBH, in the reaction mixture far

DOI: 10.1021/jz101029f | J. Phys. Chem. Lett. 2010, 1, 26802687
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Figure 3. (a) Time evolution of UV—vis spectra and (b) variation of absorbance with time upon conversion of p-nitrophenol to
p-aminophenol in the presence of biohybrid 2 with Au concentrations of () 0.26, (®) 0.53, (a) 0.79, (¥) 1.05, and (+) 1.31 x 107> M.
The arrow in (a) denotes the decreasing presence of p-nitrophenol in the mixture as the reduction reaction proceeds. Variation of () Rapp
and (d) knor with Au concentration present in the reduction reaction: (M) biohybrid 1, (O) biohybrid 2, (a) biohybrid 3,; (4) biohybrid 4, and

(V) biohybrid 5.

exceeds the concentration of p-nitrophenol, the reaction rate
is assumed to follow first-order kinetics. Keeping this in mind,
we decided to measure the concentrations of p-nitropheno-
late ions and thus to monitor the progress or kinetics of the
reaction by recording the absorbance at 400 nm because the
latter peak was much stronger than that at 315 nm. We
calculated the values of the apparent rate constants (Rapp) of
the catalytic reaction in the presence of different concentra-
tions of the hybrid fibrils possessing different degrees of Au
coverage from the change of absorbance with time (Figures 3b
and S3, Supporting Information). These plots are straight
lines, indicating that the reduction reaction effectively fol-
lows first-order kinetics. The Rgpp, values of the hybrid fibrils
rise linearly with an increase of their concentration (and,
thus, also with increases in Au concentration) in the reaction
medium until reaching a maximum to decrease further (see
Figure 3c). In addition, values of k., for p-nitrophenol
reduction using hybrid fibrils were ~1.5—4 times larger
than those reported for glucose-reduced Au nanoparticle
networks,®* poly(amidoamine) (PAMAM)-dendrimer-sup-
ported spherical nanoparticles,® solid 1D Au nanobelts®®
and nanorods,®” polymer-micelle-supported Au NPs,*®¢° multi-
component microgels,”® and 1D assemblies of AuNPs,”" and
they were of similar order as those obtained for porous 1D
nanobelts®® or Au yolk-shell NPs.”* Nevertheless, we have to
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note that we used very small amounts of gold catalysts in our
experiments.

Thus, to get a clearer picture of the efficacy of the compo-
site material as a catalyst and also to compare the catalytic
activity between hybrid fibrils with different degrees of coverage,
the catalytic activities are also presented in terms of a
normalized rate constant (knor) Obtained by normalization
of Rapp to the total amount (mmol) of catalyst (gold) used in
the reaction. Figure 3d shows that the values of kp, for
p-nitrophenol reduction in the presence of the different types
of hybrid fibrils prepared at different [Au]/[protein] MR values
are also different. In particular, ko, remains relatively con-
stant from hybrid 1 to 3, that is, as the coverage of the fibrils
increases, while for hybrids 4 and 5, kno progressively
reduces. This behavior might be a consequence of (i)
changes in nanopatrticle sizes on the fibril surfaces and (ii)
a decrease in the available metal surface area for the
catalytic reaction to take place as the fibril coverage is almost
complete. In this regard, it is well-known that the catalytic
activity increases as the size of Au NPs decreases because of
the increase of effective surface area. In our case, although
the crystallite size increases as the concentration of the
growth solution increases, we have noted a larger increase
in nanoparticle mean size accompanied with an important
polydispersity for nanohybrids 4 and 5, as previously
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Figure 4. Normalized rate constant (k,.) (with respect to the
initial amount of catalyst used) in different cycles of catalytic
reduction of p-nitrophenol.

mentioned. In addition, for biohybrid 5 fibrils are almost
fully covered, which also reduces the accessible metal sur-
face area for reduction to take place. This would explain the
decreasing values for such systems. In contrast, hybrids 1, 2,
and 3 involve the progressive coverage of the fibrils without a
significant increase in crystallite size, which involves an
increase in the available metal surface area and, thus, of
Rapp- Interestingly, the Rnor values for hybrid fibrils are also
5000 times larger than those obtained for citrate-stabilized
gold nanopam’cles.“ In addition, &, values for the present
biohybrids are 2 orders of magnitude larger than those
obtained, for example, in the presence of polygonal Au
nanostructures,”” Au—PEDOT/PSS™ composites,”* or poly-
(propylene imine) (PPI)-dendrimer-supported spherical
nanoparticles.®” The 1D structure of the protein support
can affect more efficiently the adsorption/diffusion of
p-nitrophenol toward the surface of the gold nanoparticle
catalyst, thereby increasing the catalytic activity.®> Also, the
predominance of {111} crystal planes in the nanoparticle
structure might also favor the catalytic efficiency.””

On the other hand, it is known that reusability is the main
advantage of using a heterogeneous catalyst rather than a
homogeneous catalyst for industrial applications. To check the
reusability of these nanohybrids as catalysts, we have recov-
ered the solid catalyst (e.g., biohybrid 3) from the reaction
mixture after completion of the first cycle of nitrophenol
reduction by centrifugation. The recovered nanohybrids were
stable as confirmed by TEM (Figure S4, Supporting In-
formation). These recovered hybrid nanofibrils were then
used as the catalyst in a consecutive run of NaBH, reduction
of nitrophenol, and the R.,, and knor of each cycle were
calculated as previously. Figure 4 clearly indicates that the
activity of the hybrid nanofibrils slightly decreases as the
number of reduction cyclesincreases. However, itis necessary
to mention that during the recycling process, a weight loss of
~10% after each reduction cycle occurred. This involved an
effective loss of metallic material, which might explain
the decrease in catalytic activity compared to that of the
pristine hybrid nanofibrils. Also, some increase in fibril bund-
ling due to successive centrifugation steps might also result
in a negative influence in the catalytic efficiency of the
biohybrid.
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In summary, we report a method to obtain metallic Au
nanowires by using Lys protein fibrils as bioscaffolds to
generate a complete gold coating layer on the biotemplate
surface by the attachment of gold seeds and further growth of
the coating layer by sequential addition of a gold salt growth
solution (seeded-mediated mechanism). To obtain full coverage
of the protein fibrils, a suitable initial [Au]/[protein] MR must
be selected, and a suitable number of sequential additions of
Au ions must be performed. If these requirements are not
fulfilled, partial coverage and/or protein bundling and
further fibril precipitation are observed. The hybrid metallic
fibrils have been proved to be useful as catalytic substrates,
provided their superior catalytical activity when incorpo-
rated in the reduction reaction of p-nitrophenol to p-amino-
phenol by NaBH,. The reaction rates obtained were 1.5—4
times larger than those reported for glucose-reduced Au
nanoparticle networks, (PAMAM)-dendrimer-supported spherical
nanoparticles, solid 1D Au nanobelts and nanorods, polymer-
micelle-supported Au NPs, multicomponent microgels, or
1D assemblies of Au NPs. Also, the hybrid fibrils maintained
their catalytical activity when recovered after several cycles
of p-nitrophenol reduction.

EXPERIMENTAL SECTION

Materials. Lys and HAuCl, were obtained from Sigma
Chemical Co. The protein was used after further purification
by liquid chromatography using a Superdex 75 column
equilibrated with 0.01 M phosphate. All other chemicals were
of the highest purity available. Experiments were carried out
using doubly distilled, deionized, and degassed water.

Preparation of Lys Fibril Solutions. Protein fibril solutions
were prepared according to previously well-established proto-
cols.*~>* Briefly, Lys fibrils were obtained by forming a 2 mg/
mL stock solution in glycine buffer of pH 2.0 (ionic strengths:
136.7 mM Nacl, 2.68 mM NacCl). Protein stock solution was
dialyzed extensively against proper buffer. Protein concentra-
tions were determined spectrophotometrically using a molar
absorption coefficient of 37609 at 280 nm.”® Before incuba-
tion, the solutions were filtered through a 0.2 um filter into
sterile test tubes. Samples were incubated at 55 °C in a
refluxed reactor for 3 days.

Characterization of the Fibrils. Protein suspensions were
applied to carbon-coated copper grids, blotted, washed,
negatively stained with 2% (w/v) of phosphotungstic acid,
air-dried, and then examined with a Phillips CM-12 transmis-
sion electron microscope operating at an accelerating voltage
of 120 kV. Samples were diluted between 20- and 200-fold
where needed prior to deposition on the grids.

Au Seed Solution. Avolume of 0.06 mL of a HAuCl, solution
(0.025 M) was set in a glass vial. Immediately, 3 mL of sodium
citrate (1 mM) and 26 mL of Milli Q water were added, and the
mixture was stirred for 15 min. After, 1 mL of a NaBH, solution
(1 M) was added under agitation, and the reduction reaction was
conducted. Excess reagents were eliminated by extensive dialysis.

Metallic Nanowire Synthesis. In a typical synthesis, 0.2 mL
of the Lys stock solution of typically 2 g/L was diluted 300-fold
to avoid undesired aggregates during the synthesis of the
biohybrids; 5 mL of the former solution was heated to 55 °C
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under magnetic stirring. Then, 2.7 mL of the gold seed
solution was added in order to get a [Au seed]/[protein] MR
of 50. The mixture was kept at 55 °C for 2 h. Next, a number of
sequential additions of suitable volumes of a solution contain-
ing HAuCl, (0.4 mM) and ascorbic acid (60 uL, 2 mM) were
performed. After each addition, the mixture was left to
incubate at 55 °C for 4 h. Excess reactants were eliminated
by dialysis using a cellulose membrane of cutoff 100 000 Da
(Spectra/Por, Netherlands).

Characterization of Metallic Hybrids. TEM images were
obtained with the Phillips CM-12 transmission electron micro-
scope operating at an accelerating voltage of 120 kV, previously
described. SEM images were recorded with a LEO-435VP
scanning electron microscope (Leica Microsystems GmbH,
Wetlar, Germany) operating at an accelerating voltage of 30
kV. XRD experiments were carried out using a Siemens D5005
rotating anode X-ray generator. Twin Gobel mirrors were used
to produce a well-collimated beam of Cu Ka radiation (4 =
1.5418 A). XRD patterns were recorded with an imaging plate
detector AXS ENr. J2-394. Au concentrations of each biohybrid
system were determined via inductively coupled plasma atom-
ic emission spectroscopy (ICP-AES, Varian).

Catalysis of p-Nitrophenol. Typically, a reaction mixture of
water (1—1.8 mL), aqueous p-nitrophenol solution (0.5 mL;
0.025 mM), and purified biohybrid 1 (0.2—1 mL), were first
taken in a quartz cuvette. To this stirring reaction mixture,
aqueous NaBH, (0.5 mL, 1 M) was then added, and the mixture
was quickly placed in the cell holder of the spectrophotometer
(Cary 100 Bio UV—vis, Varian Inc. Palo Alto, U.S.A.). The
progress of the conversion of p-nitrophenol to p-aminophenol
was then monitored via UV—vis spectroscopy by recording the
time-dependent absorption spectra of the reaction mixture.
The ratio of absorbance 4, of p-nitrophenol at time ¢ to its value
Ay measured at t = 0 directly gives the corresponding con-
centration ratio (C/Co) of p-nitrophenol. Thus, the kinetic
equation of the reduction could be shown as follows

dC,/dt = Rappt or In(Co/C) = In(Ao/A;) = Rappl
where C, is the concentration of p-nitrophenol at time ¢ and Rapy,
is the apparent rate constant, which can be obtained from the
decrease of peak intensity at 400 nm with time. Similarly, we
have also carried out the reduction of p-nitrophenol in the
presence of other biohybrids under reaction conditions similar
to that used for biohybrid 1.

Recycling of the Catalyst. After the first batch of p-nitrophe-
nol reduction with the metallic fibrils, the solid mass was
isolated from the reaction mixture by centrifugation at 3000g
for 15 min. The collected product was purified using two
cycles of centrifugation, supernatant removal, and resuspen-
sion in water. The recovered nanohybrids were then used for
further catalytic reduction of p-nitrophenol with NaBH,, main-
taining similar reaction conditions. This process was repeated
five times.

SUPPORTING INFORMATION AVAILABLE Crystallyte size
distributions, complementary hybrid fibrils images, and catalytic
activity plots. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Abstract: Magnetic nanowires were ob-
tained through the in situ synthesis of
magnetic material by Fe-controlled
nanoprecipitation in the presence of
two different protein (human serum al-
bumin (HSA) and lysozyme (Lys)) fi-
brils as biotemplating agents. The
structural characteristics of the biotem-
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lent magnetic properties as a conse-
quence of the 1D assembly and fusion
of magnetite nanoparticles as ascer-
tained by SQUID magnetometry.
Prompted by these findings, we also
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checked their potential applicability as
MRI contrast agents. The magnetic
wires exhibited large r,* relaxivities
and sufficient contrast resolution even
in the presence of an extremely small
amount of Fe in the magnetic hybrids,
which would potentially enable their
use as T, contrast imaging agents.

plates were transferred to the hybrid
magnetic wires. They exhibited excel-

Introduction

A key issue in nanotechnology is the development of con-
ceptually simple construction techniques for the mass fabri-
cation of identical nanoscale structures. Interest in one-di-
mensional (1D) nanoscale materials and devices, often
called nanowires, nanotubes or nanorods, has risen sharply
in recent years. In particular, 1D magnetic nanostructures
exhibit unique magnetic properties due to geometric con-
finement, magnetostatic interactions and nanoscale domain
formation,!! which endow them with potential applicability
in data storage and logic devices,”) magneto-transport be-
haviour,? micromechanical sensors®! and biomedicine.*
As a result of their high aspect ratios, 1D magnetic entities
possess larger dipole moments than individual nanoparticles.
This allows their manipulation with lower field strengths®
and provides them with improved imaging contrast capabili-
ties, which opens up the possibility of their use in new bio-
medical applications, specifically in the advent of low-field
MRIL™ Here we report the formation of 1D magnetic nano-
wires and assemblies of magnetic nanoparticles over linear
nanosized biopolymer templates formed by spontaneous fi-
brillation, under suitable conditions, of two proteins—
human serum albumin (HSA) and lysozyme (Lys)—by in
situ co-precipitation of iron under suitable conditions. These
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structures - protein fibrils

magnetic 1D nanostructures possess both high saturation
magnetisations and spin-spin relaxivities at low magnetic
fields, which makes them suitable candidates for use as
imaging contrast agents in MRI.

There are many literature reports on the fabrication of
1D magnetic nanostructures, which can be assembled by (bi-
o)templating, spontaneous self-assembly by magnetic dipo-
lar interactions of nanoparticles, chemical synthesis, litho-
graphic methods, laser etching or microcontact printing.”
Owing to its relative simplicity, template-directed synthesis
is one of the most attractive methods for preparing magnetic
1D nanomaterials.®*"! This approach offers exciting alterna-
tives to the costly nanolithography-based “top-down” tech-
nologies or multi-step chemical procedures. Various linear
nanometer-scale materials, including molecular dispersed
and assembled polymers,”” carbon nanotubes®®”! or biologi-
cal scaffolds, have been employed to prepare 1D magnetic
structures and assemblies.”! In particular, the capability of
biopolymers to generate 1D magnetic nanostructures is
really exciting because nature provides a renewable and
highly diverse source of nanometer-scale ordered complexes
that can be used to replicate inorganic materials as well-de-
fined structures.”’ Dextran, for example, has been used in
the creation of elongated assemblies of spherical nanoparti-
cles suitable for use as MRI contrast agents and tumour tar-
geting species.”*!”) DNA was also used as a stabiliser for the
formation of ordered nanowires of magnetic nanoparti-
cles.’>!] These nanowire assemblies resulted in stable mag-
netic fluids with high relaxivities at low fields useful for
MRI imaging. The protein cage of cowpea chlorotic mottle
virus (CCMV) was explored with the same goal, to incorpo-
rate high payloads of Gd** with elevated molecular relaxivi-
ties,"! and the formation either of magnetic nanotubes or of
magnetic nanowires with the aid of magnetic bacteria (Mag-

Chem. Eur. J. 2011, 17, 73667373
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netospirillum magneticum strain AMB-1),/®l and tobacco
mosaic virus!™l were also investigated.

The spontaneous fibrillation undergone by different pro-
teins under suitable conditions results in the formation of
amyloid-like fibrils,'" potentially applicable as alternative
templating agents for the construction of 1D magnetic mate-
rials. In particular, the proteins HSA and Lys are two pro-
teins known to fibrillate under different solution conditions
to form fibrils with diameters ranging from 10 to 50 nm and
lengths up to several microns'® (see Figure S1 in the Sup-
porting Information). The dimensions of the fibrils can be
tuned by varying the solution conditions and the incubation
times. They are also thermally stable at high temperatures
and different pH values and they contain multiple potential
ion-binding sites within their amino acid sequences, which
enables their use in metallisation reactions under relatively
harsh conditions. We have thus exploited these features to
generate 1D magnetic nanoparticle assemblies and nano-
wires by in situ nanoparticle formation on the fibril surface
by use of the electrostatic interaction between Fe** and
Fe’* ions and the negatively charged amino acid residues lo-
cated on the protein surfaces (mainly glutamic and aspartic
acids)!'”! and analysis of their magnetic properties and po-
tential applicability as MRI contrast agents. Although bio-
templating of metallic nanowires by peptides and protein fi-
brils has been reported previously,® ! less attention has
been paid to the production of 1D protein fibril-templated
magnetic structures, and their magnetic properties have not
been analysed in detail. Bolaamphiphile peptide fibrils, for
example, have been used to template the growth and size of
nickel nanocrystals on their surfaces and to tune their mag-
netic properties,'” self-assembled peptides have also been
conjugated to gadolinium ions,?” and iron bionanominerali-
sation has been found to occur in human serum transferrin
fibrils.”?"

Results and Discussion

Nanowire synthesis and characterisation: For in situ magnet-
ic nanoparticle formation and subsequent fibril coverage,
nanoparticle-coated protein fibrils were obtained by sequen-
tial addition of Fe’* and Fe** ions (1:2 molar ratio) and am-
monium hydroxide (NH,OH) solutions to aqueous solutions
containing self-assembled fibrils, with subsequent incubation
at 80°C (see the Experimental Section for protein fibrilla-
tion and nanoparticle growth details). The controlled precip-
itation of iron ions leads to the formation of magnetic nano-
particles on the fibrils (see Figure 1). The effects of iron
concentration, iron/protein molar ratio, number of sequen-
tial additions and/or the presence of different reagents/sta-
bilisers were tested to provide progressive full coverage of
the biotemplate and to generate a magnetic wire. A protocol
composed of sequential additions of Fe ions in several steps
(seeded-growth mechanism) was therefore performed (see
the Experimental Section). A suitable [Fe]/[protein] molar
ratio (MR) was necessary to ensure full coverage after a

Chem. Eur. J. 2011, 17, 7366 -7373
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Figure 1. TEM images showing the progressive coverage of lysozyme fi-
brils to afford magnetic nanowires after a single addition of Fe ions at
[Fe]/[protein] molar ratios of: a)25, b) 50, c¢) 100 and d) 100 together
with one additional sequential addition of Fe ions at the same molar
ratio. e) Size distributions of as-synthesised magnetic nanoparticles on
the biotemplate surfaces. The dotted line represents the fit of the distri-
bution.

small number of addition steps and to avoid both precipita-
tion of the nanohybrid and generation of free magnetic NPs.
We should note that if the [Fe]/[protein] molar ratio (MR =
10, 25, 50) is low, complete fibril coverage is not achieved
even after several sequential additions; in contrast, if the
[Fe]/[protein] MR is too large, bundling and precipitation of
the nanohybrids occurs (see Figure S2 in the Supporting In-
formation). For these reasons an initial [Fe]/[protein] MR =
100 was found to be optimal and was further used for three
sequential additions of Fe ions to achieve the formation of
the magnetic wires. Figure 1a-d shows the progressive cov-
erage of the nanofibrils at different [Fe]/[protein] molar
ratios, with the formation of magnetic nanoparticles on the
fibril surface. TEM revealed the primary magnetic nanopar-
ticles to be fairly uniformly distributed on the biotemplate
and to have sizes of about 6.8+2.0 nm with a relatively
narrow size distribution (Figure 1e), in fair agreement with
those magnetic particles obtained in the absence of the pro-
tein template (see Figure S3 in the Supporting Information).
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Also, it is necessary to note that fibril integrity and stability
was perfectly maintained under these reaction conditions
(see Figure S4 in the Supporting Information).

With more addition steps carried out the fibrils became
progressively covered with more magnetic material without
any apparent increase in nanoparticle size. The continuous
fibril coverage is a result of the fusion of adjacent as-syn-
thesised magnetic nanoparticles (see Figure S5 in the Sup-
porting Information). When a progressive and sufficient
excess of Fe was added, the nanowire widths increased and
their surfaces also appeared rougher, which might indicate
that more than one layer of magnetic material had been de-
posited onto the template (Figure 2a-b). In this regard, the

Figure 2. TEM images showing the progressive increases in the widths of
the magnetic wires and subsequent bundling after a) three, b) four or
c) five sequential additions of Fe ions at MR =100. d) After 5 sequential
additions at MR =100 in the presence of sodium citrate as stabiliser.

widths of the magnetic wires could be modified from 6 to
50 nm by increasing the number of sequential additions of
Fe ions onto the biotemplate. These values depend on the
type of fibril used as the template, the [Fe]/[protein] molar
ratio and the number of sequential additions performed (see
Figure 1 and Figure S2 in the Supporting Information). Nev-
ertheless, constant width along the whole nanofibrils could
not be achieved, due to the non-uniform deposition of the
ions onto the template. We are currently modifying the syn-
thetic protocol with the goals both of improving uniformity
in fibril coverage and of achieving perfect control over the
magnetic nanowire dimensions and their resulting magnetic
properties. In addition, under conditions of excessive Fe
ions in solution an increasing presence of fibril networks as
a consequence of fibril bundling was observed, leading to
precipitation of the nanowires after several days (see Fig-
ure 2¢). This can be a result either of magnetic interaction
between nanowires or of inefficient stabilisation of the 1D

www.chemeurj.org

7368

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nanostructures. To prevent these phenomena, we decided to
stabilise the magnetic nanowires further by the addition of
sodium citrate, which has been shown to be an effective sta-
biliser for water-soluble magnetic nanoparticles.”? In this
process, no fibril precipitation was observed for at least one
month and a lower level of bundling was confirmed, proba-
bly as a consequence of the generation of a surface organic
layer that moderately screens the magnetic interactions be-
tween magnetic covered fibrils (Figure 2d).

On the other hand, the morphologies and sizes of the
fully covered fibrils made of HSA and Lys present some dif-
ferences irrespective of the method used to create the mag-
netic nanowires. This is a consequence of the inherent struc-
tural differences between the fibrils assembled from the two
proteins. In this respect, HSA-derived nanowires have short-
er lengths (between 0.1 and 2 um) and widths (4-10 nm),
and have a curly morphology as a direct consequence of the
template structure (see Figure S6 in the Supporting Informa-
tion)."*® In contrast, Lys-derived wires appear to be
straighter and longer (lengths and widths of 0.4-8 um and
12-20 nm, respectively).'®d This observation additionally
confirms that the overall structures of the fibril templates
remain intact after surface modification.

XRD analysis, selected area electron diffraction (SAED)

| patterns, high-resolution TEM (HR-TEM) images and

FTIR spectroscopic examination of the fully covered fibrils
confirmed the formation and nature of the magnetic cover-
age on the template surface. The XRD pattern showed re-

'\ flections indexed to (111), (220), (311), (222), (400), (422),

(511), (440) and (533) planes, corresponding to the cubic
spinel crystal structure of iron oxides (see Figure 3a, JPCDS
file No. 19-0629, magnetite, or JCPDS file 39-1346, maghe-
mite). In addition, XRD demonstrated a polycrystalline
structure with cell constant a,=0.8381 nm, which is in good
agreement with the standard card of iron oxides. The peak
broadening of the XRD pattern also indicates that the re-
sulting iron oxide crystallites were rather small. The crystal-
lite sizes calculated from the modified Scherrer relation!!
for the magnetic fibrils of both Lys and HSA were about
(6.2+2) nm, consistent with the size distributions measured
from TEM images. SAED, HR-TEM and FTIR confirm the
predominance of the magnetite phase on the biotemplate.
The SAED pattern consisted of spots on the rings corre-
sponding to the diffraction planes (111), (220), (311), (400),
(511) and (440) characteristic of the magnetite phase, which
also revealed the polycrystalline nature of the nanocompo-
sites (see Figure 3b). The difference between the polycrys-
talline electron diffraction patterns of magnetite and maghe-
mite phases is solved by the presence of the (111) diffraction
plane, distinctive of the magnetite fcc structure.”?” From the
HR-TEM images (Figure 3c) we can observe that the ob-
tained magnetite nanoparticles are single crystalline, as indi-
cated by the well-resolved lattice fringes. The distance be-
tween two adjacent planes is about 0.255 nm, which corre-
sponds to the (311) lattice plane in the spinel structure of
Fe;0,.”) The strong peak at 580 cm™! in the FTIR plot (Fig-
ure 3d) additionally confirms that the phase is magnetite
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Figure 3. a) XRD pattern and b) SAED pattern of the fully covered mag-
netic nanowires. c) HR-TEM image of a magnetite nanoparticle showing
the interplanar distance; the FFT indicates that the nanoparticle is orient-
ed in the [001] direction. d) FTIR spectrum of fully covered magnetic
nanowires.

rather than maghemite. The peaks at about 591 and
456 cm™ in the spectrum indicate the presence of both mag-
netite and maghemite.”

Magnetic and imaging contrast properties: To evaluate the
potential use of these 1D hybrid magnetic nanostructures
for bioimaging, we first investigated the magnetic properties
of fully magnetite-covered hybrid lysozyme nanofibrils with
the aid of a superconducting quantum interference device
(SQUID), and compared them with those of dispersed mag-
netic nanoparticles synthesised under the same solution con-
ditions in the absence of protein fibrils. Figure 4 shows the
field-dependent magnetisation of the fully covered fibrils
and dispersed magnetic nanoparticles measured at 300 and
5 K, respectively. Their M/H curves at 300 K show nonlin-
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Figure 4. Magnetisation versus applied magnetic field for: a) dispersed
magnetite nanoparticles, and b) fully covered magnetic nanowires at 5 K
(closed symbols) and 300 K (open symbols). ¢) Image showing the attrac-
tion of the nanowires to a magnet.

ear, reversible characteristics with no hysteresis (zero coer-
civity), features of superparamagnetic behaviour, with satu-
ration magnetisation (M,) values of about 60 and 47 emug !
for fully covered and isolated nanoparticles, respectively.
The observed magnetic behaviour is consistent with the
common understanding that one-dimensionally stacked
magnetic nanoparticles forming a uniform layer behave like
single elongated particles, and so their cooperative response
is more sensitive to a magnetic field.”” Nevertheless, all the
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above values are lower than the theoretical value of the
bulk magnetite (92 emug™).”®! A decrease in M is often ob-
served and is attributed to the surface contribution: spin
canting, surface disorder, stoichiometry deviation, ion distri-
bution and adsorbed species.” The elongated structures of
the nanowires apparently enhance the orientation of the
magnetic moments of the individual nanoparticle constitu-
ents, increasing the net magnetisation."**) On the other
hand, the magnetisation curves at 5 K show that all samples
have hysteresis with coercitive fields (H,) of 352 and
270 Oe, remnant magnetisation of 16.5 and 10.2 emug™"' and
M, values of about 90 and 56 emug™' for fully covered and
isolated nanoparticles, respectively. The magnetic properties
of the hybrid fibrils were also tested by placing a magnet
near the cuvette. The hybrid nanowires were completely at-
tracted to the side of the cuvette nearest to the magnet as
displayed in Figure 4 c, which additionally confirms the mag-
netic properties of the hybrid samples.

Measurements of magnetisation versus temperature were
performed by standard experimental zero-field-cooling
(ZFC) and field-cooling (FC) protocols with the external
magnetic field set at 500 Oe when necessary. Field-cooled
(FC) magnetisation measurements provide information
about coupling between the magnetic materials because a
FC experiment suppresses thermal fluctuations and increas-
es net magnetisation. The ZFC and FC magnetisation
curves split below 150 and 195 K, and the ZFC magnetisa-
tion curves exhibit peaks around 7=35 and 105 K for fully
covered fibrils and dispersed Fe;O, nanoparticles, respec-
tively (see Figure 5), identified as the blocking temperatures
(Tg). These data clearly show that there is a temperature
range in which magnetic hybrid fibrils show collective ferro-
magnetic behaviour that is unique due to their aggregation
status, as was also the case for nanoparticle chains.*?'?
Nevertheless, superparamagnetism remains after 7 as a
consequence of the anisotropic barrier blockage of the mag-
netisation orientation of the magnetic layer forming the
hybrid fibril cooled with the ZFC process.’ The larger T
and the less steep slope for magnetite nanoparticles in the
above figure could be consistent with: i)a larger dipolar
coupling,*"*? or ii) larger size and anisotropy in the disper-
sions as a result of some degree of aggregation between the
particles, which involves a larger number of nearest neigh-
bouring particles than in the case of magnetic wires and a
non-regular distribution of the particles in the aggregates, in
contrast to what would be expected in the 1D nanowires.
This implies that dipolar interactions will not equally affect
all particles in the nanoparticle aggregates, giving rise to the
observed broadening in Tg.

From the relationship Tg=K,V/25ky (in which K, is the
anisotropic constant, and kg the Boltzmann constant), for
uniaxial non-interacting magnetite nanoparticles with a di-
ameter of 10 nm, Ty is found to be 20 K, in contrast to the
values of about 35 K found for the nanowires and 105 K for
dispersed nanoparticles, respectively. From this equation we
can also derive an estimated value for the crystallite size in
the hybrid fibrils and for the dispersed nanoparticles by use
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Figure 5. ZFC-FC plots for: a) dispersed magnetite nanoparticles, and
b) fully covered magnetic nanowires at 5 K (closed symbols) and 300 K

(open symbols). FC curves were obtained in the presence of a magnetic
field of 500 Oe.

of a K, value of 1.35x10*Jm™* corresponding to bulk mag-
netisation. In this way, the estimated sizes are about 12 and
16 nm, larger than those calculated from XRD data. Possi-
ble reasons for these differences might be the wide size dis-
tribution populations, the magnetic dipole interactions be-
tween nanowires and nanoparticles, the magnetic texture
formed in nanowires due to strong shape anisotropy, the ag-
gregation state in the dispersed nanoparticles or the disor-
dered surface spins. These factors can have strong influences
on magnetic properties and, therefore, on calculated sizes.
Additionally, the effective magnetic anisotropy constants of
Fe;O, nanoparticles are normally less than its bulk value
and vary with particle size.””! All these factors lead to differ-
ences in the estimated particles sizes according to XRD and
magnetic data.

To check the possible efficiency of the biohybrids as novel
T, contrast agents, the relaxation times 7; and 7,* were
measured by NMR dispersion (NMRD) at 9.4 T (400 MHz
proton Larmor frequency, 37°C). The 7, (spin-lattice) relax-
ation process is the result of the interaction between the ex-
cited nuclei and their surrounding environment, and the 7,*
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(spin—spin) relaxation process of the interaction between the
excited nuclei and those with lower energy. The efficiency of
an MRI contrast agent is commonly assessed in terms of its
relaxivities (r, and r,), which are rates of proton relaxation
determined by Equation (1):

T =1/Tig+riM] (I =1,2) )

in which 1/T, 4, is the observed solvent relaxation rate in the
presence of a contrast agent, 1/7;, is the relaxation rate of
the pure diamagnetic solvent, and [M] is the concentration
of the contrast agent.* For a T, contrast agent, the higher
the r,*r, ratio the better the contrast efficacy. The spin-spin
and spin-lattice relaxation times weighted spin-echo MRI of
the fully-covered hybrid nanofibrils are shown in Figure 6a
and Figure S7 in the Supporting Information, respectively.
As shown in the former, the fully covered fibrils exhibited
much stronger enhancement in 7,*-weighted relaxation
times than the dispersed magnetic nanoparticles at the same

250
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Figure 6. a) T, relaxation rates as a function of iron concentration (mm
Fe) for fully covered magnetic nanowires obtained by fibril biotemplat-
ing; r,¥=161 mm~'s™". b) T,*-weighted MR images of phantoms in the
presence of different amounts of magnetic nanowires (expressed in Fe
concentration). 1) 0.1x1077, 2) 0.2x1077, 3) 0.3x 1077, 4) 0.5x 1077, 5) 1x
1077 and 6) 2x 1077 m.
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Fe concentration, with an r,* value of 161 mm's™ (r,=
0.42 mm~'s™") and an r,*/r, ratio of about 390. The effect of
the protein was found to be negligible. The former behav-
iour might be a result of the enhanced MR sensitivity due to
clustering of individual magnetic nanocrystals on the fi-
brils.’¥ Nevertheless, it is necessary to bear in mind that the
large r,*/r, ratio is a result of the different behaviour dis-
played by 7, and 7, with the applied magnetic field
strength: both 7, and T, generally increase at relatively low
applied magnetic field, but 7' reaches a maximum around
0.5-1.0 T and then drastically decreases at larger magnetic
fields. In contrast, 7, remains almost constant or even slight-
ly increases at larger applied magnetic fields, so the r,*/r,
ratio definitely increases with applied magnetic field.*")
Thus, when comparing r,*/r; ratios it is necessary to bear in
mind the applied magnetic field at which the experiment
was performed. Interestingly, the r,* relaxivities of the
hybrid fibrils are slightly larger than those obtained for
DNA-templated magnetic nanowires,''* (bio)polymer-tem-
plated nanowires,”**! magnetic nanoworms?*'®! or conven-
tional superparamagnetic iron oxide nanoparticles.”” Such a
strong T, shortening effect, typically from stronger magnetic
susceptibility, leads to spin dephasing and substantial MRI
drop, which generated a “darkening” contrast, as seen in the
T,*-weighted MR images of the hybrids in phantoms mea-
sured at 9.4 T in a preclinical MRI. The mean 7,* values of
the phantoms get lower as the amount of fully covered
nanofibrils increases in solution (seen as black spots in the
images) even though the amount of Fe present is extremely
small, which avoids full darkness of the image (Figure 6b).
The increased MRI contrast observed for nanowires is the
result of the increase in the susceptibility effects caused by
the presence of Fe that can enhance spin-spin relaxation of
water molecules caused by the slightly larger magnetisation
value®®! and the 1D assembly.”!

Conclusion

We report a method for obtaining magnetic Fe;O, nano-
wires based on the use of HSA and Lys protein fibrils as bi-
oscaffolds for generation of a complete magnetic Fe;O,
coating layer on the biotemplate surface by controlled Fe
nanoprecipitation in situ in the presence of NH,OH. To ach-
ieve full coverage of the protein fibrils a suitable initial [Fe]/
[protein] molar ratio must be selected and a suitable
number of sequential additions of Fe ions must be per-
formed. If these requirements are not fulfilled, partial cover-
age and/or protein bundling and further fibril precipitation
are observed. Thanks to their large saturation magnetisa-
tion, the 1-dimensional magnetic nanowires can serve as ef-
ficient MRI contrast agents, with transverse relaxivities
larger than those obtained previously for other 1D nano-
structures derived by different methods. Their capability as
contrast agents was verified by obtaining several MRI
images at different Fe concentrations in phantoms. In spite
of the very low concentrations used, the hybrid nanowires
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exhibit an important contrast imaging effect, which confirms
their potential use as MRI contrast agents. Future work will
involve the refinement of the synthetic process to achieve
perfect control of magnetic coverage, and thus hybrid fibril
widths, magnetic nanowire lengths, population distribution
and in vivo assays.

Experimental Section

Materials: Human serum albumin, lysozyme, FeCl, and FeCl; were ob-
tained from Sigma Chemical. Proteins were used after further purifica-
tion by liquid chromatography over a Superdex 75 column equilibrated
with phosphate (0.01m). All other chemicals were of the highest purity
available. Experiments were carried out with doubly distilled, deionised
and degassed water.

Preparation of HSA and lysozyme fibril solutions: Protein fibril solutions
were prepared by well-established protocols.'® Briefly, HSA fibril stock
solution was made by dissolving the protein to a final concentration typi-
cally of 2mgmL~" in phosphate buffer (pH 7.4, ionic strength 10 mm)
and brought to pH 2.0 by addition of HCl. Lysozyme fibrils were ob-
tained by forming a stock solution (2 mgmL™) in glycine buffer (pH 2.0,
ionic strength 10 mm). Both protein stock solutions were dialysed exten-
sively against pure buffer. Protein concentrations were determined spec-
trophotometrically, with use of molar absorption coefficients of 35219
and 37609m 'cm™! at 280 nm for HSA and Lys, respectively.*”! Before in-
cubation, the solutions were filtered through a 0.2 um filter into sterile
test tubes. Samples were incubated at 65°C in a reactor under reflux for
10 and 3 days for HSA and Lys, respectively.

Characterisation of the fibrils: Protein suspensions were applied to
carbon-coated copper grids, blotted, washed, negatively stained with
phosphotungstic acid (2%, w/v), air dried and then examined with a Phil-
lips CM-12 transmission electron microscope operating at an accelerating
voltage of 120 kV. Samples were diluted 20-200-fold when needed prior
to deposition on the grids.
Magnetic nanowire synthesis: A stock solution (typically 2 gL™") of
either lysozyme or HSA fibrils was diluted 600-fold to avoid the presence
of undesired aggregates during the synthesis of the magnetite nanowire.
Different [Fe]/[protein] molar ratios (10:1, 25:1 50:1, 100:1, 200:1 and
400:1) and sequential additions (one to five) of the iron salts were tested
to enable the formation of magnetite nanoparticles on the biotemplate
surface and to ensure full coverage of the fibril surface. In a typical syn-
thesis, an aliquot (100 pL) of lysozyme fibril solution (2gL™', 1.34x
10~*m) was placed in a flask reactor and diluted with doubly distilled, de-
ionised water (60 mL). Fibril solution was left to incubate at 65°C for 1 h
with magnetic stirring. Separately, two aqueous solutions containing
FeCl, (25.4 mg, 0.1m) and FeCl;, respectively, (64.9 mg, 0.1 M) were pre-
pared and mixed in a 1:2 molar ratio. After the incubation period at
65°C, the temperature of the fibril solution was raised to 80°C, and a
specific volume of the iron salt mixed solution suitable to get the desired
[Fe]/[protein] molar ratio was then added under nitrogen. The solution
was left to incubate for 3 h before the addition of NH,OH (1.5m, 2 mL);
the resulting solution was allowed to react for an additional 1h and al-
lowed to cool to room temperature. Stabilisation of the nanowires was
additionally achieved by addition of sodium citrate solution (10 mm,
1mL) to the resulting nanowires at 80°C and allowing to incubate for
90 min. The resulting biohybrid solution was dialysed through a dialysis
membrane (SpectraPor, Netherlands, 100 kDa) to remove remaining iron
salts, NH,OH and sodium citrate. If required, fresh additions of the same
volume of Fe salt solutions were carried out under the same conditions
as previously specified to ensure the full magnetic coverage of fibrils and
to create a nanowire.

Characterisation of magnetic 1D assemblies and nanowires: TEM images
were obtained with a transmission electron microscope (Phillips CM-12)
operating at an accelerating voltage of 120 kV as previously described.
HR-TEM images and SAED patterns were obtained with a transmission

7372 ——

www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

electron microscope (Carl-Zeiss Libra 200 FE-EFTEM) operating at
200 kV. X-ray diffraction experiments were carried out with a rotating
anode X-ray generator (Siemens D5005). Twin Gébel mirrors were used
to produce a well-collimated beam of Cug, radiation (1=1.5418 A). X-
ray diffraction patterns were recorded with an imaging plate detector
(AXS ENr. J2-394). FTIR spectra of HSA in aqueous solutions were de-
termined with a FTIR spectrometer (model IFS-66v from Bruker) with a
horizontal ZnS ATR accessory. The spectra were obtained at a resolution
of 2 cm™' and generally 200 scans were accumulated to provide a reason-
able signal-to-noise ratio. Magnetic susceptibility measurements were car-
ried out with a SQUID magnetometer (Quantum Design MPMSS5, San
Diego, CA). Iron concentrations of each sample for SQUID, relaxivity
and MRI were determined by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES, Varian).

Mag) r e ts and MRI imaging: Transverse and
longitudinal relaxation times were also measured at 9.4 T (400 MHz) and
37°C with a Bruker Biospin USR94/20 instrument (Ettlingen, Germany).
An inversion-recovery pulse sequence was used to measure the longitudi-
nal relaxation times with 16 inversion recovery times logarithmically
spaced. Both Carr-Purcell-Meiboom-Gill (CPMG) and spin-echo pulse
sequences were used to measure transverse relaxation times. MRI phan-
toms were constructed in agarose solutions (Sigma-Aldrich, 4%, w/v),
heated and stirred at 80°C until complete solution of the solid agarose.
Then, with the system still remaining fluid, six HPLC vials (Cromlab,
Spain, 250 pL) were filled with the agarose solution (100 pL) and allowed
to cool to room temperature. Protein solution (5, 10, 15, 25, 50 or
100 puL) was then deposited over the surfaces of the agarose gels, and dis-
tilled water (49, 45, 40, 35, 25 and 0 pL, respectively) was added to the
solutions to make the final volumes even at 150 pL per vial. After a wait-
ing period of at least 30 min, most of the deposited fluid had been ab-
sorbed by the agarose gels, after which semi-gelificated agarose solution
(50 uL, 10 %, w/v, heated to 80°C for solution and cooled to about 40—
50°C before addition) was added to each phantom to seal them. Imaging
of the phantoms was performed with the previously described Bruker
Biospin system with 440 mTm™' gradients. A 3D-Gradient Echo image
was acquired (7,*-weighting) with the following parameters: field of
view: 28.8x19.2 x2 mm, matrix size: 288 x 192 x40 points giving a spatial
resolution of 100x100x200 pm, echo time TE=8ms, repetition time
TR =100 ms and flip angle =30.
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6.7.- Relevant aspects on the HSA fibril formation

VI.

VII.

VIII.

HSA has the ability to self-assemble into amyloid-like aggregates under different
solution conditions, i.e., under both physiological and acidic pH at elevated
temperature and different ionic strengths. Under these solution conditions, the HSA
native state is destabilized generating partially folded states that can aggregate to
form fibrils.

At physiological pH, fibrillation is progressively faster and more efficient in the
presence of up to 50 mM NacCl due to electrostatic shielding. ThT fluorescence, CD, FT-
IR and Trp fluorescence spectra confirm the structural changes in both tertiary and
secondary structure along the HSA fibrillation process. In this way, large extents of B-
sheet structure at large salt concentrations are also corroborated from the analysis of
far UV-CD spectra.

Under acidic conditions, a progressive enhancement of HSA fibrillation is observed as
electrolyte concentration in solution increases.

The fibrillation process of HSA does not show a lag-phase growth, except at acidic pH
in the absence of NaCl. The HSA fibrillation is a downhill process which does not
require a highly organized and unstable nucleus, with a progressive increase of the B-
sheet (up to 26%) and an unordered conformation at the expense of the a-helical
conformation.

The fibrils obtained show a curly morphology and differ in length. Besides,
suprafibrillar assemblies (spherulites and fibrillar gels) formed by the protein human
serum albumin under different solution conditions.

Upon incubation at 65 °C at both acidic (pH 2.5) and physiological (pH 7.4) pH in the
presence of different amounts of added electrolyte, suprafibrillar assembilies,
spherulites and fibrillar gels, are formed under different solution conditions. Fibrillar
gels are formed through intermolecular nonspecific association of amyloid fibrils.
Meanwhile, at a pH close to the isoelectric point of HSA (pH 5.5), particulate gels were
observed as a consequence of a faster protein aggregation, which does not allow the
necessary structural reorganization to enable the formation of more ordered
structures.

Within spherulites, fibrils display a radial arrangement around a disorganized protein
core with sizes of several micrometers, as revealed by POM and confocal microscopy.
Protein structure destabilization and subsequent aggregation (into amorphous or well-

defined structured aggregates) were conditioned by the experimental pH,
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temperatures, and solvent polarity.

Ethanol regulated the hydrogen bonding extension, the attractive hydrophobic
interactions, and the protein accessible surface area which, in turn, give rise to
intermediate structural states prone to form aggregate.

The HSA aggregation rate at physiological condition is faster than under acidic one
owing to the pre-existing structural differences of the protein molecules in solution
and to changes in the nature and strength of intermolecular interaction upon
incubation.

Ethanol promoted an a-helix to B-sheet conformational transition at intermediate
alcohol concentrations, whereas at low and high ethanol contents a-helix prevailed as
the predominant structure at room temperature and physiological pH.

Electrostatic and hydrophobic interactions are important to control stacking of B-
sheets favouring the formation of amyloid-like fibrils at physiological pH and high

temperature.

6.8.- Relevant aspects on the gold and magnetic nanowires

We report a method to obtain metallic Au nanowires by using Lys protein fibrils as
bioscaffolds. The metallic coverage of nanofibrils could be easily controlled by
changing the numbers of sequential additions of gold growth solution into the fibril
solution overall already preformed Au nanocrystals. In this way, a continuous coverage
of the fibril surface is obtained as a result of the growth of pre-existing nanoparticles
and generation of new ones on the fibrils surface and subsequent fusion of adjacent
as-synthesized nanoparticles.

UV-Vis spectra results showed that the hybrid fibrils can successfully catalyze the
reduction reaction from p-nitrophenol to p-aminophenol by NaBH,. Moreover, the
fibril metallic fibrils provide larger reaction rates values 1.5-4 than other hybrid
materials reported, previously, as for example glucose-reduced Au nanoparticle
networks, PAMAM-dendrimer-supported spherical nanoparticles amongst others.

On the other hand, we report a method for obtaining magnetic Fe;0, nanowires based
on the use of HSA and Lys protein fibrils as bioscaffolds for generation of a complete
magnetic coating layer on the biotemplate surface by controlled Fe nanoprecipitation
in situ in the presence of NH,OH.

Thanks to their large saturation magnetization, the 1D magnetic nanowires can serve
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as efficient MRI contrast agents, with transverse relaxivities larger than those obtained
previously for other 1D nanostructures derived from different methods. Their
capability as contrast agents was verified by obtaining MRI images at different Fe

concentrations in phantoms.
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Conclusions

The work has two parts: The first one was focused on the characterization of three block

copolymers (EOQ1,S0y, EOQ1(SO14EOQ+, and EO0;3;50,3E0137), meanwhile the second part was

dedicated to the study of the fibrillation of the protein human serum albumin that was cover

with gold and magnetic nanoparticles.

The general conclusions are:

1. - Characterization of the block copolymers EQ;,S045, EO1;SO10EOQ1g, ¥ EO137S0415EO137, in

solution at the air/water and chloroform/water interfaces.

For Eq,S;o dilute solutions, the coexistence of spherical micelles with vesicular
structures has been observed. In addition, the spontaneous formation of vesicles by
poly(oxystyrene)-poly(oxyethylene) block copolymers is reported for the first time, as
confirmed by light scattering, polarized light microscopy, and transmission and cryo-
scanning electron microscopy data.

In dilute solution, the self-assembly of copolymer E14S:0E1o leads to the formation of
elongated micelles as supported by light scattering and transmission electron
techniques.

In the case of copolymer Ei3;S:3E137, typical spherical micelles are observed. Tube
inversion and rheological measurements were used to define the sol- soft- and gel-
hard boundaries of this copolymer.

E1,S10 and E1S10E10 copolymers did not form gels in the concentration range analysed.
However, only certain concentrations of copolymer E;S;0E;oc Were analysed by
rheometry. From experimental data, an upturn in the low-frequency range of the
stress moduli was observed, denoting the existence of an emerging slow process,
which was assigned to the formation of an elastic network.

Block copolymers E1,Si, E10S10E10 and E;37S:3E13; showed spontaneous adsorption at
the air-water interface, which slowed down when the hydrophobicity of the molecule
was increased. In contrast, at the chloroform/water interface no measurable effect is

observed for copolymer E,S;; due to the slow diffusion of its chains to the interface in
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combination with a low bulk concentration; this slow diffusion is associated with the
fact that chloroform is a good solvent for both E and S blocks.

Copolymer Eq3;,S:5E137 displays an adsorption isotherm with the four classical regions
representing the pancake, mushroom, brush and condensed states; the presence of a
pseudo-plateau is attributed to the pancake-to-brush transition as E chains submerge
into the aqueous sub-phase. On the other hand, for E;,S;; and E14S10E1p copolymers
only two regions are observed in their adsorption isotherms as a consequence of their
low molecular weights, short S and E block lengths, and much larger S/E ratio. This
involves the disappearance of the pseudo-plateau region due to the decrease in the
fractional interfacial area occupied by EO segments.

According to AFM images, circular micelles are observed on Langmuir-Blodgett films of
the copolymers obtained at two surface transfer pressures. A decrease in micelle size
and an increase in monolayer thickness are observed with increases in transfer
pressure. Aggregation numbers derived from AFM images increase with the increase
of the S weight fraction at a certain deposition pressure, which can be a consequence
of stronger attractive interactions between the S blocks to avoid contact with the

solvent.

2. - 0On the HSA fibrillation:

HSA has the ability to self-assemble into amyloid-like aggregates under different
solution conditions, i.e., under both physiological and acidic pH at elevated
temperature and different ionic strengths and solvent compositions. Under these
solution conditions, the HSA native state is destabilized generating partially folded
states that can aggregate to form fibrils.

At physiological pH, fibrillation is progressively faster and more efficient in the
presence of up to 50 mM NaCl due to electrostatic shielding. ThT fluorescence, CD, FT-
IR and Trp fluorescence spectra confirm the structural changes in both tertiary and
secondary structure along the HSA fibrillation process. In this way, large extents of -
sheet structure at large salt concentrations are also corroborated from the analysis of
far UV-CD spectra.

Under acidic conditions, a progressive enhancement of HSA fibrillation is observed as
electrolyte concentration in solution increases.

The fibrillation process of HSA does not show a lag-phase growth, except at acidic pH

in the absence of NaCl. The HSA fibrillation is a downhill process which does not
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require a highly organized and unstable nucleus, with a progressive increase of the B-
sheet (up to 26%) and an unordered conformation at the expense of the a-helical
conformation.

V. The fibrils obtained show a curly morphology and differ in length. Besides,
suprafibrillar assemblies (spherulites and fibrillar gels) formed by the protein human
serum albumin under different solution conditions.

VI. Upon incubation at 65 °C at both acidic (pH 2.5) and physiological (pH 7.4) pH in the
presence of different amounts of added electrolyte, suprafibrillar assemblies,
spherulites and fibrillar gels, are formed under different solution conditions. Fibrillar
gels are formed through intermolecular nonspecific association of amyloid fibrils.
Meanwhile, at a pH close to the isoelectric point of HSA (pH 5.5), particulate gels were
observed as a consequence of a faster protein aggregation, which does not allow the
necessary structural reorganization to enable the formation of more ordered
structures.

VII. Within spherulites, fibrils display a radial arrangement around a disorganized protein
core with sizes of several micrometers, as revealed by POM and confocal microscopy.

VIIL. Protein structure destabilization and subsequent aggregation (into amorphous or well-
defined structured aggregates) were conditioned by the experimental pH,
temperatures, and solvent polarity.

IX. Ethanol regulated the hydrogen bonding extension, the attractive hydrophobic
interactions, and the protein accessible surface area which, in turn, give rise to
intermediate structural states prone to form aggregate.

X.  The HSA aggregation rate at physiological condition is faster than under acidic one
owing to the pre-existing structural differences of the protein molecules in solution
and to changes in the nature and strength of intermolecular interaction upon
incubation.

XI. Ethanol promoted an a-helix to B-sheet conformational transition at intermediate
alcohol concentrations, whereas at low and high ethanol contents a-helix prevailed as
the predominant structure at room temperature and physiological pH.

XILI. Electrostatic and hydrophobic interactions are important to control stacking of B-
sheets favouring the formation of amyloid-like fibrils at physiological pH and high

temperature.
3. - On the metal and magnetic nanowires :

I.  We report a method to obtain metallic Au nanowires by using Lys protein fibrils as
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bioscaffolds. The metallic coverage of nanofibrils could be easily controlled by
changing the numbers of sequential additions of gold growth solution into the fibril
solution overall already preformed Au nanocrystals. In this way, a continuous coverage
of the fibril surface is obtained as a result of the growth of pre-existing nanoparticles
and generation of new ones on the fibrils surface and subsequent fusion of adjacent
as-synthesized nanoparticles.

UV-Vis spectra results showed that the hybrid fibrils can successfully catalyze the
reduction reaction from p-nitrophenol to p-aminophenol by NaBH,. Moreover, the
fibril metallic fibrils provide larger reaction rates values 1.5-4 than other hybrid
materials reported, previously, as for example glucose-reduced Au nanoparticle
networks, PAMAM-dendrimer-supported spherical nanoparticles amongst others.

On the other hand, we report a method for obtaining magnetic Fe;0, nanowires based
on the use of HSA and Lys protein fibrils as bioscaffolds for generation of a complete
magnetic coating layer on the biotemplate surface by controlled Fe nanoprecipitation
in situ in the presence of NH,OH.

Thanks to their large saturation magnetization, the 1D magnetic nanowires can serve
as efficient MRI contrast agents, with transverse relaxivities larger than those obtained
previously for other 1D nanostructures derived from different methods. Their
capability as contrast agents was verified by obtaining MRI images at different Fe

concentrations in phantoms.
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