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Abstract

Ionic specificity, also known as Hofmeister effects, is a widely studied phenomenon
related with the ability of ions of the same valence to produce different effects
over many interfaces. Anions and cations were arranged by Hofmeister in 1888
according to their capability of precipitating proteins. Ions are classified in these
series as kosmotropes (strongly hydrated) or chaotropes (weakly hydrated). In
addition, anions usually produce more intense effects than cations.

Many authors have developed different models to explain ion specific phenom-
ena considering ion characteristics as size, polarizability or ion hydration; and
ion-surface interactions by dispersion forces, chemical bindings or water hydration
layers. Nevertheless, in spite of the performed advances in this area, a detailed
microscopic theory to completely understand ionic specificity is still absent.

This thesis aims to elucidate the subjacent microscopic mechanisms in ionic
specificity. For that, experiments, simulations and theoretical studies with differ-
ent systems have been performed. We propose that ion accumulation or exclu-
sion from interfaces is mediated by the interaction of the solvent with both, ions
and surfaces. Special emphasis has been given to organic ions. The tetraphenyl
ions are big hydrophobic ions recently added to the Hofmeister series as super-
chaotropes. These organic ions allow us to explore further in ion specific effects,
since they have a deep impact on interfaces, in particular on hydrophobic soft sys-
tems as polymers or proteins. An attractive characteristic of the tetraphenyl ions
is that the anion (Ph,B~) and the cation (Ph As™) are nearly identical. We have
demonstrated that the anion and the cation show different behaviors in solution
and when they interact with other surfaces in spite of their similar chemical struc-
ture. Moreover, the anion always shows stronger specific effects than the cation. In
addition, this difference is greater when ions interact with the thermoresponsive
polymer PNIPAM (Poly (N-isopropylacrylamide)) instead of hard surfaces. This
favorable interaction is mediated by the hydrophobic effect.

PNIPAM undergoes a sharp and reversible transition from a soluble to an in-
soluble state in aqueous solution. The transition temperature can be modified by
the ionic conditions of the medium. We have studied this transition temperature
with inorganic and organic ions. We have observed that the transition depends on
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the capacity of the ions to compete with the water hydrating PNIPAM and also to
the affinity of the poorly hydrated ions to accumulate on the hydrophobic moieties
of the PNIPAM. The great ion accumulation in the insoluble state of PNIPAM pro-
duces important charge reversal of charged PNIPAM microparticles, when these
last ions act as counterions.

On the other hand, several proteins of biotechnological interest and different
degree of hydrophobicity were studied by physical adsorption of the different pro-
teins onto hydrophobic surfaces. We have observed that the accumulation of the
tetraphenyl ions is greater on increasingly hydrophobic interfaces. In addition,
these large ions interact so strongly with the soft biomolecules that proteins un-
dergo conformational changes. Proteins films, in water, are swollen when ions
enhance their electrostatic charge, while these layers are compressed when ions
screen the electrostatic repulsion between molecules. Nevertheless, the ionic con-
centration needed to achieve similar states of structuring protein is one order of
magnitude lower for Ph,B~ than for PhyAs™ corroborating that the anion causes
more intense effects than the cation.

To carry out all this study we have used several experimental techniques, the
most relevant of them have been: electrophoretic mobility, Atomic Force Mi-
croscopy (AFM), Quartz Crystal Microbalance (QCM), and Differential Scanning
Calorimeter (DSC). In addition, Molecular Dynamics (MD) simulations were de-
veloped to analyze at microscopic level the interaction between ions and inter-
faces.



Resumen

La especificidad iénica, también conocida como efectos Hofmeister, es un feno-
meno ampliamente estudiado relacionado con la habilidad de iones de la misma
valencia para producir efectos diferentes sobre multitud de propiedades en inter-
faces. En 1888, Hofmeister ordend los aniones y los cationes en funcién de su ca-
pacidad para precipitar proteinas. En estas series, los iones se clasifican en funcién
de su grado de hidratacién como kosmotrdpicos (fuertemente hidratados) o cao-
trépicos (débilmente hidratados). Ademas, otra caracteristica de la especificidad
ionica es que los aniones suelen producir efectos mas intensos que los cationes.

Existen en la bibliografia numerosos modelos que tratan de explicar los feno-
menos de especificidad idnica. En dichos modelos, se han considerado diferentes
caracteristicas de los iones tales como tamafo, polarizabilidad o hidratacién en-
tre otras, asi como, interacciones entre iones y superficies a través de fuerzas de
dispersion, uniones quimicas o capas de hidratacién. Sin embargo, a pesar de los
ultimos avances realizados en este campo, aun no existe una teoria que sea capaz
de explicar el origen de los fendmenos Hofmeister en su totalidad.

La presente tesis tiene como objetivo dilucidar los mecanismos microscopicos
que dan lugar a la especificidad iénica. Para ello, se han realizado experimentos,
simulaciones y estudios tedricos con diferentes sistemas. Se propone que la acu-
mulacion o exclusion de los iones en las interfaces esta mediada por la interaccién
del solvente tanto con iones como con superficies. Se ha hecho especial hincapié
en los iones organicos. Los iones tetrafenil son iones hidréfobos de gran tamafio
que han sido recientemente afiadidos a las series de Hofmeister como stuper cao-
trépicos. Estos iones organicos nos permiten explorar la especificidad idnica desde
otro punto de vista. Los iones organicos interaccionan mucho mads fuerte con las
interfaces que los iones inorgdanicos, sobre todo en sistemas hidréfobos de tipo
soft como polimeros o proteinas. Una caracteristica muy relevante de los iones
tetrafenil es que el anién (PhyB™) y el catién (PhyAs™) son practicamente idénti-
cos. A pesar de su similar estructura quimica, hemos demostrado que el anién y
el catién muestran comportamientos diferentes en solucidn y cuando interactian
con otras superficies. De hecho, el anion siempre muestra efectos especificos mas
acusados que el cation. Ademas, esta diferencia se hace mayor cuando estos iones
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interactiian con el polimero termosensible PNIPAM (Poli (N-isopropilacrilamida))
en lugar de con superficies duras. El efecto hidrofobo es el responsable de esta
interaccion favorable.

El PNIPAM experimenta una transicion reversible y abrupta desde un estado
soluble a otro insoluble en soluciéon acuosa. La temperatura de transicién pue-
de verse afectada por las condiciones idnicas del medio. Hemos estudiado esta
temperatura de transicién con iones inorganicos y organicos, observandose que
la transicién depende de la capacidad de cada ion de competir por el agua que
hidrata el PNIPAM, asi como, de la afinidad de los iones pobremente hidratados
de acumularse en las partes hidrofobas del PNIPAM. La gran acumulacion de io-
nes que se produce sobre el PNIPAM en su estado insoluble, causa importantes
inversiones de carga de microparticulas de PNIPAM cuando los iones actian como
contraiones.

Por otro lado, hemos estudiado varias proteinas de interés biotecnolégico y
diferente grado de hidrofobicidad mediante adsorcién fisica de las proteinas so-
bre superficies hidréfobas, observando que la acumulacién de iones tetrafenil es
mayor a medida que aumenta la hidrofobicidad de la interface. Ademas, estos io-
nes de gran tamafio interactiian tan fuertemente con estas biomoléculas soft que
las proteinas experimentan cambios conformacionales en su estructura. De esta
manera, las peliculas de proteina inmersas en agua, se hinchan cuando los iones
aumentan su carga electrostatica, mientras que cuando los iones apantallan la re-
pulsidn electrostatica entre las moléculas, las capas de proteina se comprimen.
Sin embargo, la concentracion idnica necesaria para obtener estados similares en
la estructuracién de proteinas, es un orden de magnitud menor para el PhyB~ que
en el caso de PhyAs™, lo cual corrobora que el anion causa efectos mds intensos
que el cation.

Para llevar a cabo este estudio hemos usado diversas técnicas experimentales,
las mas relevantes han sido: movilidad electroforética, microscopia de fuerza até-
mica (AFM), microbalanza de cristal de cuarzo (QCM), y calorimetria diferencial
de barrido (DSC). Este estudio se ha completado realizando simulaciones de dina-
mica molecular (MD) con el fin de analizar a nivel microscépico las interacciones
entre iones e interfaces.
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Introduction

1.1 State of the art

1.1.1 Ionic solutions

Electrolyte solutions are present in most of the systems concerning to colloids and
interfaces. In aqueous solutions, in particular, the existence of charged species
is unavoidable and these ions provide electroneutrality to any dissolved charged
solute [1, 2]. There is a wide diversity of ions that opens up a world of possibilities
in the study of ionic solutions. It is not surprising that each ion shows a particular
behavior in function of its characteristics, given the wide variety of sizes, shapes,
polarizabilities, etc.

The consciousness of the ionic specificity arose from the experiences of
Hofmeister in 1888, about protein solubility in several ionic media [3, 4]. In the
last century, more and more researchers tried to elucidate why ions of the same
valence are able to modify so differently the properties of any soft and solid/liquid
interface in their proximities [5-8]. However, it seems that as deeper is the under-
standing of the ionic specificity, more interesting and unsolved issues arise.

It is important to keep in mind that the peculiar behavior of each ion is inti-
mately linked to the nature of the solvent [9]. Bulk water forms a mobile network
of hydrogen bonding that could be interrupted by the presence of ions to a greater
or lesser extent [10]. In the proximities of the ions, water molecules are located at
certain distance and with a particular orientation around them. The sign of the ion
is one of the most noteworthy aspect, salts dissolved in water are dissociated in
anions and cations. The special structure of water molecule, composed by one oxy-
gen atom and two smaller hydrogen atoms, implicates that water molecules can
approach closer to anions than to cations. In general, negatively charged species
disturb the typical intermolecular forces between water molecules in a bigger ex-
tension than positive ions. For this reason, anions strongly change the properties
of interfaces in comparison with cations [11-13].

3



4 Chapter 1. Introduction

Nevertheless, when the influence of anions and cations over interfaces is com-
pared, it is not possible to exclusively attribute the differences to their unequal
hydration, since commonly anions are bigger and more polarizable than cations.
However, some recent simulation studies have demonstrated that in the hypothet-
ical case of identical ions of opposite sign, anions show stronger specific effects
than cations, such as larger adsorption at interfaces. It seems that this fact is
directly related with the nonsymmetrical hydration of cations and anions [14].

It is worth noting that, although we cannot find atomic anions and cations of
the same characteristics, some molecular ions enable to explore this possibility. For
instance, organic ions like the tetraphenylarsonium cation and the tetraphenylbo-
rate anion (cf. Figure 1.1). These big hydrophobic ions possess nearly the same
chemical structure and additionally, the tetraphenyl ions are monovalent. These
characteristics bring the opportunity to investigate the water-mediated interac-
tions of almost identical anions and cations with other interfaces. In the current
dissertation we study ion effects over several kind of surfaces and in particular we
focus on the behavior of these organic ions.

(a) Ph,As” (b) Ph,B

O O

8.56 A 8.42 A

Figure 1.1: Chemical structure of (a) PhyAs' and (b) PhyB~ ions. The van der
Waals diameter is indicated [15].

1.1.2 Organic charged species: the tetraphenyl ions

The tetraphenyl ions (Ph,B~ and Ph As™) have been widely studied within the
framework of single-ion solvation thermodynamics. The Ph,;AsPh,B electrolyte
assumption claims that the solvation of big organic anions or cations (with low
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density of surface charge) will be almost identical to that for the corresponding
(hypothetical) uncharged structure [16]. The direct implication leads to equal
Gibbs free energies of transfer of these ions from one solvent to another; and even
similar values of enthalpies and entropies at a given temperature [17].

This hypothesis seems to be plausible, since both ions have nearly the same
size, shape and external groups. The only difference between the cation and an-
ion underlies in the central atom, which is not in direct contact with the solvent.
Nevertheless, simulation studies reveal that the free energies of transfer from wa-
ter to nonpolar solvents are substantially different for the anion and the cation
[18, 19]. Furthermore, recent spectroscopy results [20] have demonstrated that
the arrangement of water molecules around these ions is strongly dependent on
the anionic or cationic character. According to these results, the anion disrupts the
water bulk structure to a greater extent in comparison with the cation.

As we have mentioned, the tetraphenyl ions show subtle differences in hydra-
tion, however, when the anion and cation interact with other systems, this differ-
ence is magnified. As direct consequence, we will see in the current dissertation
that the anion always shows a more hydrophobic behavior than the cation.

Beyond the anion/cation asymmetry, both ions intensely interact with hy-
drophobic interfaces. The responsible driving force is the hydrophobic effect,
which arises from the particular properties of water as solvent. Although the solva-
tion of an hydrophobic molecule in water is energetically favorable, hydrophobic
solutes tend to accumulate at interfaces [21, 22]. This leads to a dehydration of
the surface and a decrease in the number of solvent molecules affected by these
hydrophobic compounds. The ion adsorption to interfaces, although less marked,
can be also experimented by small ions depending on their nature.

1.1.3 Hofmeister series: ion hydration

Commonly, inorganic ions are ordered according to the Hofmeister or lyotropic
series. These sequences were established by Hofmeister as a function of the ion
specific capability to enhance protein solubility [3]. The same series are followed
by ions in numerous experimental systems: surface tension [23-25], protein sta-
bility [26], macromolecule solubility [27], colloidal aggregation [28, 29], among
others.

Ions are arranged depending on their hydration degree in kosmotropic (well-
hydrated) or chaotropic (poorly hydrated) ions. This character directly affects
to ion-surface interaction mediated by the solvent. Although different parameters
have been used trying to explain Hofmeister effects, it seems that the solvent struc-
ture around ions and surfaces is the main key under ionic specificity phenomena.
Representative Hofmeister series for anions and cations are shown below:

Derjaguin-Landau-Verwey—Overbeek (DIVO) theory describes the interparticle
interaction between colloids taking into account van der Waals and electrostatic
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(kosmotropes) (chaotropes)

6>0>v‘.'>g> a‘>°>.>.>“>§> ,>>

SO PO,H* 103  F” CH,COO  CI Br~ I° NO; ClO; SCN Ph,B

(chaotropes) (kosmotropes)

>>$>@>.>Q>Q>O>0>o

Ph,As* N(CHs); NH; Cs* Rb* K* Na* Ca?* Mg?*

Figure 1.2: Representative Hofmeister series for anions and cations. Tetraphenyl
ions are included as super-chaotropes.

interactions [30]. In the framework of this theory, water is treated as contin-
uum dielectric and ions are modelled as point charges. In addition, nonelectro-
static forces of chemical origin are added to explain the specific adsorption of ions
on surfaces, which cannot be justified by Coulombic interactions [31]. In this
classical model, an adsorption isotherm is formulated for ions, whose parameters
are experimentally determined. However, many authors have developed other
models taking into account ion characteristics as size, polarizability or hydration
to explore other possible explanations of ionic specificity [32-45]. Ninham and
coworkers have widely contributed in this field. In many of their works [32-36],
nonelectrostatic interactions are included in the Poisson-Boltzmann distribution.
An additional term introduces the ion-surface and ion-ion dispersion forces related
with the finite size of ions. On the other hand, from a qualitative point of view it
is very well-accepted the “Law of matching water affinities” developed by Collins
[37, 38]. According to this model, ion pairs are formed from opposite sign ions
with similar solvation energies. Furthermore, Dos Santos and Levin developed a
theory where the accumulation or exclusion of ions is completely dependent on the
ion hydration. In the vicinity of a hydrophobic surface, kosmotropic ions maintain
their strong hydration, while the chaotropic ones are adsorbed to the interface and
lose their hydration shell [39, 40]. Nevertheless, a detailed and complete molec-
ular understanding at microscopic level able to explain the specific adsorption or
exclusion of ions from interfaces is still missing.

Ionic specificity is not exclusive of water, numerous works investigate this phe-
nomenon in nonaqueous solvents [46-49]. The main conclusion is that the solvent
structure results essential in the ion-interface interactions.

Regarding to organic ions, the tetraphenyl ions are not arranged in the classi-
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cal Hofmeister series. However, the tetraphenyl anion has recently been included
as an extension of the anionic Hofmeister series as super-chaotropes. This anion
is referred as disruptor of soft-matter because they undergo stronger interactions
with hydrophobic and soft matter systems in comparison to inorganic ions [50].
In addition, we have included the tetraphenyl cation in the cationic Hofmeister se-
ries. This cation is also classified as super-chaotrope due to the kind of interactions
showing with interfaces [51, 52].

Nevertheless, we cannot ignore the role of the surface that, together with ion
and water, provides the complete picture in these puzzling phenomena.

1.1.4 The role played by the nature of the surface

The established ionic sequence according to an determined experience is clearly
influenced by the surface. The Hofmeister series are not unique, but instead the
specific order depends on the characteristics of the surface and the medium con-
ditions [6]. Direct, indirect or partially reversed series can be found by changing
the positive/negative charge or the hydrophobic/hydrophilic nature of the surface
[28, 39, 53-57].

Aside from the coion/counterion role, chaotropes and especially organic ions,
are accumulated around hydrophobic interfaces, while they are excluded from
hydrophilic ones. On the other hand, kosmotropes are attracted to hydrophilic
surfaces, although not so intensely. The highly-structured water layers formed
around kosmotropes and hydrophilic surfaces avoid a close approach like that in
the case of chaotropes and hydrophobic surfaces (which are easily dehydrated).
On the other hand, different water structures can explain why cations usually show
less marked ionic specificity than anions. In general, the hydration layer formed
around cations is more stable than that around anions. Therefore, anions usually
disrupt the water bulk structure to a greater extent in comparison with cations.
For this reason, anions can be easily dehydrated and they are more noticeable in
ionic specificity.

In this way, we can establish a mechanism of ion accumulation/exclusion in the
vicinity of interfaces according to chaotropic/kosmotropic ion character and hy-
drophobic/hydrophilic nature of surfaces. This mechanism is justified by entropic
forces related with the attraction or repulsion between compounds with similar or
disimilar microscopic hydration, respectively [12, 29, 56-58]. All of this can be
summarized in the affinity to water of ions and interfaces.

In this dissertation, we provide a broad variety of studies with experimental
systems and simulations, where this mechanism clearly comes out. Soft materi-
als are very suitable to study ion effects, since it is possible to obtain different
hydrophobic and hydrophilic degrees of the interfaces. In addition, this kind of
systems are very sensitive to ion environment.
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1.1.5 Soft systems

Polymers of type stimuli-response are interesting systems that show a soluble and
insoluble state depending on the environmental conditions. The most studied sys-
tem of this kind is, by far, the Poly (N-Isopropylacrylamide) (PNIPAM). PNIPAM
is a thermoresponsive polymer used in many application fields [59-64]. In addi-
tion, it has shown very sensitive to ionic specificity. This polymer has both nature,
hydrophilic and hydrophobic, and it can exist in a expanded or collapsed state as
a function mainly of the temperature of the aqueous solution. The sharp transi-
tion temperature between both states is named lower critical solution temperature
(T1cs) and has a value around 32°C [65]. Water is a good solvent for PNIPAM
chains at temperatures below 7} 5, however chains become abruptly collapsed
and form aggregates above this temperature. The coil-to-globule transition of the
PNIPAM seems to be dominated by hydrogen bonding and hydrophobic forces in
both intra- and inter-chains interactions, as some experimental and simulation
studies have demonstrated [66-68].

PNIPAM chains are neutral, thus they are very useful to study ionic specificity
irrespective of electrostatic interactions. However, it is possible to obtain reticu-
lated polymeric particles formed by PNIPAM and other charged agents [69]. In
this way, microgels with swelling-to-collapse transition are obtained. The stability
of these colloidal particles is steric in the swollen state, while in the compact state
appears electrostatic stabilization [70]. Both, positively or negatively charged par-
ticles can be synthesized, thus the role of the ions acting as coions or counterions
can be explored.

Interestingly, the ionic enviroment has an important influence on the observed
Trcs [27]. In general, ions can help to dehydrate the polymer causing the tran-
sition at lower temperatures. This effect is very sensitive to ion concentration.
Kosmotropic ions are more efficient in decreasing the 7} ¢s than the intermediate
ions. Therefore, under conditions of equal concentrations, ions can be arranged
according to the Hofmeister series as a function of the obtained 7.

A striking result is observed in the case of the most chaotropic ions; they are
able to slightly increase the value of the T} 5 at moderate ion concentrations [27,
71]. This behavior can be explained by the exclusion of these poorly solvated ions
from the hydrophilic interface; the hydration around the polymer is enhanced be-
cause of unfavorable water-chaotrope interactions [72, 73]. Nevertheless, after
the coil-to-globule transition, the ion interaction becomes more favorable and the
ion adsorption to the PNIPAM is usually accompanied by a change in the electroki-
netic charge of the system. This can result in charge reversal or overcharging of
the particles depending on the counterion or coion role, respectively [73-75].

PNIPAM shows another highlighted characteristic; its chemical composition is
very similar to an amino acid sequence, like in the case of proteins. Many works
relate the similarities between the transition state of PNIPAM and cold denatura-
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Figure 1.3: Reversible transition of PNIPAM from soluble to insoluble state accord-
ing to temperature. The transition temperature is called lower critical solution
temperature (77cs) for chains and volume phase transition temperature (7 pr)
for microgels (reticulated polymeric particles).

tion of proteins [76-80]. This polymer is a less complex system similar to proteins,
thus is suitable to predict ion-protein interactions.

Protein folding and stability is determined by a balance of thermodynamic
forces, such as electrostatic, van der Waals, conformational entropy, hydrogen
bonding and hydrophobic interactions [81, 82]. Favorable (unfavorable) water-
protein interaction is the key of the unfolding (folding) state of the proteins.
This mechanism determines the degree of the hydrophobic interactions between
residues, which maintain the native state of proteins. Changes in water structure
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can come from thermodynamic conditions [83], as well as, the presence of ionic
species. Numerous publications study protein stability and protein structure in
presence of classical Hofmeister ions [26, 55, 84, 85]. Nevertheless, the inter-
action of organic ions with biomolecules is not very explored at date. We can
found in the literature the effect of denaturing agents on proteins, for example
organic surfactants [86, 87] or organic molecules such as, urea and guanidinium
that interact strongly with proteins [88]. In contrast, organic osmolytes enhance
the native state of proteins by osmolyte exclusion [89, 90]. Other compounds can
act as protein-stabilizer or destabilizer depending on the medium conditions, as
polyoxometalates (POMs) [91-93] or ionic liquids (ILs) [94-96], which are con-
sidered as super-chaotropes and are included as an extension in the Hofmeister
series. Constantinescu et al., dealing with ILs, found that the most chaotropic or-
ganic anions intensely interact and have a destabilizing effect on the native state
of proteins, due to their weak hydration [97].

The tetraphenyl ions are big molecules in comparison with inorganic ions, but
smaller than the typical organic compounds previously studied. In addition, their
monovalent character makes them very adequate to investigate the hydrophobic
interaction between ions and proteins. To the best of our knowledge, there are not
studies in the literature about the interactions of tetraphenyl ions with proteins in
relation with ionic specificity. In our opinion, the study of the tetraphenyl ions, also
known as soft-matter disruptors [50], could contribute to a better understanding
of the ionic specificity.

1.2 Objectives

The objective of this thesis is to investigate the underlying mechanisms to ionic
specificity in aqueous systems. These universal phenomena are very relevant in
the colloid and interface field since they are present in almost each ionic solution.
In spite of the numerous advances in this area, today is an unsolved issue. In re-
cent publications, many factors are taking into account: ion properties like size,
shape or polarizability; hydration of chaotropic and kosmotropic ions; and non-
electrostatic interactions between ions and surfaces. However, there are still some
open questions: how water (or solvent) is affected at microscopic level by the
presence of ions and interfaces; how the ion-surface interaction is related with the
water structure around both; and, in general, why anions produce more marked
effects than cations. This thesis aims to try to answer these questions.

This thesis is structured in three parts according to the system studied.

The first part is composed by three Chapters (4, 5 and 6) centered on the study
of PNIPAM microgels and chains. The specific objectives of this part were:
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. To study the effect of organic ions on PNIPAM microgels with electrophoresis

and Atomic Force Microscopy (AFM) techniques.

. To identify the responsible underlying mechanisms of the strong interaction

of PNIPAM and the organic ions by Molecular Dynamics (MD) simulations.

. To investigate the collapsed-swollen transition of the microgels in presence

of inorganic and organic ions with Quartz Crystal Microbalance (QCM).

. To analyze the coil-to-globule transition of PNIPAM neutral chains in

presence of inorganic and organic ions using Differential Scanning Mi-
crocalorimeter (DSC) technique.

The second part was focused on the study of allergenic proteins (Chapter 7 and
8). The main objectives are enumerated as follows:

1.

To determine the structure and electrostatic charge of the proteins: S-casein,
B-lactoglobulin and BSA in aqueous solution and at room temperature from
the crystallographic known-structure by MD simulations.

. To explore structural changes and molecule orientation in protein adsorption

by MD simulations.

. To study the protein adsorption onto hydrophobic flat substrates and hy-

drophobic polystyrene (PS) microspheres.

. To characterize the protein-coated microparticles by electrophoretic mobility

as a function of pH.

. To analyze the possible effect of counterion condensation on protein-coated

microparticles by comparison of theoretical models with electrokinetic mea-
surements.

. To stablish a sequence of hydrophobicity for the different proteins using ther-

modynamic calculations.

. To study the extension of the interaction of organic ions with interfaces of

different degree of hydrophobicity using electrokinetic and stability mea-
surements.

. To analyze the conformational changes of protein films in presence of organic

ions by QCM.

The last part (Chapter 9) was aimed to study the interactions of organic ions
with model surfaces by simulations and theoretical calculations. The specific ob-
jectives of this part were:
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1. To quantify the interaction of organic ions on model surfaces of both nature,
hydrophilic and hydrophobic by MD simulations.

2. To determine, by theoretical calculations, the ion-accumulation onto charged
surfaces of opposite sign responsible for great charge inversions experimen-
tally observed.

3. To study, using simulations, the hydration of the organic cation and anion in
solution and when they are adsorbed onto a surface.
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Experimental section

2.1 Materials

2.1.1 Reagents

All the products were of analytical grade and used as received. The salts used were
purchased from Scharlau and Sigma Aldrich. The tetraphenyl salts were obtained
from Sigma Aldrich: sodium tetraphenylborate (ref T25402) and tetraphenylarso-
nium chloride (ref T25305). Water used in all experiments was double distilled
and deionized (DDI) with a Milli-Q Water Purification System (Millipore).

2.1.2 Proteins and buffered solutions

The proteins used were supplied by Sigma Aldrich: bovine serum albumin (BSA)
(ref A7030), S-lactoglobulin (ref L3908) and -casein (ref C6905). Several buffers
of low ionic strength (lower than 2 mM) were used: pH 4 and 5 were buffered with
acetic acid, pH 6 and 7 with monosodium phosphate and pH 8, 9 and 10 with boric
acid. In each case, the pH was adjusted by adding NaOH. In addition, we used
a buffered solution at pH 7 with Bis-Tris in order to dissolve the /3-casein protein
[1]. The pH of this solution was adjusted by adding HCI, the ionic strength of the
solution was of 2.4 mM. Nonbuffered solution at pH 3 was prepared by adding
dilute HCI to DDI water.

2.1.3 Polystyrene latex microspheres

Two kind of polystyrene (PS) microspheres were used: negatively and positively
charged in all pH range studied (pH 3-10). The anionic latex was synthesized
in our laboratories. Sulfonate groups provide the anionic nature, whose surface
charge density is 9.6 C/cm?. This latex has a mean diameter of 13847 nm with
high monodispersity [2, 3]. The positive polystyrene latex has a surface charge
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density of 17.4 uC/cm? and a mean diameter of 47544 nm. Its positive charge is
given by amine groups (IKERLAT polymers).

2.1.4 PNIPAM chains and microgels

Poly (N-isopropylacrylamide) (PNIPAM) (M,,=19000 — 30000 g/mol) was pur-
chased from Sigma-Aldrich (ref 535311). The reagents needed for the preparation
of the microgels: N-Isopropylacrylamide (NIPAM), N,N-Methylenebisacrylamide
(MBA), aminoethyl methacrylate hydrochloride (AEMH) and 2-2’-Azobis-
(amidinopropane) di-chloride (V50) were obtained from Acros. Potassium per-
sulfate (KPS) was supplied by Sigma-Aldrich.

2.2 Synthesis of PNIPAM microgels

Crosslinked PNIPAM microgels were prepared using batch radical polymerization.
During the synthesis, NIPAM monomers are copolymerized with crosslinker agents
forming polymer chain networks [4]. The polymerization starts when the initiator
is added, reacting with the monomers. The temperature of the process need to be
well above the T}¢s of PNIPAM in order to enable the growth of particles. PNIPAM
chains are very insoluble under these conditions, thus they collapse into growing
aggregates until electrostatic repulsion is high enough to ensure the stability of the
growing particles. The electrostatic charge of the microgels comes from the ionic
initiator and other ionic compounds in some cases. When the synthesis process
is completed, the stability of the particles below the T7s is ensured by the steric
effect [5].

Characteristics of the microgels such as the morphology, size, density, molar
mass and swelling ratio can be modified by the synthesis conditions [6]. The
amount of the main monomer has influence in the size of the microgels. An
erroneous quantity of crosslinked polymer may be responsible for structural in-
homogeneities in the microgel particles. The most noteworthy factor is the con-
centration of the initiator modifying drastically the final product. The amount of
initiator is directly related with the number of nucleus available to form parti-
cles. At fixed quantities of NIPAM monomer, the particles formed are smaller at
higher amounts of initiator. The same effect occurs as the temperature rises, since
the reaction velocity is increased. Another important factor is the stirring velocity
during the synthesis process. Macrogels or polydisperse systems can be formed in
non-stirring conditions, whereas the polymer can aggregate if the stirring is very
fast. Therefore, optimum conditions are needed to ensure the homogeneity and
monodispersity of the particles obtained.

The synthesis was performed in a 1000 ml thermostated reactor, round-
bottomed four-necked flask (with an anchor-shaped stirrer, condenser, mercury
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thermometer and nitrogen inlet). Anionic and cationic PNIPAM particles were pre-
pared. The microgels were obtained following the protocol by Pelton and Chibante
[7]. First, the main monomer (NIPAM) and the crosslinked monomers (MBA for
the anionic particles or MBA/AEMH for the cationic ones) were dissolved in wa-
ter and introduced into the reactor. Once the desired conditions of temperature
(70°C) and stirring (200 rpm) were reached, the initiator was added to start the
polymerization (KPS for anionic particles or V50 for cationic particles). The so-
lution turned from transparent to white color after few minutes and the reaction
was allowed to proceed for 4 hours in both cases. The polymerization was carried
out under a constant stream of nitrogen. The amounts used for each reactant are
shown in Table 2.1 [5, 8, 9]. Negative charge on anionic microgels comes from
sulfate groups supplied by KPS, while the positive charge on cationic ones comes
from amine and amidine groups supplied by AEMH and V50.

After the synthesis, a purification process was carried out for removal of
unreacted material. Anionic microgels underwent three cycles of centrifuga-
tion/decantation/redispersion at 38°C at 14000 rpm (Kontron Instruments). In
contrast, it was not possible to deposit cationic microgels by centrifugation; in-
stead, serum replacement was used until the conductivity of the samples was con-
stant and close to the conductivity of Milli-Q water [10].

Water (ml) NIPAM (g) MBA (g) KPS (g) V50 (g) AEMH (g)

Anionic 350 4.9 0.49 0.291 - -
Cationic 500 13.656 0.233 - 0.157 0.374

Table 2.1: Amounts of each reactant used in the synthesis of the cationic and
anionic PNIPAM microgels [5, 8, 9].

2.3 Transmission Electron Microscopy (TEM)

The morphology and monodispersity of the PNIPAM microgels were analyzed by
transmission electron microscopy (TEM) (LIBRA 120 PLUS de Carl Zeiss SMT).
For the sample preparation a small droplet of the solution was deposited onto a
support grid. After that, the sample was dried in a furnace above the 77¢¢ until
water was completely removed. The images corresponding to the anionic and the
cationic microgels are shown in Figure 2.1. The sphericity and low polydispersity
of the particles can be easily observed in the images for both samples. In addition,
we can observe that the microgels form a hexagonal pattern, caused by the inter-
particle interactions of charged spherical microparticles of similar size during the
drying process.
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Figure 2.1: TEM images for anionic (left) and cationic (right) PNIPAM microgels.

2.4 Protein adsorption onto latex microspheres

Protein-coated PS microspheres were prepared by physical adsorption. First, the
desired protein was dissolved in a buffered solution to get a concentration of
around 1 mg/ml. Both, BSA and f-lactoglobulin were prepared in pH 6 buffer
(monosodium phosphate), whereas (-casein was dissolved in pH 7 buffer (Bis-
Tris) [1]. The -casein concentration employed was always lower than the critical
micelle concentration (CMC) [11, 12]. The solutions were stirred during 1 hour
to ensure the complete solubilization of the proteins. The concentration of the
protein solutions were determined by UV absorption. In general, proteins are able
to absorb light in the ultraviolet range with a maximum in 280 nm. This fact is
related with the particular composition in aromatic amino acids of each protein.
The Beer-Lambert law relates the properties of the solution with the attenuation
of light passing through the material:

A=ccl (2.1)

where A is the absorbance, ¢ the extinction coefficient (characteristic for each
protein), ¢ the protein concentration in solution and / the path length of the laser
beam through the sample. The absorbance of our samples was measured at 280
nm in a Spectronic Genesys 5 device. The extinction coefficients of the proteins
are shown in Table 2.2 [13-15].

The physical adsorption of the proteins onto the latex particles was carried out
as follows: 2.4 ml of each protein solution (1 mg/ml) was added to a final volume
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Protein pl ¢ (ml/mg-cm)
BSA 4.7 0.66
B-lactoglobulin 5.13 0.96

(B-casein 4.83-5.07 0.46, 0.47

Table 2.2: Isoelectric point (pI) and extinction coefficient (¢) (280 nm) of the
proteins studied [13-15].

of 8 ml of aqueous solution buffered at the same pH of the protein solution. The
pH of the adsorption process was chosen close to the pl of the proteins in solution
(Table 2.2) and of the complexes (as we will see later, Figure 7.11) to achieve a
high degree of coverage onto the PS microspheres [16]. At this close-to-neutrality
condition, the repulsion between the neighboring proteins is reduced. At the same
time, the proteins remain stable in solution during the adsorption process.
Afterwards, an amount of latex microparticles corresponding to 0.3 m? of total
area was added to the final solution. This ratio corresponds to 8 mg of protein
for each m? of latex surface. Incubation was performed in a shaking water bath at
25°C during 21 hours, as in a previous study [17]. After that, the solution with the
complex (latex-protein) was centrifugated at 14000 rpm and 20°C during 20 min-
utes (Hettich Mikro 220R) to remove the non-adsorbed proteins. The supernatant
was discarded and the pellet was redispersed in the same pH buffer of the ad-
sorption process. No desorption was found during one week after the incubation.
Latex-protein complexes were discarded and no longer used after that period.

2.5 Malvern Zetasizer Nano Z

The measurements of size and electrophoretic mobility were carried out using
a Zetasizer Nano Z device (Malvern Instruments). In every experience the mi-
croparticles were diluted in the desired solution using a concentration of 10
particles/cm?, a suitable concentration for measuring with this device. The data
obtained was the average of three measurements and the standard deviation was
always lower than 5%.

2.5.1 Size measurements

The Zetasizer device is based on the dynamic light scattering method (DLS) to
obtain the size distribution profile of colloidal particles in a suspension. This tech-
nique works with typical characteristics of the colloidal samples: the Tyndall effect
(scattering) and Brownian motion [18]. A laser beam illuminates the sample and
the scattered light is collected at 173° by a detector. The light analysis at this
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angle enables to measure in a wide range of particle concentration. A suitable
concentration of the sample is crucial in order to obtain reliable measurements; a
low concentration implies fluctuations of the number of particles inside the detec-
tion volume. On the other hand, multiple scattered phenomena are produced at
high concentrations, and the interactions between particles in a very concentrated
sample could affect to the Brownian diffusion.

The tool calculates the diffusion coefficient from the intensity of scattered light
as a function of time. The diffusion coefficient (D) and the hydrodynamic diame-
ter (D) of the particles are related by the Stokes-Einstein equation [19]:

kT
- 370Dy,
where kg is the Boltzmann’s constant, 7" is the temperature and 7 is the solvent
viscosity. In addition, the polydispersity index (PDI) can be obtained from the

analysis of the size distribution. In Table 2.3 the relation between the PDI values
and the degree of polydispersity of a dispersion of colloidal particles is shown.

(2.2)

PDI values Degree of polydispersity

<0.05 Highly monodisperse standards
0.05-0.08 Nearly monodisperse sample
0.08-0.7  Mid-range value of polydispersity
~0.7 Very broad size distribution
’ (not suitable for the DLS technique)

Table 2.3: Scale of the PDI values depending on the polydispersity of the sample.

2.5.2 Electrokinetic measurements

Electrophoresis is a technique used for measuring the motion of charged colloidal
particles under an applied electric field. The force associated to the electric field is
counteracted by the friction force caused by the viscosity of the solvent; in this way,
the particles reach a constant velocity. The constant of proportionality between the
applied electric field and the velocity of the particles is known as electrophoretic
mobility () [19]:
7=p E (2.3)
This direct relation is strictly valid if the applied field is sufficiently low. The
motion of the particles is monitored using the Doppler effect. A laser beam is
shot into the sample; the scattered light undergoes a shift in frequency that is
directly related with the velocity of the particles in suspension. The calculation of
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the 1. by the change in frequency is known as LDV (Laser Doppler Velocimetry).
Nevertheless, the velocity of the particles could be affected by other effects like the
Brownian motion, sedimentation or convection. For this reason, the device also
used the PALS method (Phase Analysis Light Scattering) in order to obtain more
accurate measurements. This technique is based on the change in phase between
the scattered and the reference light as a funtion of the elapsed time. This mixed
method, called M3-PALS, allows to acquire low values of mobility, since enhances
the measurement of the particle position in small displacements [20].

Estimation of electrokinetic charge from mobility measurements

We calculated the electrokinetic charge density (o.;) for the PS latexes and the
complexes (latex-protein) from their electrophoretic mobility, by using the Gra-
hame equation [21]. o, is an estimation of the electrostatic charge responsible
for the electrophoretic motion of a particle. This amount depends on the intrin-
sic charge of the colloid, as well as on the ionic medium (kind of salt and ion
concentration). The Grahame equation for a nonhomogeneous ionic solution is:

o2 = 25057»RTZ Coj [e_ZJ'FC/RT — 1} (2.4)
j
where cy; is the bulk concentration of the ion j and z; its valence; ¢, is the
vacuum permittivity and ¢, is the dielectric constant of water; R is the universal
gas constant, 7" is the absolute temperature, F' is the Faraday constant and ( is the
(-potential, which is related with x, by the Smoluchowski equation [22]:

C - (77/50&)#@ (25)
where 7 is the viscosity of water. The Grahame equation for a 1:1 electrolyte is:
Oek = \/8c0e,coRT sinh (F'(/2RT) (2.6)

where ¢, is the bulk concentration of 1:1 electrolyte. The Grahame equation
is based on the Gouy-Chapman theory and assumes that the total charge in the
whole double layer (sum of the surface charge plus the charge of the ions), must
be zero (electroneutrality condition) [23].

2.6 Colloidal Stability

Inorganic and organic salts were used to modify the stability of several systems
of microparticles. These colloidal particles are stable because of the charge repul-
sion between them (DIVO theory). When two particles undergo a collision, the
probability of forming a dimer depends on the ionic concentration of the medium,
related with the double layer electrostatic force. Counterions are able to screen
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the surface charge of the particles decreasing the repulsive contribution between
them. At this point, the attractive contribution (van der Waals forces) produces
the aggregation of the system [24].

At the same time that the colloidal system aggregates (formation of dimers
and bigger aggregates), the turbidity of the sample increases and the process can
be followed by measuring the absorbance of the sample. The aggregation was
monitored as a function of the elapsed time using a spectrophotometer (Spectronic
Genesys 5). The optical absorbance of the sample was measured at 570 nm at 2-
s intervals, during 120 seconds. The scattering cell was rectangular with a path
length of 1 cm. Equal volumes (300 pl) of colloidal dispersion and salt solution
were mixed into the cell at the time of measuring. In Figure 2.2 is shown an
example of a typical stability experiment.
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Figure 2.2: Optical absorbance (570 nm) of a dispersion of anionic PS micro-
spheres as a function of the elapsed time at different ionic concentrations of NaCl.
The velocity of particle aggregation increases at higher ionic strengths. The solid
lines are linear fits of the first stage of the aggregation, the slopes are used to
obtain the stability factor (17).

At the first stages of the aggregation process, the absorbance increases linearly
against the time until reaches a plateau (see Figure 2.2). The aggregation velocity
depends on the ionic strength, slower at low ionic concentration and faster when
the concentration is increased. Hence, the velocity of aggregation is reflected in
the absorbance/time ratio. The slopes of these ratios (at different ionic concen-
trations) are used to calculate the stability factor (11), also called the Fuchs factor
[24]:
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k f (dAbS / dt) f
W= ke (dAbs/dt), 2.7)
where £, represents the fastest aggregation-kinetics constant, where each colli-
sion between the colloidal particles results in an aggregate (corresponding to 0.7
M in Figure 2.2) and k, is referred to each one of the slower aggregations that
occur at lower ionic concentrations. W is related with the number of collisions
between two particles until they stick irreversibly [24]. The limit values of the
parameter W take place when the system is stable (k;, = 0 and W — o0); or
when the system is completely unstable. In this latter case k; = k; and W = 1.
The factor W is represented against the ionic strength in double logarithmic
scale. In this kind of representation, W typically decreases linearly with the ionic
strength when the colloidal particles are aggregating (see Figure 2.3). We can
obtain the critical coagulation concentration (CCC) by a linear fit of the data. The
CCC is the minimum ionic concentration needed to cause the complete destabi-
lization of the system (/W =1).
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Figure 2.3: Representation of the stability of a cationic hidrophilic system (Chi-
tosan microparticles). Double logarithmic plot of the stability factor (11) against
the ionic concentration of different salts. The critical coagulation concentration
(CCC) and the critical stabilization concentration (CSC) are obtained from a lin-
ear fit of the data. These values depend on the kind of salt used. Both, CCC and
CSC values follow the Hofmeister series for anions.
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The CCC value depends on the salt used as aggregating agent for a certain
colloidal system. For instance, an important factor is the valency of the counteri-
ons. The amount of salt needed to aggregate anionic microparticles will be lower
with a divalent cation as Ca?" than with a monovalent cation as Na®. There-
fore, the CCC will have a smaller value for the CaCl, salt, whose cation is able to
screen the electrostatic charge of the latex more efficiently than the NaCl. Another
important factor is the kind of salt used, different monovalent ions can produce
particular CCC values. This phenomenon is a clear example of ionic specificity.
For instance, in Figure 2.3, the stability of cationic hydrophilic colloids (Chitosan
microparticles) in presence of salts formed by different anions is represented. The
salt needed to destabilize the hydrophilic system is lower with kosmotropic anions
than with chaotropic anions. In contrast, for hydrophobic colloids the CCC values
with kosmotropic ions are higher than with chaotropic ions.

Under certain experimental conditions, a re-stabilization of the colloidal parti-
cles is observed. This is, at ionic concentrations higher than the CCC, the colloidal
system becomes stable again. Experimentally, this process is reflected in an in-
creasing of W with the ionic concentration. The minimum concentration needed
to re-stabilizes the system is known as the critical stabilization concentration
(CSQC). The re-estabilization can be produced by different mechanisms: hydration
forces (only in the case of hydrophilic interfaces) [24] or great charge inversion
[25]. We have also observed that this re-stabilization is ionic specific, depending
on the hydrophilic degree of the colloidal surface and the chaotropic/kosmotropic
character of the ions (see Figure 2.3 as example). In addition, we will see in
Chapter 8 how the tetraphenyl ions, acting as counterions, can produce significant
charge inversions of hydrophobic colloids and hence a re-stabilization by charge.

2.7 Atomic Force Microscopy (AFM)

The Atomic Force Microscopy (AFM) is a very useful tool for measuring the to-
pography and other surface properties by using a nanometric probe [26]. This
versatile apparatus allows us to perform the experiments in aqueous medium and
at controlled temperature in real time. In addition, the samples are studied in their
natural state, without any special preparation. These are some of the advantages
of the AFM in comparison to other microscopy techniques.

The resolution of the images obtained by AFM depends on the shape and size
of the tip or probe (4-60 nm). The tip is joined to a cantilever of a certain elastic
constant. The relative movement between the tip and the sample is generated by
piezoelectric materials. Thus, the quality of the images is also related with the
accuracy of these materials that generally produce displacements around 0.1-1
nm in the horizontal and vertical directions.

The AFM works in different operating modes. In contact mode, the tip stays
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Figure 2.4: Schematic representation of the AFM device. The cantilever is deviated
by the topography of the surface. These deviations are monitored by a laser beam
reflected in the cantilever and collected in a photodiode. The sample is placed
onto a piezoelectric actuator that provides the relative movement between the tip
and the sample in all directions. [26].

in physical contact with the sample during the whole experiment, in a way that a
constant force is applied over the surface. During the tip scanning, the cantilever
is deviated by the differences in height of the sample. This deviation is detected
in a four segment photodiode by the reflection of a laser beam on the cantilever.
In this way, the AFM is able to generate images of the topography of a surface by
coloring its differences in height. The interactions between the tip and the sample
are of electrostatic (attraction or repulsion) and van der Waals kind, as well as,
capillarity or friction forces. The contact mode is used with hard samples, non-
damaged by the friction interactions between the tip and the surface during the
scanning.

In contrast, the contact mode is less appropriate for soft materials, dynamic
modes are used in order to reduce the interaction forces between the tip and
the sample. One of the most used is the tapping mode. In these modes, the
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cantilever is oscillated vertically close to its resonance frequency. The value of the
resonance frequency depends on the material of the cantilever and the medium
(50-500 kHz in air and 10-100 kHz in aqueous solution). When the AFM is
operating in the tapping mode, the tip barely is in contact with the sample. The
oscillation amplitude is significantly reduced in the proximities of the surface, and
this reduction gives information about the topography. From this data, the image
is generated.

(a) Contact mode (b) Tapping mode

— [
000000 000000

Figure 2.5: Operating modes of the AFM. (a) Contact mode (non-dynamic mode):
a constant force is maintained between the tip in contact with the surface during
the scanning. The topography is determined by the variations of the laser beam
over the photodiode. (b) Tapping mode (dynamic mode): the cantilever oscillates
close to the resonance frequency, thus the interactions between the tip and the
sample are minimized. In this case, the image is generated by the variations in
the oscillation amplitude. In the tapping mode the images show less resolution,
however possible damages of the sample caused by the tip are prevented [26].

In the AFM images can appear artifacts. The most common artifacts are pro-
duced by defects in the tip. For instance, a blunt tip can produce blurred edges,
while a broken tip can produce duplicated motives in the image. In this last case,
if the tip shows multiple sharp ends, each element in the surface will be scanned
once by each end, representing each element multiple times in the image.

2.7.1 AFM experiments in liquid media (PNIPAM microgels)

AFM experiments in liquid environment were carried out in tapping mode us-
ing SiO, tips on triangular SizN, cantilevers (NanoScope IV Multimode, Veeco
Instruments, Santa Barbara, California, with a temperature control system Ther-
mal Applications Controller). Freshly cleaved mica surfaces (Metafix, France)
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were used as the substrate for microgel adsorption. Mica is a hydrophilic mineral
(KAl,Si3AlO47(OH),) distributed in layers (Figure 2.6). Each layer of this material
is composed by Si and Al atoms bonded covanlently with oxygens. While the K
atoms are bonded to oxygens by weaker interactions (electrostatic and van der
Waals). For this reason, mica is easily exfoliated, which makes it a perfect mate-
rial to obtain clean surfaces that are smooth at the atomic level (roughness ~0.5
A). When mica is submerged in water, K™ cations are dissolved and the substrate
becomes negatively charged, thus cationic components are readily adsorbed on it
[27, 28].

Figure 2.6: Schematic representation of the layered-structure and chemical com-
position of mica [29].

The following experimental protocol was carried out: the tips were irradiated
with ultraviolet light in a UV/ozone cleaner for 15 minutes prior to use. Mica was
glued on a steel disc and it was cleaved using adhesive tape just before being used.
For the case of anionic microgels, mica was coated with the cationic polyelectrolyte
polyethylenimine (PEI) previous microgel adsorption. In this way, the electrostatic
charge of the substrate is reversed, favoring the adsorption of the anionic particles.
For experiments in liquid environment we used a fluid cell sealed by a silicone O-
ring, previously cleaned by rinsing with water and ethanol. Before adsorption, the
device was heated at 38°C and a solution of diluted PNIPAM (previously heated at
40°C) was injected. In the case of the cationic (anionic) PNIPAM there is an elec-
trostatic attraction between the mica (PEI-coated mica) surface and the microgel
particles, which is enhanced when the microgel is in the collapsed state and its
surface charge density is high. After one hour of adsorption, the liquid cell was
rinsed with an unbuffered pH 4 solution (with HCI). After that, the desired salt



36 Chapter 2. Experimental section

solution (always at pH 4) was injected, and several images were taken at different
temperatures. The temperature was decreased in steps of 2°C from 38°C until
the phase transition of the microgel from the collapsed to the swollen state was
observed (the final temperature depended on the salt employed). After that, the
temperature was increased in steps of 2°C, until 37°C where the microgels were
again in a collapsed state. In this way the temperature range was completely cov-
ered with precision of £1°C. The system was allowed to equilibrate for 15 minutes
after each temperature change.

2.7.2 AFM experiments in air (sample preparation for protein
adsorption)

Protein films in air were investigated by AFM. The proteins were adsorbed onto
hydrophobic surfaces at buffered pH conditions as previously explained (section
2.1.2). The substrates were prepared following the next protocol. Ultraflat gold
surfaces were obtained by gold deposition onto mica [30]. Afterwards, the mica
was removed with tetrahydrofuran (Sigma-Aldrich). The substrate was rinsed
generously with absolute ethanol (99.8% of purity) and gently dried with N,
gas. Inmediately after, the gold surface was coated with CH; terminated self-
assembled monolayers (SAM), by 4 hours exposure to a solution of 1 mM of
1-Octadecanethiol (Sigma Aldrich ref O1858) in absolute ethanol. Finally, the
substrates were rinsed again with absolute ethanol and dried with N, gas. We
obtained a hydrophobic surface for the protein adsorption at the same conditions
that in the QCM experiments 2.8.2.

2.8 Quartz Crystal Microbalance (QCM)

The Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) device (Q-
sense E1 by Biolin Scientific) is a very sensitive tool commonly used to determine
the thickness and viscoelastic properties of thin films adsorbed over flat substrates
[31]. It is based on a piezoelectric system; an alternating voltage is applied over
a quartz crystal, producing the mechanical deformation of the material. The fre-
quency is chosen as the resonance frequency (f) of the crystal. Any small mass
deposited over the crystal results in a change in the resonance frequency of the
coated crystal, detectable by the device (see Figure 2.7). In addition, in the QCM-
D, the voltage applied is intermittently switched on and off and the decay in time
of the oscillation is monitored. In this way, we are able to obtain the “energy dissi-
pation factor” D. That is the inverse of the quality factor (Q)) of the resonance peak
(D = Q! = 2I'/f, where T is the half-band-half-width). The “dissipation” quan-
tifies the damping in the system and provides information about the viscoelastic
properties of the adsorbed film.
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Figure 2.7: Quartz crystal deformation by an voltage applied (left). Change in
resonance frequency (A f) between the bare crystal (violet) and the loaded crys-
tal (green) (right). Any mass adsorbed onto the crystal causes a decreasing in
frequency. The I" parameter is the half-band-half-width used to calculate the “dis-
sipation factor” (D = 2I'/ f) [32].

For thin, rigidly attached films (small values of AD,, upon adsorption) the ad-
sorbed mass can be calculated by using the Sauerbrey equation [33]. This equa-
tion relates the change in resonance frequency (A f,,) with the mass adsorbed onto
the substrate:

n

n
Afn = Cmf = —Epfhf (28)

where n is the overtone order (odd), C' is a constant depending on the funda-
mental resonance frequency of the quartz crystal (in our case C=18 ng cm 2Hz !,
with a fundamental frequency of fr=5 MHz), m/ is the areal mass density of the
adsorbed film and p; and h; are the density and the thickness of the adsorbed
film, respectively. The values of m, calculated from eq. 2.8 may include solvent
associated to the film. Hence, the Sauerbrey equation is strictly valid only when
the film is homogeneously distributed and is rigid. This kind of film is character-
ized by small values of the dissipation (AD,, ~ 0) and low dispersion in Af,/n
[31]. To obtain hy, an assumption for the value of p; is necessary; a typical value
for soft systems is p; &~ 1 g/cm?® [31]. After its introduction, the QCM-D has been
widely used to investigate the adsorption and viscoelastic properties of a num-
ber of different biomolecular films [34, 35]. In our case, we have investigated
two kind of systems by QCM: proteins and PNIPAM microgels. On the one hand,
the protein films studied in this work appear to meet the requirements needed
to apply the Sauerbrey equation (rigid and homogeneous films). In contrast, the
PNIPAM microgels form a thicker layer with high fraction of solvent inside the
film. Therefore, the areal mass density calculated will include the mass of the mi-
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crogels and the mass of water. The typical properties of the microgel films, such
as softness and thick layers, are reflected in high values of the dissipation. In the
case of AD,, > 0, the data obtained by the device can be analyzed for studying the
viscoelastic properties of the film [36].

2.8.1 Expansion of QCM data modeling

As mentioned above, the simple Sauerbrey description is not further valid if a large
perturbation acts on the quartz crystal. Several methods have been developed to
describe the response of the complex oscillator resulting from the coupling be-
tween the vibrating quartz crystal and different media; the influence of adsorbed
layers of different properties (thickness and viscoelastic character) in presence or
absence of an “infinite” media (solvent) has been described in the literature. One
possible approach is to solve the equations of wave propagation through the strat-
ified media (quartz, adsorbed layers and solvent) with the appropriate boundary
conditions (e.g. continuity of stress and velocity or zero-stress in free boundaries).
A second approach involves considering the QCM as an acoustical reflectometer,
by calculating the reflectivity of the propagating shear wave at the different in-
terfaces. This approach will be helpful to better understand the condition of “film
resonance” described below. A third approach (probably the most extensively used
in the literature) is to build equivalent electromechanical circuits to model the
system response. The electromechanical analogy maps forces on voltages and ve-
locities on currents, and uses combinations of resistors, inductor and capacitors to
represent dashpots, masses and springs. By introducing the concept of mechanical
impedance (the ratio of force and speed on a given surface) a powerful repre-
sentation of the system can be built. A complete compilation of these methods
was recently reported [37]. All the 3 methods outlined before produce analogous
results. We briefly reproduce here some of the most relevant results, which are
useful to better understand our experimental data. A more complete description
of these models can be found in ref. [37].

A compact representation of the most important results can be expressed in
terms of the complex resonance frequency (f,) defined as:

fr=fr +1il (2.9)

The shift in f, due to a load of the quartz crystal can be calculated by using the
Small Load Approximation (SLA), as long as this shift is small compared with the
resonance frequency [38]. The main consequence of this approximation can be
expressed as:

Af. i %
-7 2.10
G0 wz (2.10)
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where f is the resonance frequency of the free crystal, Z, the real part of the
acoustic wave impedance of the quartz (a property of the materials, defined as
Z, = (pG,)"/?) and Z;, the complex load impedance of the load layer (defined as
the ratio between the tangential stress on the crystal surface and its tangential
velocity). Additionally, G is the complex shear modulus (G = G’ + iG"), where
the real part is the storage modulus (G’), while the imaginary part is the loss
modulus (G"). G’ is directly related with the average energy storage in a cycle of
deformation by the shear wave. While G” is directly proportional to the average
dissipation or loss energy as heat in the same deformation process. The balance
between both quantities determine the viscoelastic behavior of materials [39].

From the equation 2.10, several scenarios of increasing complexity can be con-
sidered. For modeling of elastic, viscous or viscoelastic loads, it is usually assumed
that only variations in the direction perpendicular to the surface need to be consid-
ered. This implies that the loading layer(s) are laterally infinite and homogeneous.
In addition, linear viscoelastic response (i.e. stresses are strictly proportional to
strains) is considered. If these suppositions are valid, the following expressions
are obtained:

1. Inertial loading. For a thin, purely elastic rigidly attached layer, the load
impedance will be given by Z;, = iwm , with m the adsorbed mass per unit
area on the quartz crystal. By inserting this value in eq. 2.10, Sauerbrey
equation is readily obtained: the resonance frequency variation is propor-
tional to the mass of the deposited layer.

2. Semi-infinite viscoelastic loading. The acoustic impedance is (piwn)'/?,
where w is the angular frequency and p and 7 are the density and complex
viscosity of the media. Plugging this impedance in eq. 2.10, one obtains:

Af, 1 =1+ :
= Vpw(n —in” 2.11
A pw(n’ —in") (2.1

It is important to understand that a shear wave has an evanescent character
on a Newtonian liquid; it is strongly damped and has a finite depth of pene-
tration. The depth of penetration or decay length () of the shear wave in a
viscoelastic media is related with the complex shear modulus (@) as:

1 |G
" oVim (0) 212

3. Viscoelastic film in air. The evanescent shear wave will propagate through
the viscoelastic media, and may be reflected in the stress free edge of the film
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(neglecting the viscosity of the air, Z,;, ~ 0). In this case the load impedance
can be expressed as,

ZL = ZZf tan (];/’fdf) (213)

where Z; = (p;G)'/?, G the shear modulus, p; the density, ¢; the speed of
sound and l;;f = w/¢y is the wavenumber in the film. By plugging eq. 2.13
in the SLA equation (eq. 2.10), it is apparent that the shift in the complex
resonance frequency is a non-monotonic function of the thickness of the film.
A particular condition, the appearance of maxima in frequency shift is called
“film resonance”. It will appear for sufficiently thick films. A similar situation
will arise for films immersed in a solvent (instead of air) as discussed below.
As this concept will help understanding our experimental results, it will be
discussed in more detail in the following paragraphs.

It can be shown that eq. 2.11 can be obtained from eq. 2.13 for Newtonian
thick liquid films. In this case the shear wave is damped before it reaches the
film-air interface, and no reflection is possible.

4. Viscoelastic film in a liquid. As in the previous case, the shear wave will be
reflected on the film-liquid interface. The reflectivity will be given by

Friiq = (25 = Zig) | (Zs + Zuig) (2.14)

where Zliq = (iwprigmiq)*’? is the shear wave impedance of the liquid. By
considering the transmitted and reflected waves and applying the SLA (eq.
2.10), the following expression is obtained [40]:

Aﬁn _ —Zf Zf tan (l%fdf) _jZliq (2 15)
fO 7TZq Zf + iZliq tan (]i]fdf)

As for the previous case, “film resonance” will be observed if the film is thick
enough. A short digression about this phenomenon will help understanding some
of the experimental results described later. For this purpose, it is convenient to
consider the QCM technique as an acoustical reflectometer. The shear wave pro-
duced by the electric stimuli of the quartz crystal propagates through the mate-
rial, and is partially/totally reflected in presence of an impedance discontinuity,
as mentioned above (e.g. the crystal surface). For certain excitation frequencies
these waves interfere constructively; this is the situation of electromechanical res-
onance. The loading of the crystal modifies this resonance. Understanding this
perturbation and employing its outcome to extract material properties is the base
of the QCM technique. For instance, rigidly attached thin films shift the resonance
frequency of the system as outlined above and the quartz crystal can be used as
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the base for a film thickness monitor. As the film thickness increases, the system
must be considered as a composed resonator; shear waves will reflect from all in-
terfaces: quartz-film and film-air (or solvent). In addition, for viscous/viscoelastic
films the shear waves will be seriously damped: the amplitude of the wave de-
creases exponentially with the travel distance. However, the phase of the wave
will also be shifted; when a phase shift of 7/2 rad through the film occurs, con-
structive interference between the waves will happen; the total phase shift be-
tween propagating and reflected wave will be 27 rad: 7/2 rad on each direction
plus a sign reversal upon reflection (eq. 2.14). This is the commonly termed “film
resonance”, which can be achieved either by changing the thickness or the vis-
coelastic properties of the film attached to the quartz crystal. It is important to
realize that “film resonance” is not just a film property, but is related to the com-
posed resonator. Thus, the highest overtone goes into resonance first because the
corresponding wavelength is shorter than on n=3 or n=1.

Some examples of “film resonance” in QCM studies in liquid have been de-
scribed in the literature. Johannsmann and coworkers studied the swelling of
polystyrene in cyclohexane, using the temperature to change the thickness of a
grafted polymer layer (by tuning solvency conditions) [40]. The growth of elec-
trochemically deposited polymers has also been used to investigate this effect [41-
43].

Although conceptually interesting, the condition of film resonance makes it
more difficult to extract relevant physical parameters describing the film in contact
with the quartz crystal from the measured data. However, as will be described
later, it can be used as a clear indication of sudden film growth.

We performed QCM-D experiments with the quartz crystal in contact with air
and pure water to test the performance of the device, in particular in conditions
of varying temperature. Interestingly, we observed an important temperature de-
pendence of the resonance frequency. On the contrary, no significant variation of
the measured I' (or D) was observed between 20 and 40°C. Typical results for the
measured variation in f and I' (for the 7** harmonic) are presented in Figure 2.8.

It can be expected that in presence of an ideal viscous loading (e.g. water), the
shifts in —A f and AI" will be similar, as the imaginary component of the viscosity
(n") vanishes (eq. 2.11). This condition was satisfied (purple data in Figure 2.8
(a)) if the variation in resonance frequency of the bare crystals in contact with
air was taken into account, and subtracted from the measured raw data (red data
in Figure 2.8 (a)). All the temperature dependent QCM-D data presented in this
thesis were corrected by the observed shift in resonance frequencies of the bare
crystal in air. No significant temperature dependence was observed for the values
of I'.

By applying equation 2.11, we calculated the product p - ' from the measured
data; as can be observed in Figure 2.8 (b), we found an excellent agreement of the
measured ' with the literature values (tabulated values for the density were used
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Figure 2.8: (a) Parametric plot of —AI" vs. Af for the 7" harmonic, referred to
the values measured between 20°C and 40°C. Similar results were observed for
the different harmonics tested. (b) Water viscosity calculated from eq. 2.11, as
described in the text. An excellent agreement with literature water viscosity data
is observed [44].

to determine the viscosity from the experimental p - ). As the viscosity of water
is independent of frequency in the range of frequencies explored by the QCM (15-
35 MHz in our experimental setup), by measuring f and I" for 6 odd-harmonics
(n=3-13), 12 data points are simultaneously determined for each temperature,
improving the quality of the data.

2.8.2 QCM experiments: Protein adsorption

The experiments were performed using crystals with gold electrodes which were
hydrophobically modified by following the next protocol. First, the crystal were
cleaned with absolute ethanol (99.8% of purity) and gently dried with N, gas. Af-
terwards, they were irradiated with ultraviolet light in an UV/ozone cleaner for 30
minutes, and rinsed again with ethanol and dried with N, gas. After the cleaning
process, the gold surfaces were coated with CH; terminated self-assembled mono-
layers, by 4 hours exposure to a solution of 1 mM of 1-Octadecanethiol (Sigma
Aldrich ref 01858) in absolute ethanol. Finally, the surfaces were cleaned with
ethanol to remove non-adsorbed material and dried with N, gas. The CH; groups
form chemical bond with the gold surface. After that, the modified gold crystal
were coated with polystyrene (250 kg/mol, ACROS Organics) solution in toluene
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5% w/w by spin-coating (at 3500 rpm during 60 s) [45]. This technique enables
to obtain uniform thin polymer films. The process is as follows: deposition of few
drops of the PS solution onto the substrate; then the substrate is rotated at high
angular velocities creating a thin film and evaporating the solvent; lastly the sub-
strates are annealed at 95°C for 12 h to remove the residual solvent and release
any mechanical stress built up during the spin-coating process. Under these con-
ditions, a 300 nm thick PS layer is obtained. In this way, we obtain a homogenous
hydrophobic surface for the protein adsorption in order to replicate the experimen-
tal conditions with the PS latex nanoparticles. After each experience, the surface
was rinsed with toluene removing the PS film and recovering the gold—CHj; sur-
face. Then, the crystal is ready for another polymer coating. We observed that
the tetraphenyl ions modified the structure of the PS films [46], causing a slow re-
sponse by the QCM. Therefore, in the experiments with tetraphenyl ions involved,
the hydrophobic gold-CHj; surface was directly used to adsorb the proteins. We
tested that both surfaces had similar hydrophobic degree. The hydrophobicity of
the surfaces was determined by water contact angle: 90° for the PS surface and
106° for the —CH3 modified surface. In addition, the amount of adsorbed protein
was the same in both surfaces: gold—CH;-PS and gold—CHj3.

Once the quartz crystal was assembled in the cell of the QCM-D, the substrate
was exposed to the desired buffer solution for enough time to reach a stable sig-
nal. At this point we take the reference (Af,/n=0 and AD, =0). After that, the
protein solution is injected in the same conditions that for the adsorption on la-
tex: concentration 1 mg/ml at 25°C, and pH 6 buffer (monosodium phosphate)
for BSA and (-lactoglobulin, or pH 7 buffer (Bis-Tris) for the [3-casein. After 30
minutes of adsorption, the cell was rinsed with the protein-free buffer solution in
order to remove the non-adsorbed proteins, and then with buffer solutions at pH
3, 4 or 10 depending on the experience. After that, the protein film is exposed to
different ionic concentrations of tetraphenyl salts, or sodium chloride.

2.8.3 QCM experiments: Microgel adsorption

The quartz crystals were cleaned following the same protocol previously men-
tioned (UV/ozone cleaner, ethanol rinsing and drying with N, gas). For cationic
microgels, we used SiO, coated quartz crystals, whose surface is negatively
charged at pH>3. In contrast, for anionic microgels, we used cystamine modi-
fied gold-coated crystals (cystamine SAM). The gold crystals were covered with a
aqueous solution of 3 mM of cystamine dihydrochloride (Sigma-Aldrich ref 30050)
during 4 hours. The cystamine-modified surface is positively charged at pH>3. In
both cases, the adsorption was carried out at pH 4 and 40°C (collapsed state).
The cationic (anionic) microgels should readily adsorb on the SiO; (cystamine-
modified) surface under these conditions by electrostatic attraction. Previous to
the microgel injection, the zero (A f,/n=0 and AD, =0) is taken as the bare crys-



44 Chapter 2. Experimental section

tal in water at 40°C. After adsorption, the QCM-D cell was rinsed with microgel-
free aqueous solutions. For the study of collapsed-swollen transition of the ad-
sorbed microgels and the effect of different ions on the transition temperature,
the zero was set at conditions of bare crystal in water at 25°C.

2.9 Differential Scanning Calorimeter (DSC)

The Differential Scanning Calorimeter (DSC) (TA Instruments Microcalorimeter
Q2000) determines the temperature and heat flow associated with material tran-
sitions as a function of time and temperature [47-49]. The sample material is
encapsulated in a pan (measuring cell) and an empty reference pan is placed on
the thermoelectric disk surrounded by a furnace. When the temperature of the
furnace is changed at a linear rate, heat is transferred to the sample and reference
through the thermoelectric disk. The differential heat flow to the sample and ref-
erence is measured by area thermocouples using the thermal equivalent of Ohm’s
Law:

¢ = AT/R (2.16)

where ¢ is the sample heat flow, AT is the temperature difference between
the sample and the reference and R is the resistance of the thermoelectric disk.
Additionally, AT depends on the heat capacity (C,) of the sample. Usually, the
heat capacity per unit mass is represented in function of the temperature in the
thermograms.

2.9.1 DSC experiments: Sample preparation

Neutral PNIPAM chains were dissolved in cold water (4°C) at 5.6% or 16.7% w/w
depending on the experience. The samples were stirred during five hours at 4°C
until the solutions were completely transparent. On the other hand, the salt so-
lutions were prepared at 10-fold the desired concentration for the experiments.
Afterwards, salts and PNIPAM solutions were mixed at 1:9 proportion at room
temperature. In this way, the final solution contains PNIPAM at 5% and 15% w/w,
respectively. At high ionic concentrations the PNIPAM chains were dissolved di-
rectly in the salt solutions in a water-ice bath. In all the experiments, 9 ul of the
final solution was enclosed in a pan. Each sample, in presence of different salts
and concentrations, was equilibrated at 10°C during 10 minutes. Then, the sam-
ple underwent a heating cycle from 10 to 50°C, followed by an equilibrium time
of 10 minutes and a cooling cycle (50-10°C). The temperature rate in the cycles
was of 1°C/min.

The T} 5 was calculated from the onset temperature (7,,,) of the endothermic
peak, determined as the intersection of the tangent of the endortherm’s maximal
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Figure 2.9: Analysis of the thermograms of PNIPAM. The parameters T,,., Tz
and AH are indicated.

slope and the baseline. T,,,, is the temperature at the maximum point of the
endothermic peak. The change in enthalpy (AH), was calculated from the area
under of the endothermic peak (see Figure 2.9).
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Simulation section

3.1 Molecular Dynamics simulations

3.1.1 Newtonian equations

Molecular Dynamics (MD) simulations allow us to obtain exact results of posi-
tions and velocities for a system with a large number of atoms by the Newtonian
equations of motion. This is based on numerical solution of the equations under
certain thermodynamic conditions [1, 2]. Computer simulations enable to model
a physical system represented as a set of particles. This is very useful for a better
understanding of the observed macroscopic behavior by investigating the system
at microscopic level. For a system of NV atoms, the Newtonian equations of motion
are:

mafa:—i_,Utoml(Fl,'r_”g,...,'r_”N), o = 1,2,...,N (31)
or,

where m,, is the mass of atom «, 7, is its position and Uy, is the total po-
tential energy, which represents the interactions between all the atoms. In this
kind of simulations, atoms are considered as classical entities. However the po-
tential energy of the system (U,,;) can be calculated by quantum mechanics (ab
initio MD simulations) or classical mechanics (force fields). In the first case, the
Schrodinger equation is solved in each time step. This method is used when quan-
tum effects are important, this is, in chemical phenomena in which electrons play
a role such as breaking or formation of covalent bonds or electron transfer, for
example. While in the classical method, electrons are ignored and the interactions
between atoms are calculated by approximated formulas obtained from theoreti-
cal or semiempirical methods, which are known with the generic name of Force
Fields. This approach is appropriate for large and complex systems in solution
(such as soft matter systems) which require long simulations as long as quantum
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phenomena such as chemical reactions or electron transfer can be ignored. In this
thesis, all simulations will be based on Force Fields.

The Newton’s equations cannot be solved analytically by a computer. For the
numerical solution, the time must be discretized in small intervals of size At.
The discretization of the differential equations in time allows to get a system of
nonlinear algebraic equations, which can be numerically solved.

There are several available numerical methods to solve the Newtonian equa-
tions (Euler, Leapfrog, Verlet, velocity Verlet...) [1]. The algorithm chosen should
meet some requirements for a reliable resolution. An essential condition is the
energy conservation, as expected for an isolated system. For instance, the Euler
algorithm is not compatible with this condition, producing long-term energy drift
problems. Therefore, this kind of algorithms are not adequate for MD simulations.
Another noteworthy fact is the trajectory predictions. An exponential growth of
the errors in the trajectory is unavoidable, however the algorithm will be more
suitable if the errors are contained for longer time.

Although the true trajectories cannot be accurately predicted, we expect that
the generated integration errors do not affect to the statistical properties of the
system [1]. Our interest is the average behavior of the system, not the trajectory
of every single atom.

One of the most used numerical methods is velocity Verlet [3]. This algorithm
is based on a Taylor expansion of the coordinates of each atom. The position in
each time step is calculated from the positions of the two earlier steps:

t
F@47Aw::2?@)—%@-—Aﬂ;%iL2Aﬁ (3.2)
m
where f(¢) is the total interaction force exerted by all the elements of the system
to each individual particle at instant ¢. Once the position is calculated in the
current time step, the velocity is obtained as:

flt+ A+ f(t)

U(t + At) = 0(t) + 5

At 3.3)

As the Newtonian equations, this process is completely reversible. The tempo-
ral reversibility of this algorithm implies energy conservation (Noether’s theorem
[4]), as is required for an algorithm useful in MD simulations.

On the other hand, the time step is chosen to be smaller than the typical time of
the physical process that we observe. As an example the hydrogen bonding has a
mean time of 2 ps (2:107!2 s) [5]. On the other hand, a very small At will require
too much computational time. Standard time steps in MD simulations are shown
in Table 3.1.

In our simulations we work with flexible molecules and rigid bonds. Hence,
according to the table, an appropriate time step for us is 2 fs (2-10715 s).



3.1. Molecular Dynamics simulations 53

System Types of motion Time step (s)
Atoms Translation 10714
Rigid molecules  Translation and rotation 5.10715
Flexible molecules, Translation, rotation 15
. . ) 2-10
rigid bonds and torsion
Flexible molecules,  Translation, rotation 5.10-16_10-15
flexible bonds torsion and vibration

Table 3.1: Standard time steps for atom or molecules motions in MD simulations.

Furthermore, Newton’s laws require initial conditions to solve the equations.
On the one hand, the positions of the atoms can be random or from known crys-
tallographic structures of molecules. On the other hand, the system is initially at
certain temperature, therefore the velocities follow a Maxwell-Boltzmann distri-
bution. For this reason, the initial velocities of the atoms are randomly generated
following a Maxwell-Boltzmann distribution.

3.1.2 Microcanonical ensemble (NVE)

The simulation system can be represented as an isolated system without applied
external forces, only interactions between the internal atoms. The microcanonical
ensemble (NVE) reproduces this kind of system, conserving the number of parti-
cles, volume and energy. Regarding the volume, we cannot simulate a macroscopic
volume, instead of that we work with a small system where the density is main-
tained fixed. This means that the ratio between the number of particles and the
volume is the same that in the real system. For that, periodic boundary conditions
in all directions are used (see Figure 3.1).

The cell is infinitely replicated and translated in the space periodically. In this
way, a particle that leaves the cell on one side is replaced by a copy entering the
cell on the opposite side.

According to the statistical mechanics, we can obtain several physical magni-
tudes from the position and velocity data [1], such as, the kinetic energy, the
potential energy, correlations, etc. In this way, the temperature in each instant is
obtained using the Equipartition Theorem:

gkp
where g is the total number of degrees of freedom of the system, kg the Boltz-
mann’s constant and Fj;, the kinetic energy. Both, potential and kinetic energy
are usually provided as output of the simulation. On the other hand, pressure can
be calculated using the Virial equation:
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Figure 3.1: Representation of periodic boundary conditions implemented in a sim-
ulation box. The cell is infinitely replicated and translated in the space periodically.
In this way, a particle that leaves the cell on one side is replaced by a copy entering
the cell on the opposite side.

1 N

1<j

where p = N/V is the average number density and ﬁ(ﬁj) represents the force
applied by particle i on particle 5™, which are separated by a distance r;;.

Nevertheless, these magnitudes can be fixed to implement the isothermal-
isobaric ensemble (NPT). The microcanonical ensemble does not correspond to
an experimentally realistic situation. In contrast, NPT ensemble is more appropri-
ate.

3.1.3 Isothermal-isobaric ensemble (NPT)

The majority of our simulations are performed in the NPT ensemble. This means
that the simulation is carried out under conditions of number of atoms, pressure
and temperature at constant values. This ensemble plays an important role to be
compared with experimental systems that usually work under these conditions.
The system is not isolated, otherwise external energy can be added or removed
from the system by a thermostat and barostat to maintain constant the tempera-
ture and pressure of the system, respectively.
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The most intuitive idea to implement a thermostat is simulating a large system
(at constant temperature) in contact with the system of interest. However, this is
not possible because of involved computational cost. Therefore, an external force
is applicated to vary the energy of the atoms. It is necessary using a thermostat
that reproduces the properties of the NPT ensemble, since inadequate thermostats
in this sense are available in the bibliography, for example the velocity scaling
algorithm proposed by Evans [6, 7].

Mainly, there are two types of thermostats: stochastic (e.g. Langevin) and de-
terministic (e.g. Nosé-Hoover) [1]. In our simulations we have used the Langevin
thermostat. As we have mentioned, the velocities of the atoms are set to fol-
low the Maxwell-Boltzmann distribution with the thermodynamic temperature
desired. After that, the temperature is maintained constant by the Langevin ther-
mostat. This method is based on the Brownian motion of a particle in thermal
contact with a large heat bath at the temperature required. Our simulation system
is the Brownian particle immersed in an imaginarium fluid (the thermostat). The
system is subjected to a friction force exerted by the thermostat plus a thermal
noise [8, 9].

On the other hand, the pressure is maintained at the interest value by an applied
external force, where the volume is adjusted. The Nosé-Hoover barostat was used
for this purpose [1, 10]. For performing this scheme, an extra degree of freedom is
added into the equations of motion. The extra parameter is known as the volume
scaling factor, corresponding to a “piston” that allows changes in the volume of
the simulation box.

N

p

Figure 3.2: NPT ensemble. Thermodynamic state for a system defined by N parti-
cles. Temperature and pressure are determined by thermal and mechanical equi-
librium with a thermal bath and a barostat, respectively.

Nowadays, we can found several open code programs for scientific usage to
implement the resolution algorithms for MD simulations with the pertinent ther-
mostats and barostats. In this dissertation we have used the programs: NAMD
[10] and VMD [11] developed by the Theoretical and Computational Biophysics
Group of the University of Illinois [12]. NAMD is used for solving the Newtonian
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equations, while with VMD we can visualize and analyze the molecular systems.
The combination of these two programs allows to obtain the instantaneous po-
sitions and velocities of all atoms, as well as, average properties of the model
system. In addition, we have calculated some magnitudes not implemented in
VMD, by homemade python scripts running in VMD, for example the radius of
gyration of a polymer.

3.2 Modelling and force field for all-atomic simula-
tions

3.2.1 CHARMM force field

Some common force fields are AMBER, GROMACS or OPLS [13-15]. In our sim-
ulations we used the standard CHARMM 2.7 force field (Chemistry at HARvard
Molecular Mechanics) [16] implemented by NAMD. For this force field, the pa-
rameters of the intramolecular interactions are previously determined by quan-
tum mechanics calculations (ab initio). The force field is tested to reproduce the
properties of well-known molecules, as well as, the properties of the solvent. This
force field is suitable for molecular systems such as, organic molecules, ions and
surfaces in solution; and is widely used in simulations with polymers and proteins.
Basically, we simulate this kind of systems.

The potential used is composed by intramolecular and intermolecular interac-
tions [10]:

Utotal = Ubond + Uangle + Udihedral + UvdW + UCoulomb (36)

The first three contributions form the intramolecular part. This is referred to
interactions between atoms of the same molecule that includes covalent bonds,
angles between covalent bonds and dihedral (angles formed by planes that contain
atoms connected by three covalent bonds):

Usona = Y, k2" (rij — 1o)° (3.7)
bonds

Ungte = k(050 — 00)? (3.8)

angles

k;g?gfdral[l + cos(ngiju — ¢o)] n#0
Udihedral - Z . (39)
dihedral \ kg 7 (Vi — o) n=0
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where r;; represents the distance between atoms ¢ and j bonded covalently, 6,y
is the angle between two covalent bonds that connect atoms 4, j and k, ¢, is
the dihedral angle, and 1), is the so-called “improper” dihedral angle (see Figure
3.3). When four atoms 4, j, k£ and [ are linearly connected by three bonds, ¢, is
the angle formed by the plane containing atoms i, j, £ and the plane containing
atoms j, k, [. On the other hand, vy, is the angle between the plane formed by
atoms i, j, k and the plane formed by atoms j, k, [ when atoms j, k, [ are bonded
separately to atom i.

Figure 3.3: Coordinates for the intramolecular interactions between covalently
bonded atoms.

Equation 3.7 represent the covalent bond between two atoms i, j as a harmonic
potential by a Taylor approximation of elastic constant k:i?j?"d. Hence, the real po-
sition of the atoms only undergoes small deviations from the equilibrium position
ro. The same is asumed for the angle between two bonds, subjected to a harmonic
potential with a force constant of k;ﬁgle and reference value of 6, (eq. 3.8).

In contrast, for the dihedral angle, the potential harmonic approximation can
fluctuate around several energy minima, which are found at the reference values
¢o. In equation 3.9, n indicates the number of energy minima and k"' is the
constant force. An example of various possible configurations for a molecule is the
cis/trans isomerism.

In the case of the improper angle, the harmonic potential possesses only one
energy minimum situated at ¢)y. This parameter is used for maintain planarity
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in a molecular structure. Therefore, the value of ;;; suffers slight deviations
from the reference value with a constant force of kﬁﬂf”’per (3.9). A more extended
explanation of the atom interactions can be consulted in ref. [17].

On the other hand, the interactions between non-bonded atoms (intermolecu-
lar), are represented by the other two contributions in equation 3.6. Atoms are
modelled as hard spheres under a Lennard-Jones potential (van der Waals forces)
and electrostatic interactions (Coulomb term):

12 6
Oii Oii
Ui = > _ > Ae;; (T—J) - (T—j) (3.10)
N Z]

UCoulomb = Z 4%7% (311)
i g>i S eori

These interactions take into account characteristics of the individual atoms as
size, electrostatic charge and polarizability.

The periodic boundary conditions introduce a problem related with the inter-
molecular interactions. Each atom is subject to the potential forces exerted by
infinite number of particles, which is impossible to calculate. In order to solve this
issue, the intermolecular interactions are truncated at certain distance. The poten-
tial associated to the van der Waals forces is quickly diminished with the distance
(Upaw o< r79), thus a cutoff is establish for these interactions. In contrast, the
electrostatic interactions can not be truncated in the same way. The long-range
interactions are essential, since the potential is inversely proportional to the dis-
tance between particles (Ucouioms o< 7). For computing the Coulomb potential,
the particle mesh Ewald summation method (PME) is employed. This method cal-
culates the electrostatic contribution as a sum of screened charges instead of point
charged, since the screened charges rapidly decay with the distance and can be
easily computed [10].

3.2.2 Free energy calculation

Free Energy calculations require the use of specific methods, since a thermody-
namic free energy cannot be obtained as a statistical average of positions and
velocities for a single equilibrium MD simulation. In this thesis, we employ the
adaptive biasing force (ABF) method [18] as implemented in NAMD. In the ABF
method, a set of atoms (a given molecule for example) is constrained to follow
a predefined path while the other atoms of the system are left to move without
constraints, according to their equations of motion. This process needs to be con-
ducted very slowly in order to the system will be capable of equilibrating under
the effects of the thermostat and barostat. The force required to constraint the
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trajectory of the atoms is computed in an adaptive fashion and in this way one
obtains an approximation for the reversible work performed during the trajectory.
As the process is performed in thermodynamic equilibrium in the NPT ensemble,
the reversible work can be considered the Gibbs free energy. In simulation this is
usually called potential of mean force (PMF).

3.2.3 Water model for CHARMM force field

In the CHARMM force field, water is modelled with the TIP3P model [19]. In this
model water is treated as explicit solvent, this means that each water molecule is
represented as an entity and is composed by an oxygen atom and two hydrogen
atoms. The O-H covalent bonds are rigid and the angle H-O-H is maintained
fixed at 104.52°. This means that intramolecular interactions are not calculated
for the water molecule (egs. 3.7-3.9). In fact, commonly, the interactions with the
hydrogen atom are not considered. The lightest atom possesses very quick vibra-
tions, which are not necessary for our simulations. Hence, only the intermolecular
interactions among heavy atoms are calculated. This diminished the computing
time.

On the other hand, the intermolecular interactions are specified by the parame-
ters of van der Waals (Lennard-Jones) and electrostatic forces from atomic partial
charges shown in Table 3.2. It deals with a non-polarizable model, since there is
no internal redistribution of the electric charges. However, the model allows the
free orientation of the molecules, as well as, the formation of hydrogen bondings
among the different molecules. Although, other water models more complex are
available in different force fields, the TIP3P model establish an agreement between
the computational cost and its validity for liquid water.

Atom ¢; (kcal/mol) o; A) q; (e)
0] 0.1521 3.5364 -0.834
H 0.0460 0.449 0.417

Table 3.2: Parameters for the intermolecular interactions (van der Waals and
Coulomb forces) for water TIP3P model (see equations 3.10, 3.11).

3.2.4 Modelling of ions in CHARMM force field

We performed all-atomic MD simulations with the electrolytes NatPh,B~ and
Ph,;As*Cl™ in aqueous solution. The inorganic ions Nat and Cl—, were simulated
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as van der Waals spheres with electrostatic charge +1 and standard CHARMM 2.7
parameters. For the organic ions, we employed the force field parameters devel-
oped in ref. [20], obtained from ab initio calculations (partial charges for each
atom are given in Table 3.3). In Figure 3.4, the electric charge distribution of the
tetraphenyl ions is shown by a color scale. The most important difference between
the two ions is the charge of the central atom (As or B), which is the most charged
atom of each ion. In contrast, the external partial charges of both ions are very
similar and they have low values.

Atom q; (PhyAs™) q; (PhyB™)
X (central atom) 0.76 -0.48
o] -0.12 -0.29
Cs -0.16 -0.15
Cs -0.07 -0.24
Cy -0.16 -0.15
Cs -0.12 -0.29
Cs -0.12 0.30
H, 0.15 0.14
H, 0.18 0.13
Hs 0.15 0.15
H, 0.18 0.13
Hs 0.15 0.14

Table 3.3: Partial charges for each atom of the tetraphenyl ions (in units of elec-
tronic charge); the position of each atom is indicated in the diagram.
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(a) PhAs* (b) Ph,B"

Figure 3.4: Electric charge distribution for the PhyAs™ cation (a) and the Ph,B~
anion (b). The electrostatic charge is represented using a color scale, in this way
the red color indicates a negative charge, whereas the blue color indicates a posi-
tive charge. The atoms are shown in CPK representation.

3.2.5 Modelling of PNIPAM chains in CHARMM force field

Neutral PNIPAM chains, with all-atomistic detail, were built replicating one
monomer, formed by 19 atoms, with the VMD software (see Figure 3.5). Each
PNIPAM chain has 20 monomers and the terminal molecules were capped with a
—CHj; group, as in previous work [21]. In Figure 3.6, one PNIPAM chain composed
by 388 atoms is shown. In all our simulations, we have considered a system con-
taining 5 PNIPAM chains in water electrolyte (a total of 1940 atoms of PNIPAM in
the simulation box).

(a)

Figure 3.5: PNIPAM monomer: (a) all-atomic model (atoms are represented using
standard colors (red=0, blue=N, white=H, cyan=C)) and (b) chemical structure.
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Figure 3.6: Model of one PNIPAM chain formed by 20 monomers in CPK represen-
tation.

3.3 Modelling and force field with implicit solvent:
protein simulations

The proteins chosen, for this study, have been two proteins of the cow’s milk:
B-lactoglobulin and S-casein, as well as, the bovine serum albumin (BSA) as ref-
erence protein. Both, $-lactoglobulin and BSA are globular and well-structured
proteins, whereas [-casein is a disorder and more flexible protein [22-25].

For the simulations, the structures of the globular proteins (BSA [26] and /-
lactoglobulin [27]) were obtained from the Protein Data Bank [28]. This web
holds the crystal structure of numerous proteins obtained mainly by X-ray diffrac-
tion. On the other hand, the crystalographic structure of the 5-casein is not known,
since is a disorder protein. Therefore, a 3D model developed by comparative mod-
eling of known sequences was used for this protein [29]. According to these struc-
tures, each protein molecule is formed by 9207 atoms for BSA, 2584 atoms for
p-lactoglobulin and 3124 atoms for §-casein.

We performed MD simulations of these proteins in aqueous solution at room
temperature. The simulation of this system in all-atomistic detail would suppose a
high computational cost. For this reason, the protein simulations were carried out
in implicit water using the following model. Water is modelled by the Generalized
Born Implicit Solvent (GBIS) as a dielectric continuum (polar solvent with water
properties at 298 K and 1 atm). This model has been successfully used in MD
simulations of macromolecules [30].

Therefore, the proteins are modelled with all-atomic detail and the potential
(interaction) energy among the atoms is calculated by the force field CHARMM 2.7
plus interaction terms with the solvent. According to the GBIS model, the polar
solvent (dielectric continuum) screens electrostatic interactions between solute
atoms. The solute atoms are treated as van der Waals spheres of low protein
dielectric constant immersed in a continuum of high solvent dielectric constant
(¢=80, water). Therefore, the effective dielectric constant that affects each atom
depends on the surrounding atoms to it. The total electrostatic energy for atoms
is modeled as the sum of Coulomb and generalized Born energies:
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EElec - ECoulomb + EGBIS (312)

Only the protein area exposed is affected by the interactions with the solvent.
In addition, each kind of atom (C,N,O,H...) has a particular interaction with the
solvent.

Electrostatic charge

The protein simulation requires the knowledge of the protonation state of each
residue as a function of pH. For this reason, the electrostatic charge of the proteins
as a function of the pH was obtained by PropKa [31]. The computer program
PropKa is an empirical method for fast protein pK, prediction of structure-based
proteins [32].

Proteins are formed by ionizable groups that intervene in intraprotein, protein-
solvent and protein-ligand interactions, and they are directly related with protein
solubility and folding. The pH dependency of the protein electrostatic charge is
linked with the pK, values of their ionizable residues.

In PropKa method the pK, value of each amino acid is predicted by applying an
environmental perturbation (pK, shift), to the unperturbed intrinsic pK, value of
the group. The pK, shift is calculated from the difference in electrostatic energy
of a residue in its charged and neutral form. This method is based on numerical
resolution of the Poisson-Boltzmann equation, taking into account this shift and
the dielectric constant of the environs. The final pK, values obtained by PropKa
nearly match experimental results.

Hydrophobic degree of proteins

We calculated the hydrophobic degree of the investigated proteins. It is important
to highlight that the structure of a protein strongly depends on the temperature.
For this reason, the proteins were pre-equilibrated at 25°C and neutral pH by MD
simulations. As we have mentioned, the simulations were carried out with the
proteins immersed in a dielectric continuum with the water properties [30]. After
an initial system minimization, MD simulations were carried out during 4 ns.

The last protein configuration was used to estimate its hydrophobicity. For
that, we employed the Orientations of Proteins in Membranes (OPM) calculation,
available in ref. [33]. A detail description of the method can be consulted in
ref. [34]. This tool was developed for obtaining the arrangement of a protein in
contact with a membrane. The protein is considered as a rigid body and the spatial
orientation is determined by minimization of its transfer energy from water to a
nonpolar liquid. The parameter set to define the nonpolar solvent corresponds
to decadiene, which produces results in agreement with experimental data, in
particular for transmembrane proteins in a lipid bilayer [35]. The transfer energy
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of the proteins is an indicative of their degree of hydrophobicity, however this is
variable depending on the nonpolar medium chosen. OPM is widely used, thus is
a good method to stablish standard hydrophobicity values of proteins, which can
be compared with other molecules reported in the literature.

3.4 Technical details and analysis of the MD simula-
tions

As we previously mentioned, the MD simulation method is based on the numer-
ical solution of the Newtonian equations of motion for all atoms of a molecular
system constrained to the thermodynamic conditions (T, p). All the simulations
were implemented in the standard version 2.9 of NAMD. The Newton’s equations
of motion were solved with a time step of 2 fs and electrostatic interactions were
updated with a 4 fs time step. All bonds between heavy atoms and hydrogen
atoms were maintained rigid. The nonbonding Lennard-Jones interactions were
cut off at a distance of 1.2 nm employing a switching function starting at 1.0 nm.
The particle Ewald summation method was employed with a 1 A resolution. We
employed periodic boundary conditions in all directions. The thermodynamic tem-
perature was maintained constant (at 25°C or 45°C depending on the simulation)
using a Langevin thermostat with a relaxation constant of 1 ps~!. The pressure
(1 atm) was maintained using the Nosé-Hoover piston as implemented in NAMD
with an oscillation period of 100 fs and a decay time of 50 fs. In the case of the
simulations with surfaces (Chapter 9), the pressure was maintained constant with
the same barostat, but allowing changes of the simulation box only along the =
axis (perpendicular to the surface).

In the particular case of protein simulations, the interaction with the solvent
is conducted by an additional energy term that takes into account the properties
of water at certain temperature and pressure. For this reason, periodic boundary
conditions, thermostat and barostat are not used in these simulations.

In some simulations, we have used the software VMD to calculate the radial pair
distribution function, g(r). This function characterize the local structure of set of
atoms. g(r) is the ratio between the average number density at a distance from
any given atom and the density at the same distance in an ideal gas at the same
overall density [1]. In an ideal gas, g(r) =1, thus any deviation of g(r) from unity
reflects correlations between the particles due to the intermolecular interactions
(cf. Figure 3.7).
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Figure 3.7: Radial pair distribution function, g(r). Average number density from
a given atom as a function of the distance. The peaks indicate the existence of

correlated atoms with respect to the reference atom. When there is no correlation,
then g(r)=1. Image obtained from ref. [36].
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Interaction of organic ions with PNIPAM
chains and microgels

4.1 Background

It is well known that ions with the same valence induce different behavior in a
wide range of phenomena such as the surface tension of water electrolyte/air in-
terface, effect of salt in colloidal stability, protein precipitation by salt, etc [1, 2].
Although both cations and anions show these specific ionic effects, it has been
known from long that anions show more pronounced specific ionic effects than
cations [3-5]. This different behavior has been attributed to the fact that anions
are bigger and more polarizable than cations and these two variables play a major
role in specific ionic effects [6]. It is also clear that anions interact with water in a
different way than cations. Anions and cations have very different hydrogen bond-
ing capabilities, as recognized in experiments of transfer of ions from solvents with
different tendency to form hydrogen bonds but similar dielectric constant [7]. A
recent classification of the most common monovalent and divalent ions in a 2D
map with hydrophilicity and hydrophobicity as coordinates shows that cations are
found near the “neutral” point (no substantial hydrophobic/hydrophilic character)
whereas anions are spread further out, particularly so for the more hydrophobic
region of the map [8]. It is worth noting that the relative hydrophobic or hy-
drophilic character of ions and interfaces is essential in understanding specific
ionic effects [9, 10].

Interestingly, MD simulations of hypothetical anions and cations identical in all
respects except by the sign of the charge (i.e., equal size, charge, dispersion in-
teractions) show that anions have more pronounced specific effects such as larger
adsorption at the water/air interface [11] or larger adsorption at hydrophobic sur-
faces [12]. The simulations of these hypothetical ions also indicate that the ionic
specific effects are directly linked to the ion-water interaction, which is different
for cations and anions. The asymmetry between anions and cations of the same
size arises because water molecules can approach closer to anions (due to the
small size of the hydrogen atom) as compared with the cations (which interact
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with the larger oxygen atoms of water). Recent spectroscopy experiments clearly
demonstrate the existence of this solvation asymmetry between anions and cations
[13].

All these studies suggest that substantial insight in the difference between
cations and anions could be obtained by considering real (instead of hypotheti-
cal) ions with (almost) identical size, valency and chemistry but differing only in
their anionic or cationic character. This is precisely our objective in this chapter,
by considering the interaction of the tetraphenyl ions PhyB~ and Ph,As™ (Figure
4.1) with a particular soft matter system (PNIPAM microgels). Both ions are large
(their radius is about 0.5 nm [14, 15]) and their external chemical and electronic
structure is identical, with four phenyl rings responsible for the direct interaction
of the ions with water, surfaces or interfaces. The anionic or cationic nature of
the ions is due to the central atom (B or As), which does not interact directly
with the environment (solvent or interfaces). Minute concentrations of these big
hydrophobic ions have the ability to induce substantial effects in soft matter sys-
tems. For example, they can induce novel phases in lipid layers [16], giant charge
inversion in colloids [10, 17] or induce nanostructuration in polymer surfaces
in contact with water [18]. The effects are so strong that Leontidis et al. [16]
coined the term “soft matter disruptors” to describe their deep impact on surfaces,
which goes beyond what is observed for the classical ions considered in lyotropic
(Hofmeister) sequences. It seems clear that in these effects, water structure [13]
and solvation thermodynamics [10] play a fundamental role.

(a) PhaAs* (b) PhaB-
O OO
As B
| 8.56 A : | 8.42 A '

Figure 4.1: Chemical structures of PhyAs™ and Phy;B~ ions. The van der Waals
diameter [15] is indicated.

We will consider here the interaction of these ions with a thermoresponsive
polymer, PNIPAM (Figure 4.2 (a)). This polymer undergoes a transition from
extended coil to compact globule (or from swollen to collapsed states in the case
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of microgels) when the temperature is increased over a critical value —usually
called lower critical solution temperature (7;cs)— which is around 31-34°C for
PNIPAM [19]. According to previous studies with PNIPAM microgels [20] and
PNIPAM charged chains [21], this system is particularly well suited for the study
of specific ionic effects, due to its capacity to adsorb ions and its sensibility to the
hydration state of ions. In addition, PNIPAM particles can be prepared with both
cationic or anionic character, which allows the study of the behavior of ions PhyB~
and Ph,As™ as either counterions or coions.

(a) (b)

Methylene group

‘CHon CH+
~ _ZJTL - n
,’ C‘::O\\ Amide
]
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- é;‘ ~
7 N\
IHsC~ “CHs)
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~
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Figure 4.2: (a) Chemical structure of PNIPAM. (b) Simulation snapshot of an ag-
gregate made by the self-assembly of 5 PNIPAM chains at 45°C in the presence
of NaCl (simulation S2 in Table 4.1). Each PNIPAM chain is shown in a different
color. Atoms are shown as spheres with their van der Waals radius. Water and
ions are not shown for clarity.

In this chapter, we show evidence from MD simulations, electrokinetic measure-
ments and AFM imaging demonstrating dramatic differences between the specific
effects due to the PhyB~ anion and the Ph As™ cation. The effects of PhyB~ on
neutral PNIPAM chains and in cationic or anionic PNIPAM microgels are always
much stronger than the effects of PhyAs™. We argue that the evidences provided
here strongly support the view that even for big ions solvation of anions is essen-
tially different than the solvation of cations and, more importantly, the affinity of
anions and cations for interfaces is intrinsically different.
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4.2 Simulation results

4.2.1 Description of simulations

MD simulations with PNIPAM chains were performed in different ionic compo-
sitions. The size of the system and other details considered in our simulations
are summarized in Table 4.1. In each simulation, we randomly place the 5 PNI-
PAM chains, the ions and water. After energy minimization, we performed a NPT
run between 80 and 90 ns, to ensure that slow magnitudes such as the polymer
radius of gyration equilibrate. The radius of gyration was obtained by a home-
made python script running in VMD. In the case of Ph,B~ and Ph,As*, we have
computed the Gibbs free energy characterizing the ion adsorption by performing
additional simulations (S5 and S6 in Table 4.1).

T® Number of ions Number of PNIPAM Total atoms Size sunu}atlon

water molecules monomers box (A)

S1 (MD) 298 15 Nat, 15 Cl— 22248 100 68714 87.78
S2 (MD) 318 15 Nat, 15 Cl— 22248 100 68714 87.78
S3 (MD) 318 15 Nat, 15 PhyB— 21779 100 67967 87.98
S4 (MD) 318 15 PhyAst, 15 Cl— 22126 100 69008 88.47
S5 (ABE-MD) 318 1Na™t, 1 PhyB™ 22365 100 69081 88.45
S6 (ABF-MD) 318 1 PhyAs™, 1 Cl— 22367 100 69087 88.46

Table 4.1: Summary of parameters for MD and ABF-MD computer simulations.

The adaptive biasing force (ABF) methodology [22] (see section 3.2.2 of Ma-
terials and Methods) is implemented in NAMD for the calculation of free ener-
gies along collective coordinates (the potential of mean force) in MD simulations.
The biased simulations S5 and S6 employing the ABF simulations were performed
in order to obtain the potential of mean force (PMF) corresponding to the ion-
PNIPAM interaction. The initial configuration for the calculation was obtained as
follows. We started from the results of simulations S3 and S4 in Table 4.1 and
removed all ions except one adsorbed ion and one counter-ion. We added more
water, and performed further NPT runs (of about 30 ns). The final configuration
of the NPT run was employed as the initial configuration for the ABF calculation.
The initial configuration is illustrated in Figure 4.3.

The first choice to be made in the ABF calculation is the selection of the collec-
tive variable or “reaction coordinate”. We use the separation between the PNIPAM
chains and the adsorbed ion. The separation between PNIPAM and the ion is com-
puted using the central atom of the ion (B or As depending on the tetraphenyl
ion) and a few reference atoms of the PNIPAM molecule which are located near
the initial position of the ion. These atoms are indicated in Figure 4.3. Concerning
the parameters of the technique, we tried different values for the force constant
employed in the calculation and selected those which produced the better (less
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Figure 4.3: Snapshots of the initial configurations for the ABE-MD simulations.
Left: Simulation S5 in Table 4.1 (adsorbed Ph B~ ion). Right: Simulation S6 in
Table 4.1 (adsorbed Ph,As™ ion). The Ph,B~ and Ph,As™ ions are shown in van der
Waals representation. PNIPAM atoms are shown in bonds representation, except
the reference atoms for the distance calculation which are shown with their van
der Waals radius. Water molecules and the counter-ion of each adsorbed ion (Na*
or Cl~ ) are not shown for clarity. Figure made with VMD (Ref. [23]).

noisy) PMF curves. Our final choice was 5.0 kcal/(mol - 10\2) in simulation S5
(adsorbed Ph,B~ ion) and 3.0 kcal/(mol - A?) in simulation S6 (adsorbed Ph,As*
ion). During the calculation, we avoid the displacement of the PNIPAM particle
by applying an harmonic constraint with k=5.0 keal/(mol - A2) to the positions
of the heavy atoms (C,N,0) of PNIPAM (as equilibrium positions we select their
initial positions). The potential of mean force of each ion was obtained with a 0.1
A resolution in a simulation run with 2.5x10° steps. In each bin, the average of
the PMF was calculated discarding the first 400 configurations.

4.2.2 Self-assembly of chains in presence of NaCl

Previous MD simulation studies about the temperature-induced transition of sev-
eral PNIPAM chains are scarce [24]. In general, this transition is only studied at
the single chain level [25-28]. This means that in these studies only the transi-
tion between coil and globule in a single PNIPAM chain was investigated, but the
expanded/compressed state of PNIPAM particles was not simulated.

In principle, the interaction of ions with a single chain may differ with the inter-
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action with aggregates containing several chains. For this reason, in this chater we
will consider the interaction with a PNIPAM nanoparticle or aggregate (described
in full atomistic detail), made by the self-assembly of several PNIPAM chains (see
Methods section 3.2.5). Let us consider first simulations S1 and S2 in Table 4.1,
which correspond to a system with 5 PNIPAM chains of 20 monomers each in
presence of NaCl at two different temperatures (below and above the experimen-
tal transition temperature). A snapshot of a typical aggregate is shown in Figure
4.2 (b). In both simulations, we observe aggregation of the PNIPAM chains after
a few ns of simulation. However, the nature of the aggregates is very different
at each temperature. In simulation S1 (25°C, below the transition temperature)
the assembly is less stable, in the sense that partial disaggregation is sometimes
found (i.e. a chain leaves the particle) and the size of the aggregate shows large
fluctuations: the average radius of gyration of the self-assembled nanoparticle is
R, ~2.5 nm but the system explores configurations with larger radius (~3 nm or
more) or configurations with groups of smaller aggregates (~2 nm) during time
intervals of the order of tens of ns. In contrast, in simulation S2 (45°C, above
the experimental transition temperature) we observe self-assembly of the chains
onto a single aggregate or particle (cf. Figure 4.2 (b)) with a radius of gyration
R, =1.5 nm (with no significant fluctuations), consistent with a collapsed state.
The expanded state obtained in simulation S1 is also more hydrated than the col-
lapsed state obtained in S2, as expected. In Figure 4.4, we show the total number
of hydration molecules obtained for the PNIPAM particle at 25°C and 45°C.

We can also obtain the hydration of the different groups of the PNIPAM
monomer at 25°C and 45°C. The results are summarized in Table 4.2. According
to our results, the hydration of the PNIPAM chains at 25°C is larger than at 45°C,
consistent with the experimentally observed transition of PNIPAM from a swollen
state to a collapsed state with temperature (see Figure 4.8). The largest change in
hydration occurs in the isopropyl group, as has been discussed previously both in
the experimental and simulation [19-21, 25-28].

System  Monomer Methylene Amide Isopropyl

S1 (25°C) 8.38 1.25 1.31 8.32
S2 (45°C) 7.05 1.02 1.23 7.02

Table 4.2: Number of water molecules in the first coordination shell of PNIPAM.
“Monomer” corresponds to the hydration per monomer (excluding the capping of
the chains), and Methylene, Amide and Isoporpyl correspond to the hydration of
the different functional groups indicated in Figure 4.2 (a). Note that hydration
water is shared between functional groups, so the sum of columns 3, 4 and 5 is
greater than the value reported in column 2.
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Figure 4.4: Time evolution of the number of water molecules in the first coordina-
tion shell of PNIPAM in simulations S1 at 7'=25°C (blue) and S2 at T'=45°C (red)
in presence of NaCl. The equilibrium values, computed discarding the first 30 ns
of simulation, are shown as lines.
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In both cases, the PNIPAM nanoparticle shows no adsorption of Nat or Cl~.
The analysis of the radial distribution functions g(r) presented in Figure 4.5 shows
that the Na™ cation interacts with PNIPAM through the oxygen atom of the amide
group, in agreement with previous results obtained for a single chain [26], al-
though the interaction is not strong enough to lead to adsorption of Na*. Con-
cerning the anion, we did not observe significant interaction of Cl1~ with PNIPAM.

1.5 — T T T T T T T T "
r Na” with O in -C=0 —*— |

05 o

0 1 2 3 4 5 6 7 8 9 10

Distance between atoms (A)

Figure 4.5: Radial distribution function between Na* ions and oxygen atoms from
amide groups in PNIPAM obtained in simulation S1 (25°C).

4.2.3 Interaction of big hydrophobic ions with a PNIPAM hy-
drophobic nanoparticle: MD simulations

Now, let us focus on the results for the interaction of the big hydrophobic ions
of Figure 4.1 with a PNIPAM nanoparticle in the collapsed state (simulations S3
and S4 in Table 4.1). In analysing the results, it is important to keep in mind that
the main difference between the two ions in the employed models is their anionic
or cationic character due to the charge of the central atom (see model details in
the Methods section 3.2.4). The analysis of pair distribution functions (Figure
4.6) shows several remarkable features. First of all, it can be observed that both
ions interact with the hydrophobic isopropyl group. In previous works [25], it
was observed that poorly solvated anions (I~ and to a less extend Br~) interact
weakly with these groups. Here we see that this interaction is not exclusive to
anions since both PhyB~ and PhyAs™ interact strongly with the isopropyl group.
The driving force for this interaction can be clearly attributed to the hydrophobic
effect. However, there are significant differences between g(r) obtained for each
ion (compare Figures 4.6 (a) and 4.6 (b)). The first peak for the anion is more
pronounced than the peak for the cation: the relative height is higher for the anion
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and it is broader for the cation, indicating that the anion-isopropyl interaction
is stronger than the cation-isopropyl interaction. Interestingly, there is a clear
secondary peak for the anion which is barely visible for the cation. This can be
interpreted with the help of the snapshots shown in Figures 4.6 (c) and 4.6 (d).
As seen in Figure 4.6 (d), the cation tends to be adsorbed at the surface of the
side chains of the PNIPAM aggregate, at distances around 5.16 A-5.65 A of the
different —-CH; groups of the isopropyl moieties, giving rise to a peak in g(r) in
Figure 4.6 (b). In contrast, the anion tends to be engulfed by the PNIPAM chains,
in contact with backbone methylene —CH,— groups (at distances about 5.71 A-
5.87 A in Figure 4.6 (c)) and —CH; groups of the lateral chains of PNIPAM. In
this internal location, the anion cannot be in contact with both —CH3 groups of a
given isopropyl moiety, being only in contact with the —-CH; group nearest to the
backbone —CH,— group. The direct contact with one of the —CH; of the isopropyl
moieties gives the first peak in Figure 4.6 (a). The second peak in Figure 4.6 (a),
located at about 7.75 A, is due to the other —CH; group of the same isopropyl
moiety, which is not in direct contact with the anion.

As we said, the engulfment of the Ph,B~ anion by PNIPAM chains allows signif-
icant interaction of the ion with the methylene —CH,— groups located in the chain
backbone, as clearly seen in the g(r) shown in Figure 4.6 (a). A strong candidate
for the driving force for this interaction is again the hydrophobic effect, which ap-
pears to be more important in the case of the PhyB~ anion than in the case of the
Ph,As™ cation. Also, we note that in previous studies [25, 26] no interaction was
found between the backbone of single PNIPAM chains and inorganic anions such
as I~ and Br.

In Figure 4.6 (d) we also see that the Ph,As™ cation interacts with the oxygen
atoms of the amide groups (cation hydrogen—PNIPAM oxygen distance 2.75 A).
The g(r) function between hydrogen atoms of PhyAs* and amide oxygen atoms
(Figure 4.6 (b)) shows a clear peak corresponding to this ion—amide interaction.
Previous works [26] show that the interaction of inorganic cations with PNIPAM
amide groups is significant for small cations (such as Li*) but it is weak for the
largest cations (Cs*) and it is also weak for hydrated divalent cations (Mg,
Ca®"). We see here that the interaction is also present for this big hydrophobic
cation. Therefore, the PNIPAM amide—cation interaction is not simply determined
by the size of the cation. The important factor is the ability to make bonds with
oxygen atoms, which can be done either by a small cation (Li*) with a large sur-
face charge density or by a big molecular ion such as Ph;Ast which has many
small hydrogen atoms able to interact with an interfacial oxygen atom. There-
fore, our results in Figure 4.6 show that, although the hydrophobic effect plays a
fundamental role in the interaction of both Ph,B~ and Ph,As™ with PNIPAM, the
structural details of the cation—-PNIPAM or anion—-PNIPAM interactions are differ-
ent. The PhyAs™ cation interacts with isopropyl and amide groups located in the
side chains of PNIPAM and adsorbs onto the surface of the PNIPAM nanoparticle.
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Figure 4.6: Simulation results for the adsorption of ions on PNIPAM: atomic ra-
dial distribution functions g(r) and simulation snapshots indicating typical ion—
PNIPAM distances contributing to the peaks of the g(r) functions. In all panels,
the structure of the PNIPAM monomer is shown with an indication of the chemical
groups involved in the interaction. (a) g(r) between the central B atom in Ph,B~
and carbon atoms in -CH,— and —-CH3 groups of PNIPAM. (b) g(r) between the
central As atom in PhyAs™ and carbon atoms in —CH3 groups of PNIPAM and —
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white=H, cyan=C) except C atoms in —CH,— groups interacting with ions, which
are shown in black.
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In contrast, the PhyB~ anion is able not only to adsorb onto the surface of the PNI-
PAM nanoparticle but it is also able to penetrate inside the PNIPAM nanoparticle.

We have also evaluated the strength of the interaction between PNIPAM chains
and the PhyAs™ and Ph,B~ ions using the MD-ABF simulations described in the
Methods section 3.2.2 (simulations S5 and S6 in Table 4.1). The results are shown
in Figure 4.7. In the case of PhyB~ anion, the attractive interaction extends over a
distance of about 1 nm and the minimum of the free energy shows the impressive
value of —37.7 kcal/mol (expressed in units of thermal energy, this is —-63.6 kgT).
In the case of the PhyAs™ cation, the attractive interaction has a range of about
0.5 nm and the adsorption free energy is estimated to be —-8.5 kcal/mol (-14.3
kgT). The first important conclusion from these results is that the difference in
the free energy of adsorption between the cation and the anion is very large, being
the adsorption of PhyB~ more favorable than that of PhyAs™ by about 29 kcal/mol
(i.e. by about 49 kpT). Interestingly, simulation results for the free energy of
transfer of these ions from water to organic solvents [29] predict that transfer of
Ph,B~ is more favorable than transfer of Ph,As™ by a similar amount (between
24-40 kcal/mol depending on the models employed in the calculations). It is also
interesting to note that in previous works it was observed that the energy of ad-
sorption of PhyB~ onto cationic hydrophobic latex colloids was estimated to be
larger than that for the case of PhyAst onto similar anionic latex colloids. The
difference in free energy in that case was smaller [10, 17], between 2-3 kzT. We
believe that the fact that the PNIPAM system is a soft, self-assembled particle plays
a decisive role. In this case, the water surrounding the hydrophobic ions can be
more efficiently removed and replaced by chemical groups of the polymer than
in the case of adsorption onto a solid non deformable surface, in which at least
two of the phenyl rings are completely immersed in water. Simulations performed
in the case of a hydrophobic solid surface (Chapter 9), show that adsorption of
Ph,B~ is preferred over adsorption of PhyAs* by about 2.5 kzT. It is also remark-
able that the interaction free energies obtained for the interaction of PhyB~ and
Ph,Ast are much larger than the typical interaction energies of ions with inter-
faces. In the case of monovalent ions typical adsorption free energies [4] are of
the order of a few kT and in the case divalent and trivalent ions with strongly
charged interfaces (such as ionic lipid layers or membranes) we typically found
[30, 31] values of the order of 8-10 kgT. The strong interaction between PhyB~
and Ph,As™ with PNIPAM and the dramatic difference between both ions have
substantial implications that can be experimentally observed, as will be explored
in the next section.
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Figure 4.7: Free energy (potential of mean force) corresponding to the interaction
of (a) Ph,B~ and (b) PhyAs™ with PNIPAM computed from ABF simulations S5
and S6 in Table 4.1.
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4.3 Experimental results

4.3.1 Characterization for PNIPAM microgels

Cationic and anionic PNIPAM microgels were produced as described in the Meth-
ods section 2.2. Once the microgels were purified, their main physicochemical
properties were analyzed. First, the samples were studied by TEM to verify the
monodispersity and sphericity of the particles (results shown in Figure 2.1).Then
the microgels were characterized in solution by DLS. The temperature dependence
of the diameter and the electrophoretic mobility of the particles at pH 4 are shown
in Figure 4.8. The diameters of both microgels progressively diminish around the
volume phase transition temperature (7} pr) when they transit from swollen to
collapsed states. In contrast, electrophoretic mobility values, ., are very low
when the particles are in the swollen state, due to high frictional forces [32], and
progressively increase as the temperature surpasses the 7y pr. In addition, as the
microgel shrinks its surface charge density increases, and this is reflected in higher
mobility values.

The negative sign in . confirms the nature of the anionic microgel (Figure 4.8
(a)) while the pu,. positive values confirm the nature of the cationic one (Figure
4.8 (b)). Table 4.3 shows the main data extracted from these figures. Anionic
particles were bigger than the cationic ones. This can be justified by the presence
of the charged AEMH co-monomer, besides the initiator, in the positive particles.
During the polymerization reaction the presence of AEMH enhances the charge of
the forming particles and for this reason the final particle size needed to stabilize
the colloid is reduced. The low polydispersity index (PDI) obtained reflects a high
monodispersity of both samples. The particle swelling ratios (S,,) were calculated
from hydrodynamic volumes at 25°C and 51°C. Cationic particles showed a higher
capacity of swelling than the anionic although the differences were not very signif-
icant. Table 4.3 also shows the transition temperature of the microgels obtained
from the diameters (7} pr) and the electrophoretic mobility (T%r) calculated from
the maximum of dD;/dT and du./dT as a function of 7, using a sigmoidal fit.
The Ty pr differences between both microgels can be explained taking into ac-
count that the cationic microgel incorporates the more hydrophilic co-monomer
AEMH. As a consequence the temperature to transit from the swollen state to the
collapsed one increases. In contrast, the anionic microgel with NIPAM as unique
monomer shows a lower Ty pr which is similar to that of PNIPAM chains [19].

4.3.2 Interaction of big hydrophobic ions with PNIPAM micro-
gels: Electrophoresis

The next set of experiments was aimed to analyse the role of the different salts on
the electrophoretic mobility of the microgels. These results will allow us to com-
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Figure 4.8: Hydrodynamic diameter (m) and electrophoretic mobility (u.) (@) of
the (a) anionic and (b) cationic PNIPAM microgels as a function of temperature at
pH 4.
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Dy, (25°C) Dy, (51°C)

(nm) (nm)
Cationic 355 + 10 2061 0.07+0.01 51404 355+0.2 38.7+0.3
Anionic 629 + 5 377+5 0.06£0.07 46+£0.2 335+0.1 38.1+0.2

PDI (51°C) Sw Tyvpr (°Q)  Ter (°C)

Table 4.3: Microgel characterization, hydrodynamic diameters (D;) at 25°C and
51°C, polydispersity index (PDI), swelling ratios (S,), volume phase transition
temperature (7 pr) and electrokinetic transition temperature (Tz7).

pare how the electric state of the PNIPAM interface is changed depending on the
nature of the ions present in solution. We have studied the two hydrophobic mono-
valent ions considered in the theoretical section, Ph,B~(Na™) and Ph,;As*(Cl™)
(see Figure 4.1). In addition, NaCl was used as reference salt, since according to
our calculations previously described; we do not expect a significant interaction
between NaCl ions and PNIPAM. The differences in the electrophoretic mobility
observed in presence of the different salts can be ascribed to the hydrophobic ions.
All the experiments were performed in unbuffered pH 4 solutions. The results are
presented in Figure 4.9.

For the case of the anionic microgel (Figure 4.9 (a)), PhyB~ anion acts as coion
while PhyAs™ cation acts as counterion. The ion specific influence of these two ions
in comparison with NaCl becomes evident when we compare the electrophoretic
mobility curves. These results reveal the accumulation of both ions at the PNIPAM—
water interface, in agreement with the results of MD simulations for the uncharged
PNIPAM chains. For the Ph B~ anion acting as coion, this accumulation is reflected
in a substantial increase of the electrophoretic mobility in relation to NaCl at 1
mM, which is more evident as the microgel collapses and the surface becomes
more hydrophobic. Note that the Ph,B~ anion is electrostatically repelled from the
anionic particle surface, but according to the calculations shown from results in
Figure 4.7 (a), the free energy of interaction with PNIPAM is so strong (~—64 kgT)
that we expect a strong accumulation of Ph,B~ onto the microgel even as a coion
at very low concentrations (1 mM). For the PhyAs™ cation, acting as counterion,
the electrophoretic mobility almost vanishes at 1 mM of Ph,As*, and mobility
inversion is readily observed when the concentration of cation is 10 mM. This
mobility inversion is due to a charge reversal in the system: the Ph As™ is being
accumulated on the anionic microgel and the positive charge due to the adsorbed
cation surpasses the anionic charge of the microgel; once again, this accumulation
is more evident when the PNIPAM interface becomes more hydrophobic (i.e. at
higher T).

Figure 4.9 (b) shows the results for the cationic microgel. In this case, PhyB~
anion acts as counterion while PhyAst cation acts as coion. The most striking
result is the important inversion of the electrophoretic mobility observed with the
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Figure 4.9: Electrophoretic mobility (u.) of the (a) anionic and (b) cationic PNI-
PAM microgels as a function of temperature in the presence of different salts and
concentrations. (m) NaCl 1 mM; (e) NaPh,B 1 mM; (®) Ph,AsCl 1 mM; and (®)
Ph;AsCl 10 mM.
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Ph B~ at concentrations as low as 1 mM. The negative electrokinetic charge in
presence of PhyB™~ increases as the microgel collapse and it is even higher than the
positive charge reached with the NaCl at 1 mM, (see Figure 4.9 (b)). Hence, the
charge reversal of the cationic PNIPAM is higher than 100%, which is an impressive
figure. These results demonstrate an extremely large adsorption of PhyB~ onto
hydrophobic PNIPAM particles in the collapsed state, in agreement with the strong
adsorption of PhyB~ predicted in the previous calculations (Figure 4.7 (a)). Figure
4.9 (b) also shows the effect of PhyAs on the electrophoretic mobility of cationic
microgels. In this case, the PhyAs™ acts as coion, and it is electrostatically repelled
form the particle surface. However, according to previous calculations (Figure 4.7
(b)), the free energy of interaction with PNIPAM (~-14 kgT) is strong enough
to overcome electrostatic repulsion and we expect an important accumulation of
Ph,As™ onto the microgel. This predicted adsorption of PhyAs™ onto the cationic
microgel is not reflected in the electrophoretic mobility reported in Figure 4.9 (b).
There is almost no difference between the electrophoretic mobility in presence
of PhyAs™Cl~ or NaCl. As a plausible explanation we propose that the sum of
the surface charge resulting from the accumulation of PhyAs™ and the cationic
charge of the microgel is large enough to induce substantial condensation of the
Cl~ counterions. This hypothesis is supported by AFM measurements reported in
the next subsection.

As a summary of this subsection, the results shown in Figure 4.9 (a) and 4.9
(b) demonstrate that both hydrophobic ions (Ph,B~ and Ph,As™) acting as coun-
terions produce a large charge inversion in the microgels. This inversion is much
more notable when the anion is acting as counterion. This stronger accumulation
is reflected in higher electrophoretic mobility and lower concentration values at
which the reversed charge is observed with PhyB~. Therefore, we have provided
a clear experimental demonstration that the two ions Phy,B~ and Ph As™ (which
have the same size, shape and valence) have different interactions with an in-
terface, being the anion the most active species, as predicted by our theoretical
calculations (Figure 4.6).

4.3.3 Interaction of big hydrophobic ions with PNIPAM micro-
gels: AFM

The behavior of the adsorbed microgels was studied by tapping mode AFM using
the procedure described in Methods section 2.7.1. AFM micrographs were taken
at several temperatures above and below the T}, pr of the microgels to analyze the
effects produced by the accumulation of the hydrophobic ions on PNIPAM microgel
particles. In order to simplify the discussion of the results only micrographs and
height profiles for two temperatures, one above and one below the Ty pr, will be
shown here.

Figure 4.10 shows the results obtained for the cationic and anionic microgels
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in presence of 1 mM of NaCl and with no added salt, respectively. For both mi-
crogels, it can be observed that when the particles are in the collapsed state they
behave as hard particles; the individual particles can be clearly distinguished, as
the edges of the particles are well defined. In contrast, in the swollen state the
particles are softer; as the AFM tip can penetrate them easily more blurred images
are obtained, even though large tapping amplitudes were chosen in order to min-
imize the tip-substrate interaction. These differences can also be observed in the
height profiles. At temperature above the Ty pr the individuality of the particles
are reflected by well-defined, narrow peaks, while in the swollen state these peaks
are wider, shorter and can even disappear reflecting the softer structure of the
particles.

Height (nm)

Lateral distance (um) Lateral distance (um)

Figure 4.10: Height tapping mode AFM micrographs of the adsorbed PNIPAM
microgels at two temperatures above and below Ty pr: (a) cationic microgel; 1
mM of NaCl; and (b) anionic microgel at pH 4. A typical height profile for each
sample is presented. The size of the images corresponds to the values shown in
the horizontal axis.

Figure 4.11 shows the results obtained for the cationic microgel in presence
of the two hydrophobic ions. As mentioned in Methods section 2.7.1, the PNI-
PAM particles were adsorbed on the mica surface from a solution of pH 4 before
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injection of the salts. In Figure 4.11 (a) the micrographs obtained in presence
of the anion Ph,B~ at 1 mM are presented. Electrophoretic mobility measure-
ments showed an important charge inversion when Ph,B~ acts as counterion at
this concentration. The ionic adsorption is also reflected in the AFM results. As
the effective charge of the PNIPAM particles becomes negative they are not further
attracted to the negatively charged mica surface. Therefore, as the tip scanned the
surface, the particles were dragged along. The effect is more dramatic at low tem-
peratures, when the pre-adsorbed hydrophilic particles are essentially removed
from the surface by the rastering AFM tip. Figure 4.11 (b) shows the results for
the Ph,As™ cation at 1 mM. In this case, because the cation is acting as coion, the
accumulation on the surface of the PNIPAM increases the positive particle charge.
Thus, the electrostatic interaction with the negatively charged mica is enhanced
and the particles stay well fixed.
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Figure 4.11: Height tapping mode AFM micrographs of the adsorbed cationic mi-
crogel at 1 mM of the (a) PhyB~ anion and (b) Ph,As™ cation at two temperatures.
A typical height profile for each sample is presented. The size of the images is
shown in the horizontal axis of the profiles. The images at high temperature were
taken few minutes after salt injection.

This is clearly reflected in the AFM images, which demonstrate the strong ac-
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cumulation of this cation even acting as coion. From these data, our previous
hypothesis to explain why we observed almost no differences on u. between this
salt and NaCl appears more plausible (Figure 4.9 (b)). In order to further verify
this accumulation we performed another experiment, by replacing the Ph,B~ an-
ion by the PhyAs™ cation both at 1 mM, as shown in Figure 4.12. First, we scanned
the surface in presence of the Ph,B~ anion at 1 mM at different temperatures. We
observed that many particles detached from the surface or formed aggregates (Fig-
ure 4.12 (a), (b)). Then, we washed the surface with pH 4 solution and after that
we injected the PhyAs™ cation at 1 mM and 38°C. As a result, the remained parti-
cles adhered again to the mica surface (Figure 4.12 (c); the images were taken in
different areas of the sample).

Figure 4.12: 5 ym x 5 um height tapping mode AFM micrographs of the adsorbed
cationic microgel. (a) Scan right after injection of Ph,B~ at 1 mM; a different or-
dering of the particles can be observed between the beginning (lower section) and
the end (upper section) of the image; (b) image measured 4 hours after injection
of PhyB~; and (c) height image measured 1 hour after injection of PhyAs™ at 1
mM. The scale bars correspond to 1 um.

These results clearly evidence the accumulation of these two hydrophobic ions
acting as counter or coions. The experiments with the anionic microgel confirm
these conclusions. Figure 4.13 (a) shows the results in presence of PhyB~ anion
at 1 mM. For this case, j. values showed an increase in the surface charge of the
microgel due to the accumulation of PhyB~ acting as coion. AFM images show that
even at 32°C particles are better attached to the surface than those corresponding
at pH 4 (Figure 4.10 (b)); the microgel particles appear better defined in presence
of Ph4B_ .

In contrast, for the PhyAs™ cation at 1 mM, Figure 4.13 (b), AFM images show
scanning-induced detachment of the particles at 32°C: only a section of some par-
ticles appear in the image. These results corroborate the charge inversion observed
by . with this cation acting as counterion. In addition, if we compare the images
of Figure 4.11 (a) and 4.13 (b), we can see that the detachment and the aggre-
gation of the particles is higher when Ph;B~ is acting as counterion than when
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Figure 4.13: Height tapping mode AFM micrographs of the adsorbed anionic mi-
crogel at 1 mM of (a) Ph,B~ anion and (b) Ph,As™ cation at two temperatures. A
typical height profile for each sample is presented. The size of the images is shown
in the horizontal axis of the profiles.

Ph,As™ plays that role. This is also in agreement with the p,. results, where we
observed that the charge inversion was higher when Ph,B~ anion was acting as
counterion. It is also consistent with the MD results (Figure 4.7) in which we
found higher affinity of PNIPAM for Ph,B~ than for PhyAs*. In the broader con-
text of specific ionic effects, our results could also have important implications in
understanding why cations and anions play a different role in Hofmeister effects.

4.4 Conclusions

In this chapter, we show evidence from MD simulations, electrokinetic measure-
ments and AFM imaging demonstrating dramatic differences between the specific
effects on a soft matter system (PNIPAM chains and microgels) of Ph,B~ anion
and the Ph,As™ cation. Both molecular ions are almost identical in all relevant ion
properties (size, surface groups interacting with materials, polarizability...) differ-
ing only in their anionic or cationic character. However, the effects of Ph,B~ on
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neutral PNIPAM chains and in charged (cationic and anionic) PNIPAM microgels
are always much stronger than the effects of PhyAs™.

The obvious question arising from these results is why apparently identical hy-
drophobic anions and cations have different interactions with soft interfaces in
water. Correlation functions obtained from the MD simulations provide interest-
ing clues. In previous works [11], it has been shown that in the case of identical
anions and cations water molecules approach closer to anions due to the small size
of the positively charged H atoms of water, leading to a higher disruption of water
hydrogen bonding network by anions. The asymmetry in the anion-water hydro-
gen versus cation-water oxygen makes anions more hydrophobic than cations of
equal size [8, 11, 12]. Here, we observe a similar effect in the interaction of PhyB~
and Ph,As™ with interfaces, in this case PNIPAM chains. Both ions interact with
the hydrophobic side chain —CH3 groups (belonging to the isopropyl group) but
according to the radial correlation functions obtained in our simulations (Figure
4.6) the PhyB~ anions are closer and interact more strongly than Ph As™. Another
difference observed in our simulations (Figure 4.6) is that PhyAs* weakly interacts
with amide groups in the side chains, whereas Ph,B~ has a substantial interaction
with —CH,— groups present in the polymer chain backbone. All these evidences
provided here strongly supports the view that even for big ions solvation of anions
is essentially different than the solvation of cations and, more importantly, the
affinity of anions and cations for interfaces is intrinsically different.
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Effects of inorganic and organic.ions on
PNIPAM microgels: a QCM study

5.1 Background

Previous electrokinetic studies with PNIPAM and inorganic anions [1, 2] and those
shown in the previous chapter with organic ions, together with the MD simula-
tions, have demonstrated the key role that water solvation and hydrophobic effect
play in the interaction of ions and interfaces. In order to complement these studies
in ionic specific effects on the volume phase transitions, we have carried out QCM
measurements. As described in the Materials and Methods part (section 2.8) QCM
allows to determine the thickness and the viscoelastic properties of the films which
we expect depend on the type of ions present in the medium. As far as we know, a
work research with PNIPAM microgels and ionic specificity studied by QCM does
not exist in the literature.

5.2 Results and discussion

5.2.1 Adsorption: cationic microgel

Cationic microgels were absorbed on SiO, coated quartz crystals at 40°C. Electro-
static interaction between the negatively charged silica surfaces and the cationic
spheres promotes microgel adsorption; the adsorbed amount was controlled by the
concentration of microgel particles in solution. Typical QCM-D signals (frequency
and dissipation shifts) measured during microgel adsorption are presented in Fig-
ure 5.1. For the results presented in this subsection, the zero of f and D was set at
conditions of the bare crystal in water, at 40°C (right before adsorption started).
As can be observed in Figure 5.1, a decrease in resonance frequency accompa-
nied by the increase in D appears quickly after microgel injection. As described
before (section 2.8 of Materials and Methods), the reduction in resonance fre-
quency can be understood as a consequence of the increase of the effective mass
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Figure 5.1: Cationic microgel adsorption. Temporal evolution of (a) Af and (b)
AD, and (c) -AT'/Af vs. Af measured by QCM-D. The concentration of PNIPAM
microgel was 0.14 g/1. T' = 40°C. Odd harmonics n=3-13 are shown.
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of the quartz crystals, due to microgel adsorption. Similarly, the increase in dissi-
pation indicates that the adsorbed layer is not rigidly attached to the crystal and
that its viscoelastic properties need to be considered in the data analysis. However,
marked maxima (minima) in the dissipation (resonance frequency) are observed
about 45 seconds after microgel adsorption. This behavior is commonly associ-
ated to the rearrangement accompanied by thickness reduction of an adsorbed
film (e.g. vesicles conversion in bilayer). We believe this scenario is unlikely in
the present case, as the peaks are much less marked (and appear at longer times)
at lower microgel concentration. In addition, no minima (maxima) in frequency
(dissipation) were observed when the adsorption of the larger anionic microgel
was investigated (see below 5.2.2).

It has been reported in previous publications that a plot of —AI'/Af vs. Af of-
ten shows a linear behavior, which can be used to estimate the particle size by ex-
trapolating the linear region of AI'/Af equal to zero (Tellechea et al. assumption
[3]), even though no solid theoretical basis for this behavior has been described. In
agreement with these reports, we observe a linear response for a limited range of
adsorption time, as can be observed in Figure 5.1 (c). If the extrapolation to zero
of AT'/Af is attempted, a value of Af coherent with the particle size measured
by DLS can be estimated (~100-200 nm, Table 4.3) by using Sauerbrey equation,
eq. 2.8. However, the temporal range of the linear response is quite limited: it
is obviously lost after reaching the peaks in the measured signals. Moreover, no
linear response is observed for lower microgel concentrations, or larger particle
size (see Figure 5.2 and 5.5).

Lower shifts in resonance frequency and dissipation were measured for lower
concentration of microgels, as can be observed in Figure 5.2. In this case, the
transient maxima in D are clearly observed; on the contrary, the peaks are less
pronounced (or absent) in f. In addition, these peaks appear at longer times (2
minutes after injection) compared with the more concentrated case. In general, we
observed a good correlation between the times of appearance of the peaks (and its
size) measured QCM-D signals and the concentration of microgel: more marked
peaks showing at shorter times were observed for larger microgel concentrations.

For the case of lower microgel concentration, the —AI'/Af vs. Af representa-
tion did not show a linearly decreasing response; thus, the assumption of Tellechea
and coworkers [3] outlined above is not fulfilled.

We have measured ex-situ AFM micrographs of the microgel coated QCM-D
crystals, to explore the morphology of the adsorbed microgel layer. Some exam-
ples are shown in Figures 5.3 and 5.4. As can be observed in Figure 5.3, a fairly
complete coverage of the quartz crystal seems to be obtained for high microgel
concentrations (the image is obtained in dry conditions). Assuming that particle
size measured by DLS is correct (Table 4.3), coverage of 50% can be estimated;
close to random close packing. On the contrary, a less significant coverage is ob-
served for lower microgel concentrations during adsorption (see Figure 5.4). In
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this last case, coverage of about 10% can be estimated if the particle size mea-
sured by DLS is assumed. In addition, the particle distribution is not uniform:
some aggregates in the surface can be observed. As discussed below, this tendency
to aggregate may be related to the peaks observed in the QCM-D signals upon
adsorption.
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Figure 5.2: Cationic microgel adsorption. Temporal evolution of (a) Af and (b)
AD, and (c) ~AI'/Af vs. Af measured by QCM-D. The concentration of PNIPAM
microgel was 0.014 g/1. T' = 40°C. Odd harmonics n=3-13 are shown.
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Figure 5.3: 5x5 (left) and 20x20 pum? (right) height AFM micrographs taken
in tapping mode of a QCM-D crystal coated with cationic microgel after surface
drying. The images correspond to the crystal used to obtain the results presented
in Figure 5.1.
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Figure 5.4: 10x10 (left) and 20x20 pm? (right) height AFM micrographs taken
in tapping mode of a QCM-D crystal coated with cationic microgel after surface
drying. The images correspond to the crystal used to obtain the results presented
in Figure 5.2.
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5.2.2 Adsorption: anionic microgel

As described in the experimental section 2.8.3, we prepared self-assembled mono-
layers (SAMs) of cystamine on gold-coated quartz crystals for the study of anionic
microgels. The PNIPAM anionic microspheres readily adsorb on these SAMs, as
the cystamine-modified surfaces are positively charged at pH>3. Typical QCM-D
results during adsorption are shown in Figure 5.5.

For the case of the bigger anionic microgel, we observe again a pronounced
reduction in f, accompanied by a marked increase in D upon microgel injection.
However, the signal evolution was much slower, and no peak in the signals was
ever observed. A monotonic reduction (increase) in resonance frequency (dissipa-
tion) was observed. A linearly decreasing response was observed in a —AI'/Af vs.
Af representation. However, the Af value obtained by extrapolation of AT'/Af
equal to zero does not agree with the values that could be expected for the size of
the adsorbed microgel particles. Thus, our results on adsorbed microgel particles
do not seem to support the hypothesis of Tellechea and coworkers [3] outlined
above. Ex-situ AFM imaging of the coated QCM crystal showed uniform coverage
of the surface by the anionic microgel (Figure 5.6), with a less marked tendency
to form aggregates compared with the case of the cationic microgel.

We believe the aggregation tendency of the microgels on the surface may be
directly related to peaks observed in the QCM-D signal. As the particles adsorb,
the mass influencing the quartz crystal movement will also include water asso-
ciated with the particles. As they aggregate, the amount of water associated to
the motion (par particle) may get reduced, causing this counterintuitive tendency
reversal on the QCM-D signals. This problem was less significant for the larger
anionic particles, which seems to adhere better to the surface (vide infra).
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Figure 5.6: 20x20 ym? height AFM micrographs taken in tapping mode of a QCM-
D crystal coated with anionic microgel. Particle coverage of about 20% can be
estimated from the particle size measured by DLS (Table 4.3).

5.2.3 Anionic microgel collapsed-swollen transition

General observations

After microgel adsorption was finished, the QCM-D cell was rinsed with water
at pH 4 to remove the excess (non-adsorbed) particles. In general, no (or very
small) changes were observed on frequency or dissipation signals upon rinsing,
evidencing that the microgel particles were well adsorbed to the substrates. Sim-
ilar results were observed for the cationic microgel. However, as we will discuss
below, the adsorption strength is reduced for the cationic microgel in presence
of particular salts as a consequence of the change of the particles charge, an ef-
fect discussed in Chapter 4. After rinsing, the temperature of the QCM-D cell was
cycled between temperatures above and below the 7} (typically between 40°C
and 26°C) to investigate the volume transition of the adsorbed microgels. For the
results presented in this subsection, the zero was set at conditions of bare crystals
in water at 25°C. Typical results for the anionic microgel are presented in Figure
5.7. A complete cooling-heating cycle is included. As can be observed, the pro-
cess was entirely reversible; no particle desorption appears to be occurring during
the process. As can be noted in the figure, a non-monotonic behavior of f and D
was observed when the temperature was cycled. Cooling-down from 7" = 40°C,
a reduction in f accompanied by an increase in D was initially observed. This
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evolution is to be expected, as the microgel particles are progressively swollen
with water as the temperature is reduced. However, at a particular temperature
(different for each harmonic) f started to increase; the opposite is true for D.
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Figure 5.7: Swollen-collapsed transition for anionic microgel in contact with water
atpH 4. (a) Af and (b) AD for different harmonics are shown. Raw data was cor-
rected by subtracting A f and AD values measured at the different temperatures
in bare water (before microgel adsorption).

The general behavior observed in Figure 5.7 appears to be compatible with the
transition of the adsorbed film through a condition of “film resonance”, as de-
scribed in subsection 2.8.1 of Materials and Methods. When cooling down from
T = 40°C the microgel particles swell and the thickness of the film increases. This
is compatible with the reduction in f and the increment in D observed. However,
as the film gets thicker, the resonance condition is achieved: the characteristic fre-
quency of the film matches the resonance frequency of the crystal; at this point the
acoustic shear wave propagating from the crystal to the microgel film interferes
constructively with the wave reflected at the microgel/water interface, and dissi-
pation is maximized. As the condition of “film resonance” is frequency dependent,
it is not purely a material property; it is determined by the physical properties
of the composed film-quartz system. It is for this reason that the peak in dissi-
pation (Figure 5.7) appears at different temperatures for different harmonics. As
the characteristic wavelength of the harmonic decreases with n, the “film reso-
nance” conditions are fulfilled for thinner films (higher temperatures) for higher n
values. As we described before (Figure 4.8), DLS results evidence that the swollen-
collapse transition of the microgels occurs in a rather wide range of temperatures;
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the condition of “film resonance” is progressively achieved for lower order har-
monics when the temperature is reduced. Thus, from the raw QCM-D results we
cannot assign a particular temperature to the 77¢g, as we did from DLS or elec-
trokinetic results using the inflexion point of the measured curves (Chapter 4).
However, we can identify the relative effect of a particular salt by comparing the
behavior of a particular harmonic, as will be discussed below.

The resonance condition can be clearly identified if the AI'-A f representation
is chosen, as can be observed in Figure 5.8 (the frequency of resonance corre-
sponds to the maximum value of AI' for the different harmonics). As will be
shown below, this representation allows an easy identification of changes in the
response of the film when exploring the scenario of resonance.
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Figure 5.8: Swollen-collapsed transition for anionic microgel in contact with water
at pH 4. AT' vs. Af for different harmonics is shown.

Quantitative analysis

The mechanical response of the composed resonator-film system changes abruptly
during “film resonance” conditions, making it involved to univocally extract the
viscoelastic properties of the film. On the contrary, when the film thickness is suf-
ficiently large compared with the decay length of the acoustic wave, the microgel
film can be considered as a semi-infinite viscoelastic media, and the complex shear
moduli of the film can be obtained by using eq. 2.11 (assuming the density of the
viscoelastic media to be 1 g/cm?). This quantity often depends on the shear rate,
so it will be harmonic dependent. Typical results for the anionic microgel at pH
4 are presented in Figure 5.9. As can be observed in the figure, the measured
moduli increases sublinearly with harmonic number (increasing frequency), i.e.
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the adsorbed film has a shear thinning behavior. More interestingly, it is apparent
that the shear modulus can be accurately determined for different temperatures.
It shows an increment of five times in the available temperature range for the
different harmonics.
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Figure 5.9: Shear moduli of the adsorbed anionic microgel layer. (a) storage (G’)
and loss (G”) modulus for the different harmonics. Shear thinning behavior is
observed. (b) Measured shear modulus at different temperatures. The increasing
shear modulus allows a reliable determination of the 7} 5.

The simple analysis described can only be applied for thick enough films. Oth-
erwise, the assumption of a semi-infinite viscoelastic media breaks down. For this
reason high temperature data in Figure 5.9 (b) is missing for the low harmonics;
as explained before, the decay length of the propagation wave (4) decreases with
harmonic order. When ¢ is not small compared with the thickness of the microgel
layer the simple assumption of a semi-infinte media cannot be applied. Neverthe-
less, this situation is easily identified; the results of the analysis of the measured
data using eq. 2.11, brings unphysical negative values for the storage moduli.

0 can be calculated from the measured shear modulus, as described in the equa-
tion 2.12 of the Materials and Methods part; the data for different harmonics are
presented in Figure 5.10 (a), in the range of validity of the assumption of a semi-
infinite viscoelastic media. It can be observed in Figure 5.10 (a) that § increases
rapidly with temperature, as a consequence of the increasing shear modulus of the
collapsing microgel. The shrinking particle size together with the increasing ¢ is
responsible for the abrupt appearance of the condition of film resonance. We are
presenting in the same plot the hydrodynamic diameter of the particles measured
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by DLS (shifting the scale by 200 nm). As can be expected, the range of validity
(in n) of the assumption of a semi-infinite media growths with the hydrodynamic
particle size, which determines the thickness of the adsorbed layer.

(a) (b)

500 T T T T T T T 700 28106 T T T T T
- =3 4
490 nes 650 2.410° -
400 n=7 4 600
=9 108 | i
350 | " |40 . . 210
B -13 E &
£ 300} n= 1500 £ = 1610°} .
© 250 . 50 © 2
- _’_
1.210° + -
200 |+ 4 400
. 5 - -
150 | { 350 810
100 1 1 1 1 1 1 1 300 4105 1 1 1 1 1
24 26 28 30 32 34 36 38 40 26 28 30 32 34
T (°C) T (°C)

Figure 5.10: Swollen-collapsed transition of an adsorbed layer of anionic microgel.
(a) Decay length of the shear wave § as a function of temperature for the differ-
ent harmonics. The progressive change of viscoelastic properties of the PNIPAM
microgel determines §. The hydrodynamic diameter of the microgel (determined
by DLS) is presented in a shifted scale (right axis). (b) Shear modulus calculated
from the 13" harmonic data. The onset of the rapid modulus increase can be
reliably used to define the T ¢5.

Figure 5.10 (b) shows the shear modulus G calculated from the 13! harmonic
data; |G| increases continuously with 7', but a marked increase starts at a temper-
ature that can be identified with the 77 c5. As can be observed in Figure 5.9, a
similar trend is present for all the harmonics investigated. However, we have cho-
sen to focus on the higher order harmonic, because it has the shortest §, widening
the temperature range accessible. There are only few reports of rheological studies
of PNIPAM microgel particles. To the best of our knowledge, no quantitative de-
termination of the loss and storage shear moduli of PNIPAM microgels (Figure 5.9
(a)) has been reported before. Hashmi and Dufresne used atomic force microscopy
to measure the Young’s modulus of individual PNIPAM microgel particles; no val-
ues of shear modulus were reported [4]. Voudouris and coworkers [5] studied
the full elastic response (Young and Shear moduli) of PNIPAM microgels by using
capillary micromechanics. In agreement with our results, they observed around
a three times increment in G changing from the swollen to the collapse state of
the microgel. However, the G values observed by us are about 250 times larger,
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even though our microgels have similar cross-linker-to-monomer ratios (1/15 (this
work) vs. 1/14 (Voudourias and coworkers)). We believe the difference in G is
likely to be related to the vastly different shear rates used in both studies.

5.2.4 Anionic microgel collapsed-swollen transition:
ion specificity

As discussed several times during this thesis, the ionic environment has an im-
portant influence on the observed 7 ¢s. This can also be observed by QCM-D. As
has been reported before, the relative influence of different anions on the T} ¢g
follows the Hofmeister series: chaotropic ions increase the value of 77¢g; the op-
posite is true for kosmotropic ions. We measured temperature cycles similar to
the one described in the previous section for different sodium salt, and observed
a similar behavior. The values of Af and AD for the 3" and 13" harmonics for
the different salts investigated are presented in Figure 5.11. As can be observed
in the figures, thiocyanate, a chaotropic ion, increased the collapsed-swollen tran-
sition temperature; the opposite was true for the case of sulfate, a kosmotropic
ion. Addition of 100 mM of NaCl decreased 775 compared with the case of pH
4 in absence of salt. We can make calculations similar to the one described above
to determine the shear modulus of the microgel layer for the different salts. As
can be observed in Figure 5.12, these data allows a clear determination of the
influence of the different ions on the 7} 5.

Interestingly, no significant effect is appreciated for the two hydrophobic salts:
sodium tetraphenylborate (NaPh,B) and tetraphenylarsonium chloride (Ph,AsCl);
the hydrophobic tetraphenyl salts do not seem to affect the observed transition at
the low concentrations investigated (1 and 10 mM for the anionic and cationic
hydrophobic ions). As discussed before (Figure 4.9), the charge of the anionic
microgel was reversed in presence of 10 mM tetraphenylarsonium chloride; how-
ever, this change does not appear to be large enough to affect PNIPAM T g or
the adhesion of the microgel to the cystamine-coated gold substrate. The T;cg
changes observed by QCM-D for the different salts correlates very well with the
changes observed by DSC for PNIPAM chains. These results will be discussed in
Chapter 6.

A AT-Af representation (analogous to the one used in Figure 5.8) allows a
quick comparison of the behavior of the microgels before and after adding the hy-
drophobic salts. As can be observed in Figure 5.13, the results obtained in the ab-
sence of salt or in the presence of the two hydrophobic ions at low concentrations
are very close. Once again, no significant effect of these salts on the viscoelastic
properties of the microgels or on the adhesion with the substrate can be observed.
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Figure 5.11: (a) Af and (b) AD for n=3, in presence of different salts. (c) Af and
(d) AD for n=13, in presence of different salts. Quartz crystal previously coated
with anionic microgel. Reference: bare crystal in water at 25°C. The large signal
intensity observed for Na,SO, is due to a larger amount of adsorbed microgel
particles in this experiment, which does not seem to affect the measured shear
modulus (see Figure 5.12).
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Figure 5.12: Shear modulus of a preadsorbed anionic microgel layer rinsed with
different salt solutions (as indicated) calculated from the 13** harmonic data. The
onset of the rapid modulus increase can be reliably used to define the T7¢s.
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Figure 5.13: AT'-Af for n=9, measured for a preadsorbed layer of anionic micro-
gel in presence of different hydrophobic ions. Reference: bare crystal in water at
25°C.
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5.2.5 Cationic microgel collapsed-swollen transition:
ion specificity

The adsorbed cationic microgel layers showed a similar response to temperature
and inorganic salts that the one described in the two previous subsections for the
anionic microgel. However, some irreversibility in a cooling-heating cycle was
sometimes observed, in particular in the presence of the hydrophobic tetraphenyl
anion. This indicates irreversible modification of the adsorbed layer during the
measurement. This effect can already be observed in the raw QCM-D data. As can
be observed in Figure 5.14, reversible and reproducible QCM-D data is obtained
while rinsing a preadsorbed layer of cationic microgel with solutions of different
NaCl concentration. On the contrary, substantial modifications on the layer seem
to occur when rinsing with the anionic tetraphenyl salt. Indeed, no steady state
seems to be reached 1 hour after rinsing with 10 mM NaPh,B. This is probably due
to the continuous rearrangement of the microgel particles, as described below. If
a similar experiment is performed using the cationic tetraphenyl salt (Ph;AsCl) a
different behavior is observed, as shown in Figure 5.15. The system appears to
quickly reach steady state after each salt injection. In addition, no major changes
can be observed in the measured f and D signals after rinsing with Ph,AsCl solu-
tions of different concentrations.

We believe this distinctive behavior of the cationic microgel layer in presence of
the anionic ion is due to weakening of the adhesion between the cationic particles
and the substrate, due to the charge reversal discussed in Chapter 4. We measured
ex-situ AFM micrographs of the quartz crystals after the QCM-D experiments, and
we found a very heterogeneous distribution of particles on the substrate after the
experiment performed with the anionic tetraphenyl ion (data in Figure 5.14). On
the contrary, homogeneous particle adsorption was observed on the quartz crys-
tals exposed to NaCl or the cationic tetraphenyl salt (data in Figure 5.15). The
presence of tetraphenyl ions seems to modify the interaction between the micro-
gel particles and the SiO, substrate, in agreement with the in-situ AFM results of
cationic microgel in mica discussed in Chapter 4. Ex-situ AFM images of the quartz
crystals taken after the QCM-D experiments corroborate this hypothesis. A hetero-
geneous coverage was observed for the crystal rinsed with NaPh,B solutions (Fig-
ure 5.16). Some zones with large particle coverage were observed, while almost
complete depletion of microgel was found in different regions. On the contrary,
much more homogeneous particle coverage was observed for the crystal exposed
to PhyAsCl solutions (Figure 5.17).

The influence of the hydrophobic ions on the cationic microgel can be evidenced
by the AI'-Af representation described before, as shown in Figure 5.18. As can
be clearly observed in the figure, a different response is observed for the different
hydrophobic salts with respect to the no changes observed with the anionic micro-
gel (cf. Figure 5.13). In presence of the cation Ph;As™ the resonant behavior is
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more marked: positive frequency shifts are observed at the lowest temperatures.
We read this result as a consequence of a more solidly attached microgel layer,
increasing the reflectivity at the particle-liquid boundary. On the contrary, in pres-
ence of the anion Ph,B~ substantial hysteresis (together with apparent coverage
reduction, Figure 5.14) is observed. We believe charge reversal of the microgel
spheres is responsible for this effect.
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Figure 5.14: Raw QCM-D data. Ajf (left axis in blue) and AD (right axis in
orange) for the different harmonics between n=3 (dark tonalities) and n=13 (pale
tonalities), measured during adsorption of the cationic microgel and rinsing with
different salt solutions as indicated. 7' = 40°C. Microgel concentration during
adsorption 0.028 g/1.
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Figure 5.15: Raw QCM-D data. Ajf (left axis in blue) and AD (right axis in
orange) for the different harmonics between n=3 (dark tonalities) and n=13 (pale
tonalities), measured during adsorption of the cationic microgel and rinsing with
solutions of Ph;AsCl at different concentrations as indicated. 7" = 40°C. Microgel
concentration during adsorption (not shown) 0.028 g/1.
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Figure 5.16: 20 um (horizontal size) height AFM micrographs taken in tapping
mode of a QCM-D crystal coated with cationic microgel after surface drying. The
images correspond to the crystal used to obtain the results presented in Figure
5.14.
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Figure 5.17: 20 pym (horizontal size) height AFM micrographs taken in tapping
mode of a QCM-D crystal coated with cationic microgel after surface drying. The
images correspond to the crystal used to obtain the results presented in Figure
5.15.
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Figure 5.18: AT'-Af for n=9, measured for a preadsorbed layer of cationic micro-
gel in presence of different hydrophobic ions. Reference: bare crystal in water at
25°C.

5.3 Conclusions

In this chapter, the volume phase transition of anionic and cationic PNIPAM mi-
crogels in aqueous medium has been studied by the QCM technique. A complete
cooling-heating cycle produces the swollen-collapsed transition of the microgel
particles. At certain temperature, the thickness of the adsorbed layer reaches the
condition of “film resonance”. At this point the dissipation is maximized and the
viscoelastic properties of the film can be easily obtained. The QCM technique has
shown to be a powerful tool to characterize the viscoelastic properties of PNIPAM
microgels. In addition, the shear modulus of the layer has been accurately deter-
mined for different temperatures. At the same time, the shear modulus allows a re-
liable determination of the 7T ¢g, which is very sensitive to the ionic environment.
We have observed that the T} ¢g values in presence of different inorganic anions,
follow the Hofmeister series, as it has been previously reported. Kosmotropic ions
decrease the value of T}y, whereas chaotropic ions produce the opposite effect.
On the other hand, no significant effect of the tetraphenyl salts on the 77, or the
viscoelastic properties of the microgels were observed. However, as we have seen
in the previous chapter, the tetraphenyl ions feel a great attraction to the PNIPAM
interface, especially in the collapsed state resulting in important charge reversal
of the microgels. In the QCM experiments we have observed in the case of the
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cationic microgel that its adsorption onto negatively charged surfaces is weaken-
ing in presence of the PhyB~ which should be a direct consequence of the charge
reversal. Similar results were also obtained by AFM in Chapter 4. In contrast, no
major changes were observed in presence of PhyAs*. This agrees that the inter-
action of the tetraphenyl anion with PNIPAM is more intense than that caused by
the tetraphenyl cation.
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Effects of inorganic and organic ions on
PNIPAM chains: a DSC study

6.1 Background

Poly (N-isopropylacrylamide) (PNIPAM) is a thermoresponsive polymer, contain-
ing hydrophilic and hydrophobic moieties. Its dissolution in water is favored by
the possibility of hydrogen bonding between the amide groups in the polymer and
water, which lowers the free energy of the binary system. However, this bond-
ing implies an entropic penalty to the mixing process due to its orientational na-
ture. In addition, the presence of hydrophobic groups on the polymer also reduces
the orientational freedom of nearby water molecules. As temperature is raised
the contribution of the entropic free-energy components augments, decreasing
the quality of water as PNIPAM solvent; at a particular temperature the entropic
penalty dominates over the exothermic hydrogen bonding, and phase separation
occurs. Interestingly, this temperature is largely independent of polymer concen-
tration; for this reason it is commonly termed lower critical solution temperature
(Trcs), a term which strictly applies to the minimum of the coexistence curve.
When T > Ty g, several scenarios can be considered, depending on polymer
concentration. The competition between intrachain contraction and interchain
association (driven by hydrogen bonding and hydrophobic interaction between a
single or independent polymer chains) will determine the resulting state. Single
chain coil-to-globule transition has only been observed at extremely low PNIPAM
concentration [1, 2]. At concentrations well below the overlapping concentration
(dilute regime) microscopic phase separation has been reported: aggregation of
colloidal particles of narrow size distribution has been observed by few research
groups [3, 4]. The size of the aggregates varied with heating history (rate and
temperature) and polymer concentration, evidencing the out-of-equilibrium state
of the colloidal system. It appears that the aggregates are stabilized by charges
in the end-groups [5], although other stabilization mechanisms have also been
suggested [4, 6]. Colloidal stability has also been achieved by adding surfac-
tants (e.g. SDS) to the water-PNIPAM mixture [7, 8]. Finally, at sufficiently large
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polymer concentrations (in the semidilute or concentrated regimes) the interchain
interaction largely dominates and macroscopic phase separation (precipitation) is
observed. Most of the results presented in this chapter correspond to the semidi-
lute polymer concentration regime.

The balance between stabilizing and destabilizing factors is delicate; for in-
stance, if any salt is added to the solution of the PNIPAM chains, it is expected
that the hydrated ions compete with the water around the hydrophobic and hy-
drophilic groups of the PNIPAM causing the collapse of the chains at temperatures
lowers than the T7cs [9]. These effects are the core of the study reported in this
chapter.

6.2 Results and discussion

We studied the thermally induced phase transition of PNIPAM by differential scan-
ning calorimetry (DSC) and dynamic light scattering (DLS). DSC allows to study
the thermodynamic parameters of the heat-induced phase transition. The polymer
used in this work was obtained from Aldrich; its molecular weight (M) was be-
tween 19 and 30 kDa, which is too small to measure its size by DLS. However, we
can estimate its gyration radii R, in good solvent conditions by extrapolation the
results reported by Kubota and coworkers [10] as R, = 0.022 - M%** (nm), where
M, is expressed in Da. Using this expression, we calculate a value of R, between
4.5 and 5.8 nm. We can then estimate the polymer overlapping concentration in
good solvent condition (C*) as:

_ 3M,
 ATNsR?

*

(6.1)

Thus, for the PNIPAM used in this study C* varies between 6.1 and 8.3% w/w.
Most of the results presented in this study were obtained at semidilute conditions
(C > C*). Some tests in dilute conditions (C' < C*) were also performed as
indicated.

In Figure 6.1, we present the measured relative specific heat for a solution of
PNIPAM 15% w/w in pure water. One typical heating-cooling cycle obtained at a
scan rate of 1°C/min is presented in the figure. The heat exchange in the transi-
tion (AH), the T;cs and the temperature at the peak of specific heat can be easily
determined from the thermogram. As described above, the process is the result
of the intrachain collapse of the PNIPAM chains around the 7} ¢s of the polymer
and the interchain aggregation due to the high concentration of PNIPAM chains
in the solution. The whole process is endothermic: heat must be added to the
system to complete the transition. Early studies associated this fact to the rupture
of polymer-solvent hydrogen bonds [11, 12], other groups attributed more im-
portance to the hydrophobic effect [13]. Although there is still some controversy
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about the exact mechanism controlling the transition, it is likely that the interplay
of both effects determines the overall behavior of the system. We will come back
to this point below.
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Figure 6.1: Thermogram of PNIPAM at 15% in pure water for one heating and
cooling cycle.

In the cooling process, the temperature of the maximum is lower than in the
heating process, AT,,.. = 0.5°C, indicating hysteresis. This hysteresis has been
previously observed and it is attributed to some additional hydrogen bonding on
PNIPAM chains formed in the collapsed states [1, 14, 15]. It is not an equilibrium
phenomenon but a kinetic effect that can be undone if the heating and cooling
processes could be carried out at zero scanning rate. However, when the tempera-
ture is decreased enough the system comes back to its original state [14, 15]. We
performed three different thermograms (heating-cooling cycles) in pure water (for
5% and 15% of PNIPAM) by reloading the measuring cell (pan) with fresh solution
and these repeated measurements were used to calculate the standard deviations
of the measured quantities. We have assumed that these values also represent the
uncertainties measured with the rest of the salts.

Next, we measured thermograms for the reference salt, NaCl, and for the most
chaotropic inorganic salt used; NaSCN. Results are presented in Figure 6.2. In the
case of NaCl, increasing salt concentration results in a decrease of the T;cs. At
10 mM the amount of salt is not enough to induce any significant effect on Ty ¢5
in comparison with pure water, but at 100 mM and 1 M the displacement of T} g
at lower temperatures is clearly observed. On the contrary, in presence of NaSCN
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the T} cs increases at 100 mM and at 1 M slightly decreases. Because both salts
share the same cation, Na™, these differences must be attributed to the effect of the
anions. The NaCl behaves as expected. This salt shows more affinity for water than
PNIPAM. As the concentration of Cl~ increases the polymer dehydrates more easily,
reducing the 77 cs. On the contrary, water prefers to hydrate PNIPAM than SCN—,
a poorly hydrated anion. Thus, in presence of moderate SCN~ concentrations
Trcs increases. It is necessary to add a high concentration of SCN™ to observe a
Trcs slightly lower than the value obtained in pure water.

We have also observed that the endothermic curve of PNIPAM changes depend-
ing on salt concentrations. For NaCl this change is readily observed at 1 M: the
heat capacity curve is broader and its height is clearly reduced in comparison with
lower NaCl concentrations (Figure 6.2 (a)). On the other hand, for the NaSCN,
the curve clearly changes at 100 mM, becoming broader and wider; this effect is
even more pronounced at 1 M (Figure 6.2 (b)). The changes in the curves indicate
that the balance collapse/aggregation of the PNIPAM chains is being affected by
the type and concentration of salt. Similar results were reported by Shechter et al.
in a study of PNIPAM in presence of KSCN [16]. They argued that in pure water
the PNIPAM collapse occurs in a sharp transition due to the cooperative collapse
of long segments and probably of the entire polymer chains [11]. However, when
salt is present the collapse is a less cooperative process because the SCN~ bound
to PNIPAM reduces the length of unperturbed segments of the chains. Hence, the
size distribution heterogeneity of the chains increases, resulting in decreasing the
peak heights and increasing the widths. We will return to this point later.

We measured thermograms for a number of salts belonging to the Hofmeis-
ter series. We have chosen different anions in order to cover a representative
range from kosmotropic to chaotropic anions. We also investigated the behavior
of the big hydrophobic ions described in previous chapters, tetraphenylarsonium
(PhyAs™) and tetraphenylborate (Phy,B~). Table 6.1 shows the results obtained
with the inorganic ions. As expected, the T;cs and 7,,., values depend on the
salt and the concentration employed. Figure 6.3 shows the thermograms for the
different salts at 100 mM. Ordering the values of the 77 ¢ for each anion in a
sequence we find:

S0,.% <103~ < Cl- <Br  <I~ < SCN™

which corresponds to the reversed Hofmeister series. Thus, more hydrated salts
show lower T;s values because of their higher affinity for water compared with
PNIPAM. On the contrary, in presence of more chaotropic anions water prefers to
hydrate the polymer, so an increase in 77, ¢5 is observed in presence of I~ or for the
poorly hydrated SCN™— anion.

The reduction of Tcs by highly and moderate hydrated anions and the oppo-
site effect by poorly hydrated anions have been previously observed by other au-
thors working with neutral PNIPAM chains [17] and charged PNIPAM chains and
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Figure 6.2: Thermograms of PNIPAM at 15% at different concentrations of (a)
NaCl and (b) NaSCN salts. The thermogram in pure water is also shown.
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Figure 6.3: Thermograms of PNIPAM at 15% for different salts belonging to
Hofmesiter series at 100 mM. The thermogram in pure water is also shown.

Salt Water NaSO, KIO3 NaCl NaBr Nal NaSCN

Tros £0.3 (°C) [10 mM] 32.7 32.0 319 326 326 327 328
T ez £ 0.3 (°C) [10 mM] 33.2 326 326 331 331 333 333

Tres + 0.3 (°C) [100 mM] 27.0 294 30.8 320 328 345
Tinae = 0.3 (°C) [100 mM] 28.0 299 314 324 334 356
Tres £ 0.3 (°C) [1 M] - - 177 - - 320
Trnae & 0.3 (°C) [1 M] _ - 192 - ~ 350

Table 6.1: Tycg and 7,,,, of PNIPAM at 15% for water and the different salts
belonging to Hofmeister series at several concentrations.
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microgels [18, 19]. In a series of papers leaded by Cremer, the increase on the
T cs for most chaotropic anions was attributed to anionic binding to the amide
moieties (NH group) of PNIPAM, which would cause the charge of the polymer
surfaces [20]. However, in a more recent study of poly (N,N-diethylacrylamide)
(PDEA) Cremer and co-authors have found that the NH group is not required for
the interactions between weakly hydrated anions and polymer chains in aqueous
solutions. On the contrary, they found that the backbone CH groups provide a
binding site for the weakly hydrated anions [21]. Similarly, it has been observed
that poly (propylene oxide) (PPO), which has no amide groups in its structure,
also increased its phase separation temperature in comparison to pure water in
presence of KSCN [22].

It can also be observed in Figure 6.3 that height and width of the peaks de-
pend on the type of salt employed. On one hand, the height decreases and the
width increases as the anion is more kosmotropic. On the other hand, SCN—, the
most chaotropic anion, shows the lowest peak and highest width observed for all
the salts. Schild and Tirrell observed very similar tendencies with PNIPAM chains
and Na,SO,4, NaSCN and NaBr; they pointed out that the physical origin of the
T;cs changes must differ for each salt [11]. We propose that these discrepan-
cies are a consequence of the different interaction of these ions with hydropho-
bic surfaces. Although PNIPAM chains contain both hydrophilic and hydrophobic
moieties, it seems that when 7},¢s is surpassed PNIPAM globules and aggregates
could contain significantly more hydrophobic internal environments [23]. It is
well known that kosmotropic anions are excluded from hydrophobic interfaces
while chaotropic ones are accumulated on them [24, 25]. Hence, at temperatures
lower than the 7T} s kosmotropic anions weakened the interaction between water
hydrating PNIPAM possibly turning the cooperative collapse of the PNIPAM chains
more heterogeneous, which would imply wider peak transitions. Once the T} ¢g is
surpassed, kosmotropic anions tend to be excluded from the interface and the fi-
nal state reached for the collapsed/aggregated PNIPAM chains should be similar to
the one reached in pure water. On the contrary, at T> 7¢s chaotropic anions feel
a strong attraction for the more hydrophobic PNIPAM interface and will tend to
accumulate on it. This effect is especially relevant for the most chaotropic anion,
SCN—, which has been previously shown to be able to reverse the surface charge
of PNIPAM microgels and PNIPAM charged chains at low concentrations [18, 19].
Hence, as the temperature is closer to the 7} cg, the SCN™ increasingly interacts
with the PNIPAM chains globules and aggregates which in turn would also change
the peak of the PNIPAM transition. In this case the final state of the globules and
aggregates should differ in some extension from that of pure water because of the
accumulation of the poorly hydrated anions.

We have also analyzed the change of enthalpy (AH) for each salt. AH was
found from the integration of the endothermic peak, and it is related with the
change in the hydration that PNIPAM suffers in the transition from globule to col-
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lapsed state. We can see in Table 6.2 that AH remains almost constant for all the
inorganic salts except for the SCN~. This means that the way of PNIPAM changes
its hydration is independent of the nature of the salt present in the medium. How-
ever, for the SCN~ we observe a AH reduction as salt concentration increases,
indicating that SCN™ interacts in a different or more extensive way than the other
anions with PNIPAM, and that it is able to significantly alter the dehydration of
the polymer. In an analogous study with poly (propylene oxide) (PPO), Thor-
mann [22] also observed that AH only was significantly reduced with increasing
salt concentration for KSCN while for the rest for the salts it remained unaffected.
He ascribed this result to a decrease of the hydrophobic hydration of PPO by the
KSCN, which would agree with the mechanism proposed by us. In summary, the
thermograms for the SCN~ seem to reflect that the increase of 77,5 comes from
the poor competition of SCN~ to water hydrating PNIPAM, but also from the ac-
cumulation of SCN™ close to hydrophobic moieties of PNIPAM.

Salt Water NaSO,; KIO; NaCl NaBr Nal NaSCN
AH +1 (cal/g) [10 mM] 13 13 13 12 11 13 13
AH +1 (cal/g) [100 mM] 13 13 12 13 11 8
AH +1 (cal/g) [1 M] - - 14 - - 6

Table 6.2: Change of enthalpy (AH) of PNIPAM at 15% for water and the different
salts belonging to Hofmeister series at several concentrations.

Next, we are going to present the thermograms for the tetraphenyl ions. Be-
cause of their hydrophobic character, we would expect a behavior similar to that
observed with the most poorly hydrated inorganic anions for both the Ph,B~ and
the PhyAs™. These hydrophobic ions should not compete with the water hydrating
PNIPAM and should experience a strong attraction for hydrophobic interfaces. Re-
sults are shown in Figures 6.4 and 6.5 and Tables 6.3 and 6.4 for PNIPAM chains
solutions of 15% and 5%, respectively.

Figure 6.4 (a) shows the thermogram for the Ph,B~ at three different salt con-
centrations. We can see that in spite of the lower salt concentrations used, T;cs
clearly diminishes (cf. Table 6.3) as the concentration increases, while the height
of the peaks decreases and the curves becomes wider. This behavior would not be
in accordance with that observed for poorly hydrated inorganic anions (a slightly
increase of 775 at low or moderate concentration of salt). A plausible explanation
is that Ph,B~ anion feels such a strong interaction for PNIPAM hydrophobic inter-
face that very low concentrations of PhyB~ are enough to strongly interact with it.
Hence, instead of helping to solubilize the PNIPAM, Ph,B~ induces the destabiliza-
tion of the polymer at temperatures lower than the 7} g. This strong interaction
between PNIPAM interface and Ph B~ was discussed in previous chapters [26];
we will see further implications of it. By contrast, the results with Ph,As* (Figure
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Figure 6.4: Thermograms of PNIPAM at 15% for the tetraphenyl ions at differ-
ent concentrations (a) PhyB~ (b) PhyAst. The thermogram in pure water is also
shown.
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6.4 (b)) shows that the T} ¢ tends to increase in the concentration range studied,
in accordance with the results found for the most chaotropic inorganic anions. We
have to limit our study to a maximum value of Ph As™ concentration of 100 mM
because of its limited solubility. For this reason we did not observe the subsequent
fall in T7cs as for the inorganic anions. It is interesting to notice that at 100 mM
the T;cs of PhyAs™ is 33.5°C, while for the SCN~ we found 34.5°C. This seems
to indicate that the effect of the poorly hydrated inorganic anion was stronger
than that of the PhyAs™. However, the big cation is clearly hydrophobic and we
have previously shown that it strongly interacts with PNIPAM (although in a lesser
extension that Ph,B~). This apparent contradiction can be explained by the com-
petition between the water hydrating PNIPAM interface and the big tendency of
this cation to interact with PNIPAM as the interface become more hydrophobic.
The first effect would augment 7 while the second would reduce it (like in the
Ph,B~ but to a lesser extent). Subsequent results will show that the interaction of
Ph,As™* with PNIPAM is stronger than that of SCN ™).

PNIPAM 15%

Salt Water NaPh,B  NaPh,B NaPh,4B PhyAsCl  PhyAsCl Ph4AsCl
[1mM] [1.7 mM] [2.5 mM] [1mM] [10mM] [100 mM]
Tres £0.3(°C) 32.7 32.3 31.6 31.3 32.7 32.8 33.5
Trmaz £0.3 (°C)  33.2 33.2 33.4 33.6 33.2 33.3 33.9

Table 6.3: Ty ¢s and T,,,, of PNIPAM at 15% for water and the tetraphenyl ions at
different concentrations.

Because of the novelty of these last results we also performed the thermograms
at a lower PNIPAM solution of 5%, and different salts concentrations. The thermo-
grams presented in Figure 6.5 confirm the tendencies observed at 15%. At 0.07
mM of PhyB~ the T} s remains almost constant (data in Table 6.4) but the height
and the width of the curve have clearly changed, as a consequence of interaction
between Ph,B~ and PNIPAM. For larger salt concentrations the decrease of T} ¢ is
clearly observed, the height of the curves is reduced and they become wider. At 7
mM the decrease on the T7g is around 5°C (note that at this concentration none
of the other anions, including the hydrophobic Ph;As*, showed any variation in
relation to the T7cs of the pure water, cf. Tables 6.1 and 6.3). These changes
suggest a less homogeneous collapse of the PNIPAM chains as the interaction with
Ph,B~ acquires more relevance. These results support the above explanation for
SCN~ anion and also the previous findings [26]; the interaction of PhyB~ with
PNIPAM interface is so strong that it disturbs the PNIPAM structure, acting as a
real disruptor of soft matter.

The PhyAs* results on Figure 6.5 (b) and Table 6.4 also confirm the tendency
observed at 15% of PNIPAM. We observe a slight increment on 7} for larger salt
concentrations, in marked contrast with the results obtained with Ph,B~.
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Figure 6.5: Thermograms of PNIPAM at 5% for the tetraphenyl ions at differ-
ent concentrations (a) PhyB~ (b) PhyAst. The thermogram in pure water is also

shown.
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PNIPAM 5%
Salt Water NaPhyB NaPhyB NaPhyB NaPhyB Ph4AsCl PhyAsCl PhyAsCl
[0.07 mM] [1.4 mM] [7 mM] [14 mM] [24 mM] [49 mM] [70 mM]
Trcs £0.2 (°C) 33.5 33.4 32.5 29.1 26.7 33.4 33.9 34.0
Tmaz £ 0.2 (°C) 33.9 34.9 34.7 32.8 31.1 33.8 35.3 35.3

Table 6.4: T;cs and T,,,, of PNIPAM at 15% for water and the tetraphenyl ions at
different concentrations.

Even though both ions are almost identical in size and polarizability, the way they
interact with PNIPAM is clearly different. MD simulations described in Chapter 4
showed that although both ions interact with isopropyl groups of PNIPAM (Ph,B~
in a higher extension), only PhyAs* interact with the amide group, while Ph B~
interact with the CH, located at the backbone of the PNIPAM chains [26]. Calori-
metric data confirm that these differences are also reflected in the thermograms
of each salt.

We have also measured AH for the PNIPAM volume phase transition in pres-
ence of the hydrophobic ions. Results are shown in Tables 6.5 and 6.6. A sig-
nificant AH reduction was observed for both salts. This reduction seems to be
largely independent of salt concentration for the case of PhyB~: the AH loss is
observed at very low salt concentration, (0.07 mM) and it remains constant until
the maximum value tested (14 mM). On the contrary, the AH value seems to de-
crease as the concentration of Ph,As™ increases. Similar results were observed for
the case of SCN~. The difference of AH between heating and cooling processes
is very significant (cf. Figure 6.1). Ding et al. reported that the enthalpy change
upon cooling is always smaller than in the heating process [14]. We observed a
similar effect for all the conditions investigated. For instance, comparing heating
vs. cooling processes for 5% PNIPAM solutions, we found a 25% reduction in AH
in water or in presence of PhyAs™. Interestingly, we found a significantly smaller
reduction for the case of Ph,B~ (between 2 and 8%). This substantial difference
points to the possibility of significant changes in the coil-globule transition in the
latter case. I will come back to this point below.

PNIPAM 15%

NaPh,B  NaPh,B NaPh,B PhyAsCl  Ph,AsCl Ph4AsCl
[1mM] [1.7 mM] [2.5 mM] [l mM] [10 mM] [100 mM]

Salt Water

AH+1

1 11 11 1 12 11
(cal/g) 3 0 8

Table 6.5: Change of enthalpy (AH) of PNIPAM at 15% for water and the
tetraphenyl ions at several concentrations.
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PNIPAM 5%
Salt Water NaPh4B NaPhyB NaPhyB NaPhyB PhyAsCl PhyAsCl PhyAsCl
[0.07 mM] [1.4 mM] [7 mM] [14 mM] [24 mM] [49 mM] [70 mM]
AH+1
1 1
(cal/g) 5 9 8 9 8 3 8 9

Table 6.6: Change of enthalpy (AH) of PNIPAM at 5% for water and the
tetraphenyl ions at several concentrations.

The aggregation state of the PNIPAM solution in presence of the different salts
is very revealing. As can be appreciated in the following photos (taken after the
samples were aged at 7=45°C for 30 minutes), the turbidity of the system was
clearly salt dependent.

As shown in Figure 6.6 (a), solution in presence of PhyB~ a clear (bluish) ap-
pearance was observed. On the contrary, in presence of NaCl or NaSCN the PNI-
PAM solution became milky as soon as the 77 was surpassed. The 100 mM
SCN~ sample shows clear phase separation. Figure 6.6 (b) shows similar results
for lower PNIPAM concentration. While highly turbid solutions were observed in
presence of NaCl or NaSCN, by adding the hydrophobic salts PNIPAM aggregation
was clearly stopped in an earlier stage, suggesting the formation of submicromet-
ric particles.

We performed DLS measurements of the different samples at temperatures
above the Ty cg. Multiple scattering was observed in all cases for the polymer
concentrations used in the DSC experiments. For this reason we reduced PNIPAM
concentration to 0.5%. As it can be inferred from the photos in Figure 6.6, large
particle size (and multiple scattering) was observed for NaCl or NaSCN. On the
contrary, we observed the formation of long-lasting small particles with very nar-
row size distributions in presence of PhyB~. The average particle radius varied
from 20 to 100 nm depending on the PhyB~ concentration used. For the case of
Ph,As* we observed particle formation at 0.005% of PNIPAM and 10 mM of salt,
with diameter between 350 and 1500 nm. With the other two salts, NaSCN and
NaCl, we were not able to obtain particles at any combination of PNIPAM and
salt concentration tested. These results evidence that the interaction of the big
tetraphenyl ions with the PNIPAM hydrophobic interface is stronger than that of
the poorly hydrated inorganic anion SCN—, and, once again, that the interaction
of PhyB~ with PNIPAM is much stronger than for the case of PhyAs*.

The particle formation in the presence of strongly adsorbing salts can be as-
sociated with the globules formation in presence of surfactant discussed at the
beginning of the chapter, as represented in Figure 6.7. The ions probably adhere
to the polymer due to a hydrophobic interaction, preventing aggregation due to
electrostatic stabilization. This process was fully reversible. After cooling, the par-
ticles disappeared; independent PNIPAM chains were identified at 7' < Tr¢s. In



132 Chapter 6. Effects of ions on PNIPAM chains: a DSC study

PNIPAM chains 5%

/ ) ;e .
Ph,B- Ph,B NaCl  SCN-
20 10 10 100 (mM)

(b) PNIPAM chains 0.5% at 10 mM

—_— j
bad’ 4 3 ) ‘ -

<. _*

Ph,B- SCN Ph,As* NaCl

Figure 6.6: Photographs of PNIPAM solutions in presence of different salts and
polymer concentrations. (a) 5% of PNIPAM at several ionic concentrations and
(b) 0.5% of PNIPAM at 10 mM of salt concentration.
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addition, the limited PNIPAM aggregation at 7" > T;cg may be the reason of the
reduced A H observed in presence of the hydrophobic or chaotropic salts. Particle
formation limits the contribution of the hydrophobic interaction of the collapsed
polymer chains, reducing the enthalpy change measured during the transition.
Limited aggregation (particle formation) in presence of PhyB~ is further reflected
in the reduced loss of A H when heating and cooling processes are compared. The
fact that PNIPAM remains in a fairly divided state at temperatures above 77,c¢ ac-
celerates the re-hydration of the chains upon cooling. In that sense, the observed
strong difference in AH between heating and cooling has an out-of-equilibrium
(kinetic) component that is substantially reduced in presence of Ph,B~.

® 2 ©
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©
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Figure 6.7: Anionic adsorption on PNIPAM chains limits the aggregation of poly-
mer atT > Tics.

6.3 Conclusions

Calorimetric data confirm that the tetraphenyl anion feels a stronger interaction
to hydrophobic PNIPAM interface than the tetraphenyl cation. This difference has
been reflected in the displacement of 75 for both salts: while Ph,B~ significantly
reduced the T; s at low concentrations, PhyAs™ slightly increased the 77 in the
range of concentrations studied. In addition, the shapes of the endothermic peaks
obtained were also different, being those of the PhyB~ much shorter and wider
than those of the PhyAs™. More importantly, the formation of long-lasting small
particles with very narrow size distributions at temperatures higher than 77,5 was
observed for the Ph,B~ anion, but not for the Ph,As™ cation.
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Calorimetric results with inorganic anions reveal the importance of considering
the structure of water in ionic specificity. 7,5 obtained for the different salts var-
ied according to the Hofmeister series. This indicates that more hydrated anions
can easily dehydrated PNIPAM chains reducing the 77 in a higher extension than
less hydrated anions. On the other hand, the data obtained with the SCN™ point
out that, in addition to water competition, this chaotropic anion should interact
with the hydrophobic moieties of PNIPAM chains further increasing the 77,¢s of the
PNIPAM. The shape of the endothermic peak and the reduction of AH compared
with the rest of the inorganic salts confirm this last observation.

Finally, the results obtained for the most chaotropic anion SCN~ and those ob-
tained for the organic ions showed similar tendencies, which reinforces the conclu-
sion that the origin of Hofmeister effects or ionic specificity are intimately linked
to the hydration properties of the ions and the surfaces.
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Films of allergenic proteins:
characterization and modelling

7.1 Background

Proteins are macromolecules that tend to accumulate at interfaces [1]. Protein
adsorption has an important interest in many research areas, such as drug deliv-
ery [2], disease detection [3, 4] or enhancing [5, 6] or avoiding [7, 8] protein
adsorption in biomedical implant development. In spite of the recent progress
in this area, protein adsorption is a complicated phenomenon to understand. A
great variety of factors dominate the adsorption process: the chemistry, the surface
charge and the topography of the material surface, as well as, protein orientation,
molecule rearrangements and conformational changes caused by the medium con-
ditions, among others [9, 10].

The main driving force in many protein adsorption processes is the entropic
force, which contributes to a decrease of the Gibbs free energy of the system,
especially for hydrophobic surfaces [11]. Other important contributions in the
protein adsorption are perturbations in the protein structure or electrostatic inter-
actions. Overall, the hydrophobic interactions between the protein residues and
the sorbent are much more dominant than the electrostatic interactions [12]. Pro-
teins tend to maximize their area in contact with the surface, since a gain in free
energy is produced [10].

In this chapter, we have studied the adsorption process of three proteins. We
have chosen well-known proteins of biotechnological interest, as $-casein and [-
lactoglobulin, which are the major allergenic proteins of the cow’s milk, especially
in children [13, 14]. Additionally, we have used in our experiments, Bovine Serum
Albumin (BSA) that has been extensively studied in the bibliography [15-18]. The
structure of each protein is shown in Figure 7.1.

B-lactoglobulin is the main component of the whey [20] and it is a globular
and well-structured protein, like BSA [21]. In contrast, S-casein is a disordered
and structureless protein. Each kind of protein adopts a particular arrangement in
contact with a surface. For instance, globular proteins, as BSA or /-lactoglobulin,

137
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B-casein B-lactoglobulin

Figure 7.1: Protein 3D structures for -casein, -lactoglobulin and BSA. Images
made with VMD [19].

keep their compact structure when are adsorbed onto a surface, although they
flatten slightly [20, 21]. On the other hand, proteins like /3-casein are flexible and
have a random coil conformation in solution. [-casein adopts a more compact
conformation when is in contact with a surface. The majority of their residues stay
close to the sorbent, but the other part is extended to the water. Once adsorbed,
[3-casein remains flexible and structureless onto the substrate [12, 21].

Apart from the interest in the protein arrangement onto surfaces, the protein
adsorption is a good way to investigate the particular characteristics of proteins.
Proteins are very small molecules for a direct characterization by experimental
techniques, which normally work at the colloidal size range. A common way for
the protein study is its physical adsorption onto colloidal particles. This allows
to obtain relevant information about the protein properties by a physico-chemical
characterization of the complexes.

In this chapter, we have studied the proteins mentioned when are adsorbed
onto hydrophobic substrates. In addition, we have investigated the electrostatic
charge of the proteins and how is affected by the medium conditions.

7.2 Results from computer simulations

7.2.1 Crystallographic structures and proteins in solution

In this section, we present the main characteristics of the proteins by MD simula-
tions from their 3D structures. The information obtained will be useful to analyze
the experimental results in the next sections.

The proteins chosen have been: (-casein, 5-lactoglobulin and BSA, as we men-
tioned above. Both, g-lactoglobulin and BSA are globular and well-structured
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proteins, whereas [-casein is a disordered and more flexible protein [20-23].
Therefore, in the simulation part, we have used the crystallographic structures
of the globular proteins obtained by X-ray diffraction [18, 24] from Protein Data
Bank [25]. In contrast, for S-casein, we have employed a 3D model generated
from well-known amino acids sequences, since the crystal structure is not avail-
able [26]. The 3D structures for the three proteins are shown in Figure 7.1.

In Figure 7.2, we can see the electrostatic charge of an individual protein as
a function of pH obtained by a computational calculation (PropKa [27]). The (-
casein and f-lactoglobulin have similar charges because of they are composed by
a similar number of amino acids (see Table 7.2). In contrast, the BSA is much
bigger than the other two, and this is reflected in its electrostatic charge, mostly
at extreme pHs. Each amino acid has an electrostatic charge of -1, 0 or +1e
depending on its protonation state, thus the total charge of one protein is the sum
of the charges of all its amino acids. Additionally, the isoelectric points (pI) of
the proteins are summarized in Table 7.1. By comparing the theoretical and the
experimental pI [16, 28, 29], we note that they are very similar and between 5
and 6 for the three proteins.
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Figure 7.2: Partial charges (in units of electronic charge) for a protein molecule:
BSA (0), -lactoglobulin (A) and [-casein (¢) as a function of pH. The electro-
static charge of the proteins (-casein, BSA and (-lactoglobulin) has been calcu-
lated from the 3D structures with PropKa [27].

It is important to highlight that the properties of the proteins are intrinsically
linked to the environmental conditions. The crystallographic structures are ob-
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Protein pl (experimental) pI (theoretical)
[-casein 4.83-5.07 5.36
BSA 4.7 5.85
p-lactoglobulin 5.13 4.85

Table 7.1: Experimental and theoretical isoelectric point (pI) of the proteins stud-
ied [16, 28, 29].

tained at very low temperature, therefore the characteristics of the proteins can
vary with respect to a more natural medium as aqueous solution at neutral pH and
room temperature. The same occurs for the model generated of 3-casein, whose
structure can be far from the equilibrated structure under these conditions. For
this reason, we have performed a MD simulation for each protein at neutral pH
and 25°C during 4 ns. After that, we have used two tools to analyze structural
changes of the studied proteins. On the one hand, the root mean squared devia-
tion (RMSD) is the average distance between the heavy atoms belonging to two
different aligned states of a biomolecule. It is a measurement about how much
the atoms are displaced from the original structure. On the other hand, we have
calculated the solvent-accessible surface area (SASA) in the initial state and the
final state (equilibrated structure). SASA is the surface area of a biomolecule that
is accessible to a solvent. In addition, from the SASA data, we have estimated the
radius of gyration (R,) in the equilibrated state. These parameters, together with
the number of amino acids of each protein, are shown in Table 7.2.

Number of

Protein Amino acids RMSD (nm) SASA; ; (nm?) R, (nm)
[-casein 195 0.99 118-124 3.1
p-lactoglobulin 162 0.27 87-96 2.8
BSA 582 0.37 284-317 5.0

Table 7.2: Number of amino acids; RMSD between the initial state (crystallo-
graphic structure or 3D model for 5-casein) and the final state (equilibrated struc-
ture after 4 ns of MD simulation in water at neutral pH and 25°C); SASA in both
states; and radius of gyration (R,) in the final state for the three proteins.

On one hand, the solvent-accessible area increases for the equilibrated structure
of the three proteins, thus the proteins show more area accessible to water at 25°C
with respect to the crystal structure. On the other hand, the RMSD values show
an important difference between the globular proteins and (3-casein. As we have
mentioned, this data is related with the conformational changes experimented
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by the proteins. For BSA and g-lactoglobulin, we obtain low values of RMSD,
indicating that the 3D protein structure is very similar between the initial and final
state. However, according to the RMSD value obtained for (3-casein, it seems that
the amino acids are very mobile, as we expected for a flexible protein. Actually,
between 0.5 and 1.5 ns of MD simulation, this protein explores a configuration
with a RMSD of 0.66 nm, then the value of 0.99 is reached from 2 ns to 4 ns (at
the end of the simulation).

In the light of these results, we have studied how the properties of -casein
change when it is adsorbed onto a planar surface.

7.2.2 Protein adsorption: 3-casein

Three different situations were explored: protein adsorption onto neutral and
charged surfaces; pH change on an adsorbed protein and multiple adsorption.
For the adsorption processes, the most hydrophobic part of the protein (evalu-
ated by OPM [30]) was oriented to the surface to enhance the protein interaction
with hydrophobic surfaces. During the MD simulation we could observed that the
proteins were quickly adsorbed onto the surface.

The force field employed for the hydrophobic surface was based on a generic
model developed previously [31]. The hydrophobic nature of the surface is deter-
mined by a contact angle of 140° with a water droplet on the surface (measured
in MD simulations [31, 32]). The surface was made of 1600 atoms arranged in
four equal layers of 400 atoms each one (67.48 A x 67.48 A). The layers were
aligned one above another one forming a primitive cubic structure. The atoms
of the surface were maintained fixed during the whole simulation, as in previ-
ous studies [31, 33]. The Lennard—Jones parameters of the spheres are 0=3.374
A and ¢=0.164 kcal/mol. For the negatively charged surface, the total electro-
static charge was of -10 uC/cm? (0.62 e/nm?), homogeneously distributed over
all atoms.

At first place, from the equilibrated structure, one molecule of S-casein was
adsorbed onto a hydrophobic neutral surface and a hydrophobic surface with neg-
ative charge (see Figure 7.3). We can observe that the most hydrophobic residues
(white spheres) are in contact with the surface. In addition, in Figure 7.4, we rep-
resent the RMSD as a function of the elapsed time between the protein in solution
(0 ns) and the protein adsorbed onto the surface (4 ns). We can observe that there
is no difference between the adsorption on a neutral or charged hydrophobic sur-
face. The SASA results indicate that the solvent-accessible area diminish slightly
in both cases, since the protein part adsorbed loses its contact with the solvent
(Figure not shown). Therefore, in both cases, the orientation and structure of the
protein is essentially the same due to the protein-surface interaction is driven by
hydrophobic forces. Only few amino acids are adsorbed or desadsorbed from the
charged surface depending on the own charge of the amino acids.



142 Chapter 7. Films of allergenic proteins: characterization and modelling

(a) (b)

5
e S e i
ottt b b A L L L
ottt b M € L L s
(bbbt bt bk i £ € € € iss

900 o »
4395959, ‘»sss&

OO0E tetebeditateted ~.~:

o‘.‘p’o‘p‘n‘o’ o‘y‘o‘o o‘ %) -‘ ’ OO »

neutral hydrophobic surface | negative hydrophobic surface

Figure 7.3: Representative snapshots of the adsorption of a J-casein molecule
onto a neutral hydrophobic surface (a) and a negative hydrophobic surface (b).
The protein residues are colored depending on their nature: hydrophobic (white),
hydrophilic (green), positively charged (blue) and negatively charged (red). The
most hydrophobic part of the protein is represented as van der Waals spheres.
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Figure 7.4: Root mean squared deviation (RMSD) between the structures of -
casein in solution and the protein adsorbed onto neutral hydrophobic surface (0)
and negative hydrophobic surface (0).
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Another experience was performed in order to inquire into the structural
changes caused by changing the pH of the medium, as it is usual in experiments
with proteins. Once the $-casein protein was adsorbed onto the negative surface,
the pH was changed from 7 to 4. This replacement affects to 14 amino acids in
each molecule. The total charge of one molecule passes from —6e to +8e, some
of the protonated residues are marked in purple in Figure 7.5. In addition, this
change in pH affects to the conformational structure of the protein, as is shown
in Figure 7.6. We can see that the protein increases the area in contact with the
adsorbent due to the electrostatic interaction with the surface becomes favorable.
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Figure 7.5: Representative snapshots of the configuration of a -casein molecule
adsorbed onto a negative hydrophobic surface at pH 7 (a) and pH 4 (b). The
protonated amino acids are represented as purple van der Waals spheres. The
total charge of the molecule passes from —6e to +8e.

In Figure 7.6, we represent the RMSD experimented by the protein due to the
pH replacement from 7 to 4. As we can observe in the figure, the change in the
average separation among both structures when the pH is changed is around 0.5
nm. In contrast, no significant changes were observed in SASA results (Figure not
shown).

Finally, a progressive adsorption of 1, 2 and 3 protein molecules was carried
out to study the final arrangement of a film of proteins onto a planar surface. This
adsorption process was performed onto the hydrophobic surface with negative
charge and at neutral pH, as in Figure 7.3. After one protein was added, the
system was allowed to equilibrated during 4 ns. When the three /-caseins were
adsorbed, the simulation were performed for 8 ns. The total simulation time was
of 16 ns. A Representative snapshot of the final configuration is shown in Figure
7.7 (two views), the most hydrophobic residues in the protein film are indicated
as van der Waals spheres.
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Figure 7.6: Root mean squared deviation (RMSD) of the -casein structure ad-
sorbed onto neutral hydrophobic surface changing the pH from 7 to 4.
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Figure 7.7: Representative snapshots of a j-casein film formed by 3 molecules
onto a hydrophobic and negative surface (adsorption at neutral pH) from two
views (a) and (b). The most hydrophobic residues of the protein film are marked
as van der Waals spheres.
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The thickness of the layer formed was calculated in every step from the MD
simulations using “density profile tool” of VMD [34]. This tool computes 1-D
projections of various atomic densities. We calculated the atomic density, over the
equilibrated configurations, of the heavy atoms (carbon atoms of the proteins) in
function of the 2 axis (vertical direction to the surface). These results provide
us information about the thickness of a monolayer of §-casein and the variation
of the thickness with the elapsed time. As we can see in Figure 7.8, at first (1
molecule) the thickness is about 3.6 nm. However, as the molecules are added
to the simulation and the time elapses, the protein layer is reorganized and the
thickness decreases. The final state of the simulation (~2.9 nm) tends to the
typical thickness of a -casein monolayer (2-3 nm) [12].
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Figure 7.8: MD simulation results for the density of carbon atoms of adsorbed
[-caseins (number of atoms per molecule) in the vertical direction (z) to the sur-
face. The thickness of the protein layer decreases as the protein molecules are
reorganized onto the surface. The final value (~2.9 nm) agrees with the typical
thickness for a 5-casein monolayer (2-3 nm).
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7.3 Protein adsorption onto flat surfaces:
QCM results

7.3.1 Direct adsorption

Protein adsorption kinetic has been studied by Quartz Crystal Microbalance
(QCM). This novel tool allows us to obtain physical information about nanofilms
adsorbed onto planar substrates. Properties like the amount of adsorbed mass
and the viscoelasticity are measured as the protein molecules are deposited onto
the surface in real time. As described in the experimental section 2.8.2 of Materi-
als and Methods, a protein solution of 10~? g/cm?® was injected over a polystyrene
(PS) hydrophobic surface. The PS surface is negatively charged at neutral pH [35].
The different proteins were adsorbed at pH values close but above the pI to maxi-
mize protein adsorption (by decreasing the intermolecular electrostatic repulsion)
yet avoiding protein aggregation in solution. As can be observed in Figure 7.9,
rapid variations in frequency (f) and dissipation (D) were observed upon protein
injection. Some qualitative differences can be established between the adsorption
of the globular BSA and j-lactoglobulin, and the more disordered (-casein. In
the first case, f and D acquire their steady-state values within few minutes after
protein injection. On the contrary, an overshoot in f and D before reaching the
equilibrium value was commonly observed for the case of §-casein adsorption.
This overshoot can be identified with protein reorganization after adsorption. The
experimentally observed rearrangement of the (-casein is in concordance with the
simulation results obtained in the previous section (7.2.2). In Figure 7.8 we can
see the time evolution of the thickness of a 5-casein film by MD simulations, which
is stabilized around ~ 2.9 nm (typical thickness of a 5-casein monolayer, 2-3 nm
[12]).

On one hand, the amount of BSA or -lactoglobulin on the quartz crystal re-
mained unchanged after rinsing few times the protein coated quartz crystals. How-
ever, we observed a substantial reduction on the adsorbed mass of S-casein after
several rinsing cycles; only the protein molecules strongly attached to the surface,
remains adsorbed.

The areal mass adsorbed has been calculated from the changes in frequency
by the Sauerbrey equation 2.8. This equation is strictly valid only when the film
is homogeneously distributed and rigid. These protein films seem to follow this
criteria. Small values of AD,, were measured upon protein adsorption and neutral
buffer rinsing for the 3 proteins. This fact, together with the low dispersion in
Af,/n for the different harmonics, validates the analysis of the adsorption data
using Sauerbrey equation (eq. 2.8). Table 7.3 shows the adsorbed mass per unit
area of the adsorbed protein films and their thickness after adsorption and sub-
sequent rinsing. A value of 1 g/cm? has been used for the density of the film, a
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reasonable value for this kind of systems [36].
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Figure 7.9: Changes in frequency (negative part) and energy dissipation (positive
part) caused by the protein adsorption onto PS hydrophobic surfaces. The over-
tones (n=3-13) are represented in different tonalities from dark to pale. Rapid
variations in f were observed upon protein injection. The small values in dissipa-
tion (AD, = 0) and low dispersion in Af, /n, indicate rigid and homogeneously
distributed layers. An overshoot in the frequency data is observed for the $-casein
adsorption few seconds upon the injection of the solution. The area marked in-
dicates the rinsed with protein-free buffer solution. For the globular proteins, no
protein desorption was observed (constant values of Af and AD). In contrast, a
significant increase in f indicates desorption of S-casein molecules.
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Protein Dimensions (nm?®) Areal mass (mg/m?) Thickness (nm)
BSA 14 x4 x 4 3.84+04 3.8+04
p-lactoglobulin 3.6 x 3.6 x 3.6 2.1+0.2 2.1+0.2
(B-casein —* 6.1 £0.7 6.1 +0.7

Table 7.3: Dimensions of the proteins studied [9], as well as, the areal mass and
the thickness of the protein film adsorbed onto a PS hydrophobic substrate. The
areal mass and the thickness of the film have been determined by the Sauerbrey
equation (eq. 2.8), using the overtones n=3-13. Assuming an homogeneous film
and full coverage of the substrate and p; = 1 g/cm®. The data obtained was
the average of four different experiments. *The size of the [-casein is not well-
determined, since is a disordered protein.

The values of adsorption mass obtained, are in good agreement with previous
studies for the 3 proteins investigated. The amount of adsorbed protein for glob-
ular BSA and f-lactoglobulin suggests a full coverage of the substrate and it indi-
cates the adsorption of a protein monolayer. Similar results have been reported
in theoretical and experimental studies for BSA [9, 23, 37] and f-lactoglobulin
[9, 38, 39]. On the contrary, the larger mass of (-casein layer measured by us
suggests the adsorption of a protein multilayer. A larger scatter in reported ad-
sorption of this protein can be found in the bibliography. Earlier 5-casein QCM-D
studies are in agreement with our results [40, 41]. In contrast, previous exper-
imental works based on depletion [12, 42] or ellipsometry [43] reported values
of 2-3 mg/m? for a full-coverage monolayer of 3-casein [12, 23, 38]. In addition,
the mass measured by QCM includes the water associated with the protein film
and is larger than the net amount of adsorbed protein. The apparent difference
between the net mass of adsorbed protein and coating layer can be detected by
other methods. For instance, Brooksbank and coworkers [42] reported a thickness
of the adsorbed [-casein layer (measured by dynamic light scattering) incompati-
ble with the measured adsorbed mass of protein if a solvent-free protein layer was
considered.

In our case, the thickness of the protein films was measured in air with the
AFM device (Table 7.4). The values obtained were similar to those with the QCM
technique. Therefore, the usage of the Sauerbrey equation provides us a good
estimation of the adsorbed mass for these proteins. The AFM micrographs (not
shown) indicate that the proteins are homogeneously distributed over the surface.
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Protein Thicknessgoas (nm)  Thickness 4y, (nm)
BSA 3.8+04 6
B-lactoglobulin 2.14+0.2 1.5
(-casein 6.1 +0.7 7-8

Table 7.4: Thickness of the protein film estimated by QCM (liquid) and AFM (air).
The values obtained for the three proteins are comparable with both techniques.
The Sauerbrey equation (eq. 2.8) is a good method to obtain the thickness for this
kind of adsorption. The AFM micrographs (not shown) indicate that the proteins
are homogeneously distributed over the surface.

7.3.2 Adsorption isotherms

Adsorption isotherms of the proteins were obtained under the same conditions.
Increasing protein concentrations were progressively injected into the QCM cell in
contact with the PS surface. The adsorbed areal mass as a function of the protein
concentration was calculated by the Sauerbrey equation (eq. 2.8). The values are
shown in Figure 7.10.

At first sight, different behaviors can be observed. The adsorption of the glob-
ular proteins (BSA and j-lactoglobulin) starts around 2-10~° mM reaching a con-
stant value of 2 and 1.5 mg/m?, respectively. After the rinsing with protein-free
buffer solutions, there was no desorption indicating that the proteins are well at-
tached to the surface. In contrast, the 5-casein protein needs a minimum concen-
tration of 2-10~* mM to produce a significant deposition onto the surface. In this
case, the amount of adsorbed protein increases more and more with the molecule
concentration and the plateau is not found. This is in agreement with the multi-
layer formation, as we saw above. After one rinse cycle, loosely adsorbed protein
molecules leave the surface and the adsorbed mass decreases.

The highest protein concentration injected during the isotherm experiments,
corresponds with the concentration used in the direct adsorption (1073 g/cm?).
However, we can see in Table 7.3 and Figure 7.10 that the total amount of protein
in a direct adsorption is higher than that obtained in a progressive adsorption.
The explanation of this phenomenon is as follows. When a protein molecule is
adsorbed, this is spread and maximizes the contact area with the surface [10].
However, at high protein concentration, the molecules are cooperatively adsorbed
and improve packaging with neighboring proteins. Therefore, the individually
deposited proteins cover a higher area and the adsorbed amount is lower than
the collectively adsorbed proteins. This phenomenon indicates that the protein-
protein interaction plays an important role in the final arrangement of the ad-
sorbed layer.
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Figure 7.10: Adsorption isotherms of the proteins onto PS hydrophobic surface.
The globular proteins (BSA and [-lactoglobulin) reach a constant value at high
molecule concentration. While the §-casein adsorbed mass increases progressively
with the amount of protein injected. This disordered protein forms a multilayer
under the pH adsorption conditions.

7.4 Protein adsorption onto latex microparticles:
electrokinetic results

We have performed the physical adsorption of the three proteins over polystyrene
(PS) microspheres. We analyze here the main characteristics of the complexes
formed. Both, anionic and cationic PS latexes have been used in this experimental
work. The conditions of the adsorption process were suitable to ensure a high
degree of coverage of the latex surface (see Methods section 2.4). The electro-
static state of the complexes has been studied by electrophoretic mobility ()
measurements as a function of the pH. The results corresponding to the anionic
and cationic latex are presented in Figure 7.11 (a) and (b), respectively.

At first sight, we can appreciate that the p. of the complexes presents positive
values at acid pHs and negative values at alkaline pHs. The p. in absolute value
of the protein-coated PS particles, always decreases with respect to the mobility
of the bare latex. A previous study investigated that this difference is increased
at higher protein coverages [44]. Another noteworthy factor is that the pI of
the complexes seems to be close to the pI of the proteins in solution (Table 7.1).
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Figure 7.11: Electrophoretic mobility (1) measurements of the colloidal particles
as a function of pH for (a) anionic and (b) cationic latexes. For the bare latex (0O)
and the latex-protein complexes: BSA (0), S-lactoglobulin (A) and [-casein ().
The solid lines are used for guiding the eye.
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Figure 7.12: Electrokinetic charge (o.;) of the protein-coated anionic (a) and
cationic (b) latexes, obtained by the Grahame equation (eq. 2.4). The total charge
of the complexes as sum of the bare latex charge and the protein coverage charge
as a function of the pH, are shown in images (c) and (d). The experimental pI of
the complexes for the anionic latex (a) matches with the pI expected by the —
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sum of charges (c). However, for the cationic latex, the predicted pl of the com-
plexes (d) is more displaced to alkaline pH with respect to the experimental results
(b). The symbols correspond to the bare latex (0) and the latex-protein complexes:
BSA (0), 5-lactoglobulin (A) and S-casein (¢). The solid lines are used for guiding

the eye.
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However, the plI of the complex could be displaced by the surface charge of the bare
latex. In the case of anionic latex, the pl is displaced to more acid pH. In contrast,
with cationic latex the pI values of the complex are more alkaline than the pI of
the proteins in solution. Electrokinetic studies [45-47] have demonstrated that at
larger amount of protein adsorbed, the pI values of the complex are closer to the
pl of the protein molecules.

It has to be taken into consideration that the kind of electrolyte in solution can
affect to the . values of the colloids. In our experiments, each buffer solution was
prepared with different salts and ion concentrations (ionic strengths lower than 2
mM). For this reason, we have calculated the electrokinetic charge (o.;) of the
complexes to estimate the electrostatic charge responsible for the electrophoretic
motion. The results are included in Figure 7.12 (a) and (b) for the anionic and
cationic latex, respectively. We can observe that the shapes and the general behav-
ior of the curves follow the same tendency that the p. results (Figure 7.11).

It would be reasonable to expect that the total charge of the complexes will be
the sum of the bare latex charge plus the protein coverage charge. In Figure 7.12
(c) and (d) we present the estimated total charge of the complexes as a function of
pH. The value used for the charge of the bare latex was obtained experimentally
by titration (see Methods section 2.1.3). While the protein charge was calculated
from the individual charge of the proteins (Figure 7.2) and the degree of coverage
in each case.

In the case of the anionic latex, the pI values of the complexes are in agreement
with those estimated (Figure 7.12 (a) and (c)). In contrast, the estimated pl
values for the cationic latex complexes are more displaced to alkaline pHs than
the experimental one (Figure 7.12 (b) and (d)). A possible explanation is that the
effective charge of the bare latex will be lower due to the ionic conditions. We can
see that the electrokinetic charge of the cationic latex is significantly reduced at
neutral pH, at the protein adsorption conditions (Figure 7.12 (b)). This oscilation
of 0., with the pH change is caused by the nature of the buffer solution. We tested
that the mobility of the latex is almost constant as a function of the pH with other
type of buffer solutions.

Furthermore, out of the pl, the values of the total charge are two order of
magnitude higher than the electrokinetic charge. We attribute this discrepancy
to counterion condensation. This is a strong accumulation of counterions in the
vicinity of the charged particles, which is a very common phenomenon for highly
charged colloidal suspensions [48-50]. In the next subsection we analyze the
counterion condensation for our systems.

7.4.1 Counterion condensation on latex-protein complexes

The colloidal particles treated here have a high surface charge. The anionic latex
possesses a surface charge density of 9.6 uC/cm? = —0.6 e/nm? and the cationic
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latex 17.4 nC/cm? = 1.1 e/nm?. In addition, when protein adsorption is produced,
the protein molecules can enhance the charge of the final complexes depending
on the pH. At alkaline pH, the protein molecules are negatively charged, thus the
complex increases its net charge for the anionic latex. The same occurs at acid pH
and the cationic latex. Nevertheless, these high surface charges are not reflected in
the electrokinetic charges calculated from the p, results, the values are very much
lower (Figure 7.12). A possible explanation is the ion condensation. In spite of
the ionic strength of the buffered solutions is lower than 2 mM, counterions are
adsorbed over the colloids. This ion-association contributes to the electrokinetic
motion of the microparticles, reducing their effective charges. In order to cor-
roborate this hypothesis, two theoretical models of counterion condensation were
applicated to our systems.

The first model was developed by Manning [51]. This reference includes equa-
tions of counterion condensation on charged spheres, cylinders and planes. Our
experimental microparticles meet the requirements to a planar wall. This model,
based on experimental observations, proposes that the charge of a polyelectrolyte
system is unvariable once a critical charge load is reached due to counterion con-
densation. The electrostatic surface free energy is obtained by applying a standard
charging procedure of the Poisson-Boltzmann equation. The free energies ascribe
any departure, from linear Debye—Hiickel electrostatics, to collapse of counterions
from the diffuse ion atmosphere onto the surface of the polyelectrolyte. An en-
tropic term is added because of this ion migration. For a charged plane wall, the
critical value of the surface charge density becomes:

ek In(kAp)

(7.1)

Ocrit = — 27TZ)\B

where e is the electronic charge, » the unsigned valence of the counterion, s
is the Debye constant and A\ = e?/4mege, kpT is the Bjerrum length (g is the
vacuum permittivity, ¢, is the dielectric constant of water, kp is the Boltzmann’s
constant and 7" the temperature). For higher surface charge density than this critic
value, the effective surface charge density yields:

er In(co)

Ocff = — 47‘('2)\3 (72)
where ¢, is the bulk concentration of the counterions. As we have mentioned
and we can see in the last equation, the effective charge is independent of the bare
surface charge of the particle.
The second model was developed by Hansen and McDonald [52]. This model
consider a charged planar surface immersed in a symmetric electrolyte. An explicit
relation between the bare surface charge density o and the effective surface charge

density is derived within Poisson—-Boltzmann theory. This relation is:
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Ocff = Osat [ 1+ (0sat/20)% — asat/Qa} (7.3)

where o, is the saturation charge density:

EeR
Osat =
7TAB

For high surface charge, the counterion condensation strongly reduces the abso-
lute value of the bare charge. In this case the effective value reaches its maximum
value o,,, which is independent of o.

We have applied these equations to our colloidal systems (bare latex and com-
plexes) immersed in the different buffered solutions depending on the pH (see
Methods section 2.1.2). In Figure 7.13 we show the values of the effective charges
obtained with both models for the bare anionic (a) and cationic (b) latexes. It
is noticeable that the effective charges match pretty good with the electrokinetic
charges (from p, measurements), especially the proposed model by Hansen and
McDonald. Therefore, the counterion condensation seems the responsible for the
low surface charges reflected in the experimental results.

Regarding the results for the different latex-protein complexes (Figures 7.14—
7.16), the theoretical values are broadly in line with the experimental results.
Again, the Hansen and McDonald model seems more suitable than the Manning
model. In the case of the protein-coated anionic latex (a), the pI resulting from the
theoretical models is in good agreement with the experimental values. However,
for the protein-coated cationic latex (b), the calculated plI is very displaced to
alkaline pHs, mainly for the BSA complex (Figure 7.16 (b)).

It is important to keep in mind that counterion condensation is not produced
in the proximities of the pI of the complexes, since the total charge is very low.
Therefore, the ., (close to the pI) should be identical to the sum of the charges of
the latex-protein complex at this pH. Nevertheless, this point is strongly depending
on the latex charge and the protein coverage. Therefore, little variations in these
estimated values can produce important changes in the calculated pI, which does
not match with the experimental pl. For instance, we do not take into account
the possibility of counterions trapped in the contact region between the latex sur-
face and proteins, as other authors suggest [44, 47, 53]. This would result in a
considerable reduction in the bare latex charge.

(7.4)
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Figure 7.13: Electrokinetic charge (o) of the bare anionic (a) and cationic (b)
latexes. The effective charges calculated by the counterion condensation models:
Manning (©) and Hansen & McDonald (¢) are shown. The lines are used for
guiding the eye.
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Figure 7.14: Electrokinetic charge (¢) of the -casein protein-coated anionic (a)
and cationic (b) latexes. The effective charges calculated by the counterion con-
densation models: Manning (¢) and Hansen & McDonald (¢) are shown. The
lines are used for guiding the eye.
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Figure 7.15: Electrokinetic charge (A) of the $-lactoglobulin protein-coated an-
ionic (a) and cationic (b) latexes. The effective charges calculated by the counte-
rion condensation models: Manning (¢) and Hansen & McDonald (<) are shown.
The lines are used for guiding the eye.
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Figure 7.16: Electrokinetic charge (O) of the BSA protein-coated anionic (a) and
cationic (b) latexes. The effective charges calculated by the counterion condensa-
tion models: Manning (¢) and Hansen & McDonald (<) are shown. The lines are
used for guiding the eye.
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7.5 Conclusions

In this chapter, we have investigated three proteins of different characteristics. The
globular proteins: -lactoglobulin and BSA, and a flexible and disordered protein:
[-casein. Adsorption studies of the three proteins have been performed onto either
PS flat substrates (negatively charged) and PS latex microspheres (with negative
and positive charges). The properties of the protein films have been studied by
QCM. These proteins form rigid and homogeneous layers onto the sorbent surface.
On one hand, the globular proteins are adsorbed forming a monolayer, while the
[-casein molecules are arranged in a multilayer, in concordance with previous
studies [9, 23, 37-41]. In the case of 3-casein, the loosely protein adsorbed are
easily removed by rinse cycles.

In addition, the adsorption kinetic was analyzed for the three proteins. A pro-
gressive adsorption results in higher area occupied per molecule. Therefore, the
adsorbed mass is lower than for a direct adsorption. In this last case, the adsorbed
molecules are better packaged with their neighbors.

Another important difference between the globular proteins and the S-casein is
the final state of the film. When the -casein proteins are deposited onto the sur-
face, these undergo a rearrangement until reaching the final configuration. This
phenomenon was not observed for the globular proteins. The /3-casein rearrange-
ment has been also confirmed by MD simulations. From this simulation, the thick-
ness obtained for a $-casein monolayer matches with typical experimental values
[12, 42, 43].

Protein-coated PS microspheres have been characterized by electrophoretic mo-
bility (u.) as a function of pH. From this data, the electrokinetic charge (o.;) of
the complexes has been obtained by the Grahame equation (eq. 2.4). This pa-
rameter shows the electrostatic charge responsible for the electrokinetic motion of
the particles. In addition, we have calculated the total charge of the complexes
from the sum of the bare latex charge and the protein coverage charge. We could
see for the protein-coated anionic latex, that the estimated pI values are in good
agreement with those experimental values. However, in the case of the cationic
latex, the estimated pl of the complexes is displaced to more alkaline pHs with re-
spect to the experimental pl. We attributed this discrepancy to an overestimation
of the cationic latex charge under the pH-adsorption conditions.

On the other hand, out of the pl, the o, is around two order of magnitude
higher than the o.;. It seems that this difference is well explained by counterion
condensation. In spite of the buffered solutions used have a low ionic strength
(< 2 mM), an ion accumulation over the colloids produces a reduction in their
effective charge. This is due to our systems possess high surface charges.

The physico-chemical characterization of the complexes will be very useful in
the next chapter, where we will study the interaction of these interfaces with big
hydrophobic ions.
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Interaction of organic ions with proteins

8.1 Background

Proteins are made up of amino acids, which form complex structures and lead
to complicated interactions with their environment. In general, the biological
function of proteins is performed in aqueous solution, where they interact with
different kind of electrolytes [1]. Specific ion-protein interactions can influence
in the internal structure of proteins and the protein-protein interactions (stabi-
lization or denaturation) [2, 3]. Thus, protein-ion interaction is relevant for the
understanding of the whole system, as well as in the development of applications.
For instance, proteins are widely used in the food industry (formation and stabi-
lization of emulsions) [4] or for biosensor applications [5], among others; ions
are typically involved in those applications.

In general, proteins tend to accumulate at interfaces [6]. Importantly, protein
adsorption modifies the properties of the sorbent, in particular its electrostatic
charge and hydrophobicity. The final properties will depend on the nature of the
protein and the degree of coverage. Therefore, protein adsorption allows to gener-
ate soft interfaces with different degree of hydrophobicity. It is worth noting that
colloidal surfaces with different degree of hydrophobicity can produce interesting
interactions with ions. It is widely recognized, that the hydrophobic/hydrophilic
nature of surfaces plays a fundamental role in the water-mediated interactions
with ions [7-9]. Big hydrophobic ions, in particular, are able to cause huge effects
over hydrophobic surfaces [9-11].

For this kind of ions, like tetraphenylarsonium cation (Ph,As™) and
tetraphenylborate anion (Ph,B™), the ion-surface interactions are not always dom-
inated by the electrostatic charge. Often, the most relevant factor is the nature
of the surface. The hydrophobic ions tend to adsorb onto hydrophobic surfaces,
while they are repelled by the hydrophilic ones [9, 10]. In the case of highly hy-
drophobic surfaces, ion accumulation can produce giant charge inversions at low
concentrations [9, 12]. These type of interactions can provide relevant informa-
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tion concerning ionic specificity.

Additionally, as shown in previous chapters, the Ph,B~ anion usually shows
more significative effects at lower concentrations than the PhyAs* cation, in spite
of their similarities. This fact is related with the different behavior of anions and
cations due to the asymmetrical interactions with water molecules [7, 13-15].
The charge of these ions is located at their center, whereas neutral and hydropho-
bic rings interact with the environment. Nevertheless, even for large ions, the
hydration of the anion and the cation is unequal, as previous experimental [16]
and simulation studies [17, 18] have demonstrated. This can result in interactions
of different magnitude [9]. Interestingly, the different behavior of anions and
cations, is increased when the tetraphenyl ions interact with a soft matter system
[11].

In this chapter we have investigated the interactions taking place between the
tetraphenyl ions and colloidal particles coated by proteins of different hydropho-
bicity. The complexes used, of 5-casein, §-lactoglobulin and BSA, were character-
ized in Chapter 7. The affinity of the tetraphenyl ions to the complexes has been
investigated by electrophoresis and colloidal stability. The tetraphenyl ions inter-
act so strongly with proteins that they may able to modify their structure. This
is why we have monitored their conformational changes with the Quartz Crystal
Microbalance (QCM) technique. This chapter aims to inquire into the following
aspects. First, we explore the role of the hydrophobic nature of a surface in the
ion-surface interactions, in particular for big hydrophobic ions (tetraphenyl ions),
which produce more intense effects than inorganic ions. Second, we study the ef-
fects caused by these ions, as great charge inversions and conformational changes
induced in soft interfaces. Finally, we seek to confirm the different behavior of
Ph,B~ and Ph As™ when interacting with this kind of systems.

8.2 Results and discussion

8.2.1 Hydrophobic degree of the 3-casein, BSA and
(B-lactoglobulin proteins

We have performed a thermodynamic calculation at neutral pH, by OPM (see
Methods section 3.3) to determine the degree of hydrophobicity of the proteins.
The results are shown in Figure 8.1. We obtained the Gibbs free energy or trans-
fer energy of the proteins from water to a nonpolar solvent. From these values
the proteins have been ordered in a hydrophobic scale. In every case the transfer
of the protein is energetically favorable, as indicates the negative sign. However,
we can see that the magnitude of the energy is different for each protein (Fig-
ure 8.1). The [-casein presents the higher value for the transfer energy (-9.5
kcal/mol), followed by the BSA (-5.1 kcal/mol) and finally the (-lactoglobulin
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(-1.7 kcal/mol). This means that the S-casein protein is more hydrophobic than
the globular proteins. On the other hand, the BSA shows a middle behavior and
the (S-lactoglobulin seems the less hydrophobic.

more less
hydrophobic hydrophobic

<<

. B-lactoglobulin
-casein
B 4

AG (kcal/mol)

Figure 8.1: Proteins ordered in a standard hydrophobic scale. The images of the
proteins were made with VMD [19]. The protein structures are represented in
NewCartoon visualization, except [-casein that is shown in Bond visualization.
The protein residues are colored depending on their nature: hydrophobic (white),
hydrophilic (green), positively charged (blue) and negatively charged (red). The
white slab separates the most hydrophobic part of the protein (van der Waals
spheres) from the rest of the residues of both nature.

8.2.2 Electrokinetic and stability studies of latex-protein com-
plexes in presence of the tetraphenyl salts

We have studied the interactions of PS latex microspheres and the complexes with

the tetraphenyl ions. Previous studies [9-11] showed that the tetraphenyl ions

feel a great affinity for hydrophobic interfaces. The degree of hydrophobicity of
our experimental systems can be ranked as:

PS bare latex > (3-casein > BSA > 3-lactoglobulin

Therefore, we anticipate a different degree of ion-interaction with each inter-
face in the mentioned order.



170 Chapter 8. Interaction of organic ions with proteins

-3 & % | )
A 1 :
-4 L/m/ 1 1 4
_5 1 1 1 ! ! 1 1
1e-06 1e-05 0.0001 0.001 0.01 0.1
[Ph4AsCI] (M)
(c) |
100 F
=
10 |
more
hydrophobic
<«
1 1 1 1

1e-06 1e-05  0.0001
[Ph,AsCI] (M)

Figure 8.2: Electrophoretic mobility (a),(b) and stability (c),(d) measurements of
the anionic PS latex (0) and their latex-protein complexes: [-casein (<), BSA (O)
and [-lactoglobulin (A) against the tetraphenyl ion concentration.

(a), (c) results correspond to PhyAs*Cl~ salt at pH 10, and (b), (d) to Na*Ph,B~
salt at pH 4 (except for the S-lactoglobulin complex that was measured at —



8.2. Results and discussion 171

(b)

T
I
|

- :

1e-06 1e-05 0.0001 0.001 0.01 0.1

[NaPh,B] (M)

100 7
=
10 ¢ 7
more .
hydrophobic | \
- | |
I | 4@ ég
1 Lol L sl L M| : L ......? L L .é....l L M|
1e-06 1e-05 0.0001 0.001 0.01 0.1

[NaPh,B] (M)

pH 3). The solid lines of the 1, curves are used for guiding the eye. On the other
hand, the solid lines of the stability plots are linear fits to obtain the CCC values.
The vertical discontinuous lines indicate the unstability zone for the anionic latex
in presence of PhyAs*Cl~ and for the -casein complex in presence of Na*Ph,B~.
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First, we measured the . of the colloids as a function of the tetraphenyl ion
concentration. Both, the Ph,As™ cation and the Ph,B~ anion acted as counterions
for the protein-coated particles. The experiments were carried out at pH 10 (neg-
atively charged complexes) with the Ph,AsCl salt and at pH 4 (positively charged
complexes) with the NaPh,B. The . curves of the complexes are shown in Chap-
ter 7. As the f-lactoglobulin complex showed a p. value close to zero at pH 4
(Figure 7.11 (a)), the measurements with this protein were performed at pH 3.
The results for the protein-coated anionic microspheres are shown in Figure 8.2
(a) for the PhyAs™ cation and (b) for the Ph,B~ anion. In addition, the stability of
the colloidal particles in presence of the organic salts was studied. The results are
presented in Figure 8.2 (c) for PhyAsCl salt and (d) for the NaPhyB salt.

Mobility curves (Figures 8.2 (a) and (b)) show that for both ions the . de-
creases as the concentration of tetraphenyl increases. These results reflect the
screening of the surface charge as a function of the concentration. However, a dif-
ferent behavior between NatPh,B~ and the Ph,;As*Cl~ is observed. The . curves
for the PhyAs' are different for each system (8.2 (a)) while in the case of the
Ph,B~ the p. values for the three complexes are very similar.

Figure 8.2 (a) shows that s, is close to zero for the anionic PS latex at 1 mM of
Ph,;As*Cl™, at 10 mM for the 3-casein complex and almost at 100 mM for the glob-
ular protein complexes. The same order is followed in the stability results (Figure
8.2 (c)) which is reflected in the values of the critical coagulation concentration
(CCC) summarized in Table 8.1. Because this order follows the same sequence
given by the hydrophobicity of our systems, we can conclude that the PhyAs*
cation accumulates in a higher extension as the interface is more hydrophobic.

= System CCCppyasct - 1073 (M)  CCCpp,pna - 1073 (M)
v 2 3-lactoglobulin 25+ 3 1.25 + 0.05
2o BSA 34.9+0.7 0.47 + 0.02

3, [B-casein 45+0.1 0.20 £ 0.04

< Anionic latex 0.42 +0.01 Stable

Table 8.1: Critical coagulation concentration (CCC) of the anionic PS microparti-
cles and the latex-protein complexes with the tetraphenyl salts.

In contrast, we did not observe any apreciable difference in the NaPh,B concen-
trations to get p. ~ 0 for the different complexes (Figure 8.2 (b)). Nevertheless,
the stability results (Figure 8.2 (d)) reflect such differences in the CCC values for
the three complexes. In our opinion, the CCC values are so small that could not
be discriminated by electrophoretic mobility measurements. On the other hand,
these small values reflect the high affinity of the PhyB~ anion, acting as counterion,
for the interface of the proteins. By comparing the CCC values obtained with both
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tetraphenyl ions, we see that they are typically 20 to 100 times lower for Ph,B~
than for PhyAs™, in spite of the complexes have similar electrokinetic charges (in
absolute value), around 0.02 and —0.02 e/nm?, respectively. It is clear that the
interaction of the Ph,B~ anion is stronger than that of the Ph As™ cation. These
results are in line with those obtained in previous chapters with the PNIPAM sys-
tems. In addition, the CCC values corresponding to the NaPh,B electrolyte, shown
in Table 8.1, follow the hydrophobic order established by the thermodynamic cal-
culation: f-casein > BSA > (3-lactoglobulin (Figure 8.1). Thus, the Ph,B~ anion
is accumulated to a greater extent on increasingly hidrophobic interfaces. In the
case of the bare anionic latex, the organic anion acts as coion, consequently the
ion-adsorption increases the net charge of the colloid which stays stable in all the
ion concentration range.

Another implication of the strong interaction of these ions with the interfaces is
that they are able to produce charge inversion of hydrophobic surfaces at low salt
concentrations [9], as we have also observed with the PNIPAM microgels (Chapter
4). In the present case, we have found an important charge reversal of the anionic
latex in presence of the organic cation (Figure 8.2 (a)). This charge inversion
is also reflected in the stability curves (Figure 8.2 (c)). At concentrations where
the mobility values were close to zero, the latex became unstable (/W =1; aggre-
gate state). However, when the mobility sign changed, the latex particles showed
again stabilization. This re-stabilization is generated by the charge reversal; as
the concentration of PhyAs™Cl~ is further increased the latex aggregated again
due to the screening of the surface charge. Charge reversal was also observed for
the p-casein complex (Figure 8.2 (a)), although it was not important enough to
re-stabilize the system. In addition, a great charge reversal was observed with the
most hydrophobic complex (5-casein) in presence of the PhyB~ anion (Figure 8.2
(b)). This inversion produced a re-stabilization of the complex followed by ag-
gregation at higher concentrations (see Figure 8.2 (d)). Re-stabilization processes
mediated by hydration forces observed with hydrophilic interfaces are known [8,
14, 20-25] but to best of our knowledge, this is the first time that a re-stabilization
generated by charge inversion has been reported.

We also performed several experiments with the proteins adsorbed on cationic
PS latexes. Results on u. with the adsorbed proteins show a similar behavior
than that for the anionic particles (see Figure 8.3), indicating that the interfaces
of the complexes are similar in both cases. Moreover, the cationic latex shows
the same behavior than anionic latex, but changing the counterion/coion role for
the tetraphenyl ions. This is, ;. remained positive in the range of concentrations
studied for the Ph,As™ acting as coin, while a great charge reversal was observed
at 5:10~* M when the Ph,B~ acted as counterion.

From all these results we can conclude that the interaction of the tetraphenyl
ions with the proteins is strong enough to expect structural changes in the protein
conformation. These modifications have been monitored by QCM.
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Figure 8.3: Electrophoretic mobility measurements of the cationic PS latex (o)
and their latex-protein complexes: -casein (<), BSA (0) and -lactoglobulin (A)
against the Phy;As*Cl~ concentration at pH 10 (a) and against the Na*Ph,B~ con-
centration at pH 4 (b).
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8.2.3 Conformational changes in protein structure induced by
tetraphenyl salts (QCM study)

We have used the QCM-D to explore in more detail the interaction of the different
proteins with the hydrophobic tetraphenyl ions. The proteins were adsorbed at the
same medium conditions that in the previous QCM experiments (section 7.3). The
adsorption was performed onto a gold surface coated with a methyl-terminated
SAM (-CHj3), instead of the PS surface, since the tetraphenyl ions modify the PS
structure (see Methods section 2.8.2). After 30 min of protein adsorption the
solution in the QCM device was exchanged by protein-free buffer solutions at the
same pH. Subsequently, the adsorbed protein layers were exposed to basic or acid
buffers, solutions of NaCl 1 mM, and sequentially increasing concentrations of the
tetraphenyl salts. Finally, the protein layers were exposed again to buffer solutions
to verify the reversibility of the process.

After protein adsorption, we explored the conformational changes induced by
changing pH, and by the interaction between the proteins and the tetraphenyl
ions. Two scenarios were explored, with the hydrophobic ions acting either as
counterions (Figures 8.4-8.6; Ph,B~ at acid pH or PhyAs™ at basic pH) or as coion
(Figures 8.7-8.9; PhyAs™ at acid pH or PhyB~ at basic pH). A similar general trend
was observed for the three proteins. Substantial protein swelling was observed
when rinsing at pH10, as evidenced by the increment in AD,, (Figures 8.4 (a), 8.5
(a) and 8.6 (a)). However, rinsing with acid buffer slightly changed the protein
conformation (other than inducing some [-casein desorption, as discussed above
in section 7.3), as it is reflected in the small swelling of the proteins (Figures
8.4 (b), 8.5 (b) and 8.6 (b)). The influence of the tetraphenyl salts on protein
conformation is very revealing. When the hydrophobic ions act as counterions
of the adsorbed proteins, progressively increasing the salt concentration induces
first the decreasing and then the increasing of absolute values of AD,, and Af,,
and of Af, /n dispersion. As discussed below, we associate this non-monotonic
behavior to continuously increasing association of the hydrophobic ions to the
adsorbed protein films. Thus, the first stage points to protein dehydration (due
to decreasing the effective charge on the proteins) and film densification due to
greater screening of intermolecular repulsive electrostatic interaction at larger salt
concentrations. The second stage suggests the re-swelling of the films; charge in-
version is probably responsible for this behavior. On the other hand, when the hy-
drophobic ions act as coions, a progressive but less marked protein layer swelling
was observed with increasing salt concentration. It is truly remarkable that the
hydrophobic coions appear to get associated to the protein films overcoming the
electrostatic repulsion, evidencing the determinant role of the hydrophobic inter-
action (Figures 8.7-8.9).
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Figure 8.4: QCM-D measurements of BSA film in presence of (a) PhyAs™Cl~ at pH

10 and (b) Na*Ph,B~ at pH 4 (organic ions as counterions). Changes in frequency,
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Figure 8.5: QCM-D measurements of -lactoglobulin film in presence of (a)
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It appears that some irreversible ion adsorption occurs when the PhyB~ anion
acts as counterion of the proteins. As it can be observed in Figures 8.4-8.6, after
the treatment with hydrophobic salts the measured f and D only returned to
their original values (before exposure to salt) upon rinsing with salt-free buffer
solutions with the PhyAs™. For the three proteins investigated greater (lower)
Af,/n dispersion was observed for the acid (basic) conditions after exposure to
the salt-free buffer for the PhyB~. This indicates a certain degree of irreversibility
of ionic co-adsorption on the protein layer probably due to the higher capacity
of the Ph,B~ to penetrate into it, further enhanced by the electrostatic attraction.
It is also remarkable that the increase, in absolute value, of f and D was easily
reached for the Ph,As* as the concentration increased while for the Ph B~ this
increment was much slower. This suggests that the anions are being adsorbed
deeper in the protein layers. In contrast, when the hydrophobic ions acted as
coions (or after treatment with NaCl; Figures 8.7-8.9), similar f and D values
were obtained before and after salt treatment, suggesting the efficient removal of
the co-adsorbed hydrophobic ions.

A compilation of the AD3 and A f; results measured at different salt concen-
trations is presented in Figure 8.10 (in all cases, the experiments with the Ph,B~
anion were limited to lower salt concentrations due to its low solubility). The
general trends (dehydration or swelling) are observed at roughly the same salt
concentration for the different proteins. Nevertheless, clear differences were ob-
served in electrokinetic/stability measurements (cf. Figure 8.2). It is interesting to
compare the effect of the different tetraphenyl salts. When acting as counterions
of the proteins, it is apparent that PhyB~ induces similar effects than Ph As™ at
much lower concentrations (roughly a 10-fold reduction in concentration for sim-
ilar f or D changes), in agreement with electrokinetic and stability experiments
(cf. Figure 8.2). A much slower temporal evolution of f and D was also observed
for the proteins in contact with PhyB~ as counterion (cf. Figures 8.4-8.6). On the
contrary, no marked difference on the effect of both salts (in f and D shifts or
their temporal evolution) was observed when the hydrophobic ions were acting as
coions of the adsorbed protein.

Schematic illustrations of the different regimes of protein adsorption and ion-
protein interaction when ions act as counterions observed in this chapter are pre-
sented in Figure 8.11. We have drawn a cartoon for each organic ion because of
the different swelling of the protein layers at basic and acid pH and the different
final states reached with the Ph,As™ (Figure 8.11 (a)) and the PhyB~ (Figure 8.11
(b)) when rinsing with buffers. First, the proteins are densely adsorbed at pH
closed to pI; the formation of a compact layer is favored due to the reduced inter-
molecular electrostatic interaction at this close-to-neutrality condition (part (1)).
Changing the pH to basic or acid conditions increases the net molecular charge,
increasing intermolecular repulsion and favoring protein swelling (slightly for acid
pH and more significant for basic pH) (part (2)). For the case of 3-casein this pro-
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Figure 8.10: Changes in frequency and dissipation of the third overtone measured
at different salt concentrations. A f; and ADj; of the protein films in presence of
the tetraphenyl ions acting as counterions (left) and coions (right). Conforma-
tional changes of the three proteins are detected at roughly the same salt concen-
trations. However, for Ph,B~ in comparison with Ph,;As* a 10-fold reduction in
concentration for similar f or D changes is observed.

motes desorption of loosely adsorbed macromolecules. Addition of salt has sev-
eral effects. On one hand, the extension of the electrostatic repulsion is reduced
(screened) by adding NaCl or tetraphenyl salts. On the other hand, adsorption of
hydrophobic ions reduces the charge density when they act as counterions of the
preadsorbed protein layer. Progressively increasing concentration of hydrophobic
counterions first neutralizes (part (3)) and then reverses the charge promoting re-
swelling (part (4)) of the adsorbed layer. These results can be related with mobility
and stability measurements (Figure 8.2). Upon counterion adsorption the protein
layer is compacted, y. goes to zero reducing the stability of the system. The regime
of charge reversal was not accessible in electrokinetic/stability measurements (ex-
cept for the case of 3-casein) due to the aggregation of the protein-coated latexes.
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However, it is clearly evidenced in the QCM-D results. Finally, rinsing with salt-
free buffer solutions, reversibility is reached with the PhyAs* cation but not with
the Ph,B~ anion (part (5)).

(a)

@ adsorption at |(2) changing |3) o |@ ° ® ., °|O® rinsed with
neutral pH to basic pH e ° ® salt-free solution

(b)

@ adsorption at |(2) changing |(3) . |® ] ° ®) rinsed with
neutral pH to acid pH ® ° salt-free solution

Figure 8.11: Schematic cartoon of the proposed conformational changes undergo
by the protein films adsorbed onto a flat substrate. In presence of PhyAs*Cl~ salt
(a) and for NatPh B~ (b), tetraphenyl ions acting as counterions. (1) Proteins are
densely adsorbed at pH closed to pl. (2) Changing the pH to basic or acid con-
ditions increases the net molecular charge, increasing intermolecular repulsion
and favoring protein swelling (slightly for acid pH and more significant for basic
pH). (3) The tetraphenyl ions, Ph,As™ (fuchsia circles) or Ph,B~ (green circles),
are adsorbed onto the protein layer reducing the charge density when they act as
counterions. The protein film is compacted again. (4) At higher ionic concentra-
tions, the ion adsorption reverses the charge of the protein interface. The protein
layer is swollen more and more as the ionic concentration is increased. (5) Af-
ter rinsing with salt-free buffer solutions, reversibility is reached with the Ph,As™
cation but not with the Ph,B~ anion. The Cl~ ions are represented as blue circles,
whereas the Na* as orange circles.

Several aspects deserve to be highlighted. First, the different behavior observed
in presence of hydrophobic ions acting as coions or counterions is noteworthy.
When acting as coions, the effect of the hydrophobic ions seems to be completely
reversible. The opposite is true when Ph,B~ acts as counterion, suggesting par-
tially irreversible coadsorption. In addition, there is a more important but slower
influence of the hydrophobic anion acting as counterion. We have reported in the
past that this anion is able to strongly disrupt and even penetrate in soft-matter
systems, a behavior which we fail to observe for the case of the hydrophobic cation
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[11]. A similar scenario could explain the differences between both counterions
observed in the present study. On the contrary, both hydrophobic ions (anion or
cation) appear to be similarly effective adsorbing on equally charged proteins, i.e.,
when acting as coions. Finally, the charge reversal of the proteins in presence of
monovalent ions is truly remarkable. Charge inversion, associated to particular
phase transitions in biological or colloidal systems, has often been reported to
be a consequence of correlated adsorption of multivalent counterion or polyions,
when the concentration of adsorbed ions is large enough to overcompensate the
original charge. On the contrary, the charge reversal observed in this work is due
to different (“chemical”) reasons, related to the combined effect of electrostatic
and hydrophobic interaction leading to protein charge reversal, which appears at
very low concentrations of adsorbing hydrophobic ions.

8.3 Conclusions

In this chapter, we have studied how three proteins of different characteristics
interact with big hydrophobic ions. The proteins chosen are the two major al-
lergenic proteins of the cow’s milk: (-lactoglobulin and (-casein. Additionally,
we have studied the BSA as reference protein. Protein-coated PS microspheres
(complexes) were prepared by physical adsorption with the objective of obtain-
ing interfaces of different degree of hydrophobicity. Firstly, a quantitative study
to determine the hydrophobic degree of the proteins was performed. From these
results, the different systems were ordered in a standard hydrophobic scale as: PS
bare latex > (3-casein > BSA > [3-lactoglobulin.

The interactions of the tetraphenyl ions with other interfaces are dominated by
the hydrophobic effect [9, 11]. The accumulation of these organic ions onto an
interface depends directly on its degree of hydrophobicity. In addition, the PhyB~
anion always shows a more hydrophobic behavior than the PhyAs™ cation, in spite
of their similarities (size and chemical structure). In this study, we have checked
that the tetraphenyl ions interact strongly with the proteins mentioned in function
of their hydrophobicity.

The electrophoretic mobility and the stability of the complexes were investi-
gated as a function of the tetraphenyl ion concentration. The results indicate that
the tetraphenyl ions are accumulated in the interface reducing the electrostatic re-
pulsion between the particles and causing their aggregation when the ions act as
counterions. However, the affinity of the organic ions depends on the hydropho-
bicity of the interface. Thus, the ion concentration needed to screen the surface
charge is lower at higher hydrophobic interfaces. In addition, for the most hy-
drophobic interfaces (bare latex and [3-casein complex) the accumulation of the
ions was such that huge charge inversions occurred. This phenomenon was ac-
companied by the re-stabilization of the system. This is, at ionic concentrations
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higher than the critical coagulation concentration (CCC) the system is stable. In
contrast, the BSA and (-lactoglobulin complexes aggregate irreversibly at higher
concentrations. Another interesting factor observed was that the ionic concentra-
tions needed to destabilize these colloidal systems is roughly one order of magni-
tude lower for the anion than for the cation.

The interaction of the tetraphenyl ions with soft systems is so strong that we
have monitored conformational changes undergoing by the proteins with a Quartz
Crystal Microbalance device. Each one of the three proteins was adsorbed onto a
hydrophobic flat substrate and then were exposed to the tetraphenyl ions. The
protein films are capable of swelling or compacting in function of the individual
charge of the proteins. The tetraphenyl ions are accumulated onto the protein
film. When acting as counterions, they reduce the protein electrostatic charge and
the layer is compressed. However, at higher ionic concentration, charge reversal
causes repulsion between the protein molecules and the film is hydrated again. On
the other hand, when the ions act as coions the charge of the proteins increases
and the films are swollen with increasing ionic concentration. From these results,
we could infer that the charge inversion concentration is one order of magnitude
higher for the cation than for the anion, as in the electrokinetic/stability studies.

It is worth noting that, in all cases, the swelling process was instantaneous in
presence of the PhyAs™Cl~, whereas this process occurred in a slow and progres-
sive way with the Na®Ph,B~. This fact could be related with the ability of the
anion to penetrate deeper into the protein film and interact more strongly than
the cation. Interestingly, this difference dissapears when the ions act as coions.

From all these results, we can conclude that the interaction between ions and
interfaces depend directly on the hydrophobic degree of both, ions and interfaces.
The tetraphenyl ions feel higher affinity to the -casein than to the less hydropho-
bic proteins: BSA and (-lactoglobulin. On the other hand, we have observed that
the anion and the cation interact differently with these interfaces. This is related
with the dissimilar hydration of cations and anions [16, 18]. The anion shows a
more hydrophobic behavior. Thus, the ionic concentration needed to modify the
state of a protein is always lower for the Ph,B~ than for the Ph,As™. In addition,
it seems that the anion is able to penetrate deeper in soft systems than the cation.
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Computer simulations of organic ions
with model surfaces

9.1 Background

Big ions such as the Phy,B~ anion and the PhyAs* cation are particularly inter-
esting for the theory of electrolytes in solution because they are very similar in
all aspects (size, chemistry...) differing only in the anionic or cationic character.
Nevertheless, it is not clear whether the Ph,B~ anion and the Ph,As™ cation have
identical or different solvation and hydrogen bonding properties, which should
have an impact on the interaction of these ions with surfaces and interfaces. As
we have seen in this dissertation, simulation and experimental results have shown
dramatic differences between the interaction of the Ph,B~ anion and the Ph,As™
cation with soft matter (PNIPAM and proteins), being the interaction of the anion
much stronger.

It is not obvious, however, whether this difference shall be maintained when
these ions interact with a solid surface. For this reason, in this chapter we will
analyze the interaction of the PhyB~ anion and the PhyAs™ cation with hydropho-
bic/hydrophilic solid interfaces. This study is an extension of a previous work
where the interaction of the Ph,B~ anion with hydrophilic and hydrophobic solid
surfaces was considered [1].

9.2 Technical details for MD simulations

9.2.1 Ions in bulk water (no surface)

In order to study the hydration of the tetraphenyl ions, we performed NPT simula-
tions of the PhyB~ anion and the PhyAs™ cation with its corresponding counter-ion
(Na* or Cl-) immersed in water. The size of the simulation box was of 40 A x
40 A x 40 A (1943 and 1945 water molecules for the anion and the cation, re-
spectively). After 20 ns of simulation, we calculated the g(r) functions between

189
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the central atom of the tetraphenyl ions (B or As) and both hydrogen and oxygen
atoms of water molecules.

9.2.2 Ions and neutral surfaces

To quantify the interactions of tetraphenyl ions with both hydrophobic and hy-
drophilic neutral surfaces, we have carried out simulations with these ions and
the surfaces mentioned. The force field employed for both surfaces is based on
a generic model previously developed [2]. The hydrophilic or hydrophobic char-
acter of the surface is obtained by using different values for the ¢ Lennard-Jones
parameter for the atoms of the solid. A hydrophobic surface with a contact angle
of about 140° is obtained using ¢=0.164 kcal/mol. A hydrophilic surface with a
contact angle of 55° is obtained employing ¢=2.084 kcal/mol. For both surfaces
0=3.374 A. In our simulations, the surface was made of 400 atoms arranged in
four equal layers (of 100 atoms each one) of dimensions 33.74 x 33.74 A aligned
one above the other one forming a primitive cubic structure. The atoms of the
surface were maintained fixed during the whole simulation, as in previous studies
[1, 2].

On top of the surface, we placed a water slab containing 1640 water molecules,
a PhyAs™ cation and a Cl~ anion. The simulated system is shown in Figure 9.1.

The configurations obtained after 5-10 ns of NPT simulations were employed
as the starting point for free energy calculations of the water-mediated interaction
between the PhyAst and the surface. The potential of mean force (PMF) of the
Ph,As™ as a function of the separation of the surface (hydrophobic or hydrophilic)
was obtained performing biased MD simulations (10-20 ns) using the adaptive bi-
asing force technique (MD-ABF) [3], as described in the section 3.2.2 of Materials
and Methods. In the case of the hydrophobic surface we employed a force constant
of 5 kcal/(mol - A?). In the case of the hydrophilic surface we used a larger force
constant of 10 keal/(mol - A2). We obtained the PMF from the closest approach to
the surface until the interaction vanished, with 0.1 A resolution.

The data corresponding to the PhyB~ anion was taken from ref [1].

9.2.3 Interaction between ions and charged surfaces

The data previously obtained from MD-ABF simulations has been used to predict
the interaction between the organic ions and planar charged surfaces. We have
followed the methodology proposed in reference [4]. We have solved the Poisson-
Boltzmann equation for a flat surface including the specific potential (V) gen-
erated by the tetraphenyl ion, which has been calculated from simulations with
full atomistic detail. It is assumed that the density profile p;(z) of each ion i is
given by:
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o

Figure 9.1: Representative snapshot of the simulation system with the Ph,As™
cation. All atoms are represented with Van der Waals radius. Cl~ ion is shown
as a cyan sphere, the PhyAs™ is compound by an arsenic atom (pink), carbon
atoms (cyan) and hydrogen atoms (white). Atoms of the generic hydrophobic or
hydrophilic surfaces are shown in gray. Water molecules have been omitted for
clarity.

pi(2) = poexp(=BV;"MF (2) = Baio(2)) (9.1

where § = 1/kgT, po is the ionic density (number of ions per unit volume)
at bulk, ¢; is the electrostatic charge of the ion and ¢(z) the average electrostatic
potential. In equation 9.1, it is assumed that the specific potential and the elec-
trostatic potential are additives. The ¢(z) is obtained from the Poisson-Boltzmann
equation:

d2
- 8067«@(25(2) = Z qipi(2) (9.2)

where ¢y is the vacuum permittivity and ¢, is the dielectric constant of water.
This equation is subject to the boundary condition of bare charge density o, at the
surface at z=0:
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E0Er —/— = —0p (93)
dz z=0
The equations 9.1-9.3 have been solved numerically using a program available
in the Supporting Information of reference [1]. In this numerical solution, instead
of using the values of the VM obtained from the simulations, we have used
a fitting function to the PMF data. We employed the functions proposed in the
reference [1]:

VEPME(y — %) = A(z — 20)? exp [B (2 — )] (9.4

VEME(Z — 20) = Aexp[B (2 — 2+ C)?*] + D exp [E (z — 2))] (9.5)

with A, B, C, D and E as free parameters and z, corresponding to the distance
of maximum approach between the ion and the surface. The first function has
a minimum, so it is suitable for surfaces with adsorbed ions, whereas the latter
function represents a monotonic repulsion, being appropriate for reproducing a
surface-ion repulsion.

From the numerical solution of egs. 9.1-9.3 we can obtain the density profiles
of ions and the electrostatic potential of the surface. In this way; it is possible to
determine if there is ionic adsorption or charge inversion of the surface.

9.3 Results and Discussion

9.3.1 Ions immersed in water and their interaction with
neutral surfaces

We have performed all-atomic molecular dynamics (MD) simulations of the
Ph,As™ cation and the Ph,B~ anion as described above. As mentioned before,
these hydrophobic ions have the same chemical structure, valence and similar
size, thus the main difference is their global charge. In the simulation model used
here [5], the vast majority of the charge is in the central atom, whereas the partial
charges of the phenyl rings are small and similar between the anion and the cation
(see section 3.2.4 of Materials and Methods).

First, we present the analysis of the simulations carried out with the tetraphenyl
ions and both hydrophobic and hydrophilic neutral surfaces. During the NPT sim-
ulations we could observe that the tetraphenyl ions showed opposite behaviors
in presence of each type of surface. Both hydrophobic ions (PhyB~ and Ph As™)
adsorb onto the hydrophobic surface but they remain away from the hydrophilic
surface. Hydrophobic ions feel a great attraction to the hydrophobic surface, while
no attraction was found for the hydrophilic surface.
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Figure 9.2: Potential of mean force for the Ph,B~ anion (A) and the Ph As™ cation
(0) with hydrophobic (a) and hydrophilic (b) generic surfaces. In both cases the
PMF has been obtained by MD-ABF simulations. In the panel (a), solid lines rep-
resent the fit to the simulation results in order to use it for theoretical calculations,
whereas in (b), solid lines are used for guiding the eye. The abscissa coordinate
(z) represents the distance between the central atom of the ion (B or As) and the
top part of the surface, which is located at the origin (z=0). The data of the Ph,B~
anion has been obtained from a previous work [1].
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In order to quantify these interactions, we have conducted MD-ABF biased sim-
ulations to obtain the potentials of mean force (PMF) as described above. The
results are shown in Figure 9.2. The PMF is represented as a function of z, which
is the distance between the central atom of the ion (B or As) and the top part of
the surface. It can be observed that the interaction of tetraphenyl ions with hy-
drophobic (Figure 9.2 (a)) or hydrophilic surfaces (Figure 9.2 (b)) is completely
different. In the case of the hydrophobic surface, the PMF has a clear adsorption
minimum at z =3.4 A for the Ph,B~ anion and 3.2 A for the PhyAs* cation, with
a free energy of —6.00 kcal/mol and -3.64 kcal/mol, respectively. The depth of
the adsorption minimum indicates the magnitude of the interaction energy, which
is higher in the case of the anion (see Figure 9.2 (a)). It is interesting to com-
pare these results with those obtained for soft hydrophobic interfaces (PNIPAM
chains) in Chapter 4. We obtained a free energy of interaction of —37.7 kcal/mol
for the PhyB~ anion and -8.5 kcal/mol for the Ph,As™ cation with this polymer.
Therefore, the anion interacts more strongly with hydrophobic interfaces than the
cation. However, this difference between the anion and the cation is smaller in the
case of hard surfaces than in the case of soft interfaces. This is reasonable, since
soft interfaces are easily deformable and ions can penetrate inside them increasing
the hydrophobic interactions, which is not possible with hard surfaces.

In the case of the hydrophilic surface (Figure 9.2 (b)), the interaction is always
repulsive with a peak at z ~ 4 A for both ions, corresponding to the first hydra-
tion layer of the surface. The hydrophilic surface prefers to interact with water
molecules instead of interacting with these big ions and an extra energy would be
required to dehydrate the surface and to allow the contact between the ion and
the surface.

These results suggest that hydration seems an important factor to consider in
the ion-surface interactions. For both, hydrophobic surface and hydrophobic ions,
loosing hydration water molecules is favorable. Therefore, it is interesting to study
the possible changes in the hydration of tetraphenyl ions (Ph,B~ and Ph As™), in
solution and when they are adsorbed on a surface.

These ions have a particular cross-like shape, thus the first layers of hydration
are not clearly established. For this reason, we define here the ionic radius as the
distance between the central atom (B or As) and the most external group —CH of
the ion; these values are 5 A for the anion and 5.25 A for the cation. From this
definition of ionic size, it is possible to find several water molecules inside of the
ion.

In Figure 9.3 we show the radial pair distribution functions g(r) between the
tetraphenyl ions and water molecules when the ions are immersed in bulk water
(Figures 9.3 (a) and (b)) and when they are adsorbed on the hydrophobic surface
(Figures 9.3 (c) and (d)). The g(r) functions were calculated between the central
atom of the ion (B or As), and hydrogen or oxygen atoms belonging to water
molecules. The g(r) functions for both ions in solution look similar (see Figures
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9.3 (a) and (b)) due to their analogous structure, although there are significant
differences caused by their opposite charge.

Snapshots from the MD simulations of the tetraphenyl ions immersed in water
are represented in Figures 9.3 (e), (f) and (g). We can see the typical positions of
water molecules around the ions, which are consistent with earlier reports [5].

Let us consider first the results for the PhyB~ anion. In Figure 9.3 (e) we can ob-
serve two characteristic positions of water molecules around the anion. In the first
position (bottom of Figure 9.3 (e)) both hydrogen atoms of the water molecule
are oriented to two separate phenyl rings belonging to Ph,B~, whereas in the sec-
ond one (right in Figure 9.3 (e)) only one hydrogen atom is oriented to a phenyl
ring. These positions are responsible for the main peak of the g(r) function to a
distance of less than 4 A (Figure 9.3 (a)). As a consequence of these preferred
positions, the oxygen atom of the same water molecule is placed at 4.5-5 A from
the central atom (see Figure 9.3 (f)). This is reflected in the first peak of g(r)
(Figure 9.3 (a)). These water molecules are within the limit of the ionic radius,
5 A (blue arrow in the plots). This first peak caused by the inner molecules has
a value lower than 1, indicating that water molecules would rather being in bulk
instead of hydrating the anion. If we compare now the hydration of the anion in
solution and adsorbed on a surface (Figures 9.3 (a) and (c)), we can note that
the g(r) functions are a little different. The main peaks for both hydrogen and
oxygen atoms (water molecules) are approximately in the same positions. How-
ever, when the anion is adsorbed the peaks appear more pronounced and in this
case their maximum values are greater than 1 (the reference value for bulk wa-
ter). Therefore, the structure of liquid water around the anion, changes when it
is adsorbed over the surface. At this state, the anion does not disturb the liquid
water structure as much as it does when it is completely surrounded by water.

In addition, we have calculated the average number of inner water molecules
to the ion over the simulation time. The anion has a total of 5.5 inner water
molecules in solution (1-12 molecules), whereas for the adsorbed anion, this
value is reduced to 4.6. On average the anion lost 1 inner water molecule in
the adsorption process.

The situation is different for the hydrophobic cation, as can be observed in
Figure 9.3 (b). The g(r) function of the PhyAs™ cation and the hydrogen atoms
(water molecules) does not show a first peak. This implies that there is no direct
interaction, as in the case of the anion. Although both tetraphenyl ions have a
similar structure (one central atom and four phenyl rings), the hydrogen atoms of
water molecules interact more strongly with the anion. Therefore, the sign of the
charge of the ions plays an important role in the orientation of water molecules
around them, even for big hydrophobic ions like those studied here.

Regarding the oxygen atoms, g(r) functions in Figures 9.3 (a) and (b) show
a similar shape. For the cation, the distance between the As atom and the oxy-
gen atoms is around 5.5 A (Figure 9.3 (g)), larger than that obtained for the an-
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ion (~4.5 A). In general, oxygen atoms interact more strongly with cations than
with anions. However, in water molecules, oxygen atoms are bonded to hydro-
gen atoms which are placed in a favorable position around the anion. This makes
that the oxygen atom (in the same molecule) is placed at a certain distance from
the anion. Therefore, in the case of the tetraphenyl ions, the oxygen atoms are
situated closer to the anion than to the cation.

As can be observed in Figure 9.3 (b) water molecules around the cation, corre-
sponding to the first peak in g(r), are located at 5.5 A, farther than the ionic radius,
which is 5.25 A (indicated by the purple arrow). As we have done for the anion,
we compare now the hydration of the cation in solution and adsorbed on the hy-
drophobic surface. We can observe that the g(r) functions shown in Figure 9.3 (b)
and (d) are essentially identical. Therefore the structure of liquid water around
the cation remains unchanged when this ion is adsorbed on the surface. Again,
we have determined the average number of inner water molecules. The cation
has 6.1 molecules in solution (1-12 molecules) and 4.0 when it is adsorbed. This
means that in the adsorption process, the cation loses an average of 2 inner water
molecules.

9.3.2 Interactions between ions and charged surfaces

In the previous subsection we have obtained the PMF profiles by MD-ABF simula-
tions for the tetraphenyl ions and the generic neutral surfaces. The data shown in
Figure 9.2 (a) is now used to predict the interaction of the ions with hydrophobic
charged surfaces by numerical resolution of equations 9.1-9.3.

We have fitted the PMF data with the equation 9.4. The fit parameters are
A= —1942.97 and B = —13.1621 for the Ph,B~ anion [1], and A = —1172.58 and
B = —12.8921 for the Ph,As* cation, such that z is given in nm and energy in
kcal/mol. We take z; = 0.194 nm for the anion and z, = 0.166 nm for the cation
(the closest approach between the ion and the surface). The fitting functions are
only valid for z > z, (z is the distance between the central atom of the ion (B or
As) and the top part of the surface, which is situated at z = 0). In Figure 9.2 (a),
the fitting functions are represented.

The numerical solutions of eqs. 9.1-9.3 (results not shown) reveal that the
tetraphenyl ions are adsorbed over hydrophobic charged surfaces of opposite sign
(positively charged surfaces for the anion and negatively charged surfaces for the
cation). The analysis of ion distribution and electrostatic potential shows that
from a certain ionic concentration, the ions adsorb to a greater extent than the
surface charge density, then charge inversion of the surfaces is produced.

These numerical solutions have been used to calculate the minimum concentra-
tion of tetraphenyl ions required to cause charge inversion of surfaces with bare
charge density oq. The results are shown in the Figure 9.4. The linear behavior
of the numerical solution is consistent with the thermodynamic model which has
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been proposed in previous works [6, 7] with an adsorption free energy per ion
A,UO:

¢ = ;—ﬁl exp(Apo/ksT) (9.6)
where ¢ is the charge of the counterion (regarding the charge of the surface)
and H is the thickness of the layer formed by the adsorbed ions, which can be
interpretated as the ion size. In the Figure 9.2 (a) we note that the decay of the
PMF is roughly 0.5 nm for both ions. This amount is close to the radius of the
tetraphenyl ions (Figure 1.1) and to the ionic radius defined in this chapter (5 A
for the anion and 5.25 A for the cation). Thus, we have performed a linear fit
to the data with # = 0.5 nm (Figure 9.4) and we have obtained the adsorption
free energy per ion Aypy. The values are Apg = —8.5kgT for the PhyB~ anion and
Apg = —5.0kgT for the PhyAs™ cation.
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Figure 9.4: Minimum ionic concentration of PhyB~Na™ (A) and Ph As™Cl~ (O)
required to induce charge inversion in hydrophobic surfaces with charge density
+|oo| and —|oy|, respectively. Solid lines represent the linear fit applied to these
data, which was used to calculate the adsorption free energy per ion Ay, from a
theoretical model (eq 6). The results obtained are Ay = —8.5kgT for the anion
and Apy = —5.0kgT for the cation, with H = 0.5 nm for both ions. The data of
Ph,B~Na* has been extracted from the reference [1].

Regarding the inorganic ions, in the previous work [1], the PMF of Na* with
neutral surfaces, show that the interaction energy was very small in comparison
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with that obtained for the Ph,B~ anion. For this reason, we have not performed
the corresponding simulations for Cl~.

The results for the tetraphenyl ions show that these monovalent ions produce
charge reversal at very low ionic concentrations, especially the anion (see Figure
9.4). This is consistent with experimental results; for a typical colloid the charge
inversion takes place around 0.01-0.1 mM with the PhyB~ ([1] and Chapter 8)
and around 0.1-1 mM with the PhAs™ ([6] and Chapter 8), when the ions act as
counterions. Therefore, it seems that planar surfaces are a good approximation to
model colloids.

In conclusion, both organic ions feel a great attraction to hydrophobic inter-
faces. However the anion is more hydrophobic, showing a higher adsorption free
energy. Therefore, the minimum ionic concentration required to produce charge
inversion is much lower for the anion than for the cation. In spite of the fact that
both ions have a similar size, same chemical structure and net electrostatic charge,
their water-mediated interactions with planar surfaces are intrinsically different.

9.4 Conclusions

In this chapter, we have studied the behavior of big hydrophobic ions in presence
of generic planar surfaces; the different interactions have quantified by MD sim-
ulations. We have dealt with the Ph,B~ anion and the Ph,As* cation. These ions
are very similar in size, shape and chemical structure, but with opposite sign of
their electrostatic charges. During the simulations we have observed that these
ions are attracted and adsorbed on hydrophobic neutral surfaces and repelled by
hydrophilic neutral surfaces. We have verified that the favorable interaction of
both ions with the hydrophobic surface is represented by an adsorption minimum
in the Potential of Mean Force (PMF), and that the adsorption free energy is larger
for the anion (-6.00 kcal/mol) than for the cation (-3.64 kcal/mol). The interac-
tions between ions and surfaces are mediated by the water structure around both,
which is determined by the nature of the surface and the character of the ions.
In solution, the anion breaks the bulk water arrangement to a greater extent than
the cation, thus the anion shows a more hydrophobic character and its interaction
with the hydrophobic surface is stronger, than in the case of the cation. This fact
is reflected in the hydration changes of the anion when is adsorbed on the surface.
In contrast, no changes in hydration were observed when the cation is adsorbed.
In Chapter 4, we have seen that the different behavior of the anion and the cation
is enlarged when they interact with a hydrophobic deformable interface, since the
ions can penetrate inside it increasing the magnitude of the hydrophobic interac-
tion.

In addition, we have solved numerically a generalized Poisson-Boltzmann equa-
tion taking into account the simulation results for the interactions between the
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ions and the hydrophobic neutral surfaces, in order to determine their interac-
tions with hydrophobic charged surfaces. We have found that the amount of ad-
sorbed ions overtakes the bare charge of the surface, producing charge inversion.
This fact is in agreement with experimental measurements ([1, 6] and Chapter 8);
these monovalent and hydrophobic ions produce charge reversal on hydrophobic
colloids at low ionic concentrations. In each case, we have obtained the minimum
ion concentration needed to cause charge inversion depending on the bare charge
of the surface. From these data we have estimated the adsorption free energy per
ion, being —8.5 kzT (=5.07 kcal/mol) for the anion and -5.0 k5T (-2.98 kcal/mol)
for the cation. This means that the required ion concentration to produce charge
reversal is much lower in the case of the anion. Similar tendencies are observed
in experimental systems, thus we can conclude that planar surfaces are a good
approximation for modeling real colloids.

Our simulation results allow the understanding of the interactions between ions
and surfaces at the atomic level. We have corroborated that the hydrophobic effect
is the driving force in the organic ion adsorption on surfaces. As a consequence,
charge inversion is observed in the case of hydrophobic surfaces, but not for inter-
faces of hydrophilic character.

Therefore, even for big hydrophobic anions and cations with very similar prop-
erties, the water-mediated interactions with interfaces are intrinsically different.
The hydrogen atom is smaller than oxygen, thus the water molecule can aproach
closer to anions than to cations. This results on different hydrogen bonding ca-
pabilities for anions and cations, which makes an anion more hydrophobic than a
cation of equal size.



202

Chapter 9. Computer simulations of organic ions with model surfaces

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

Calero, C.; Faraudo, J.; Bastos-Gonzalez, D. Interaction of monovalent ions
with hydrophobic and hydrophilic colloids: Charge inversion and ionic
specificity. J. Am. Chem. Soc. 2011, 133, 15025-15035.

Huang, D. M.; Cottin-Bizonne, C.; Ybert, C.; Bocquet, L. Aqueous elec-
trolytes near hydrophobic surfaces: Dynamic effects of ion specificity and
hydrodynamic slip. Langmuir 2008, 24, 1442-1450.

Hénin, J.; Fiorin, G.; Chipot, C.; Klein, M. L. Exploring multidimensional
free energy landscapes using time-dependent biases on collective variables.
J. Chem. Theory Comput. 2009, 6, 35-47.

Schwierz, N.; Horinek, D.; Netz, R. R. Reversed anionic Hofmeister series:
the interplay of surface charge and surface polarity. Langmuir 2010, 26,
7370-7379.

Schurhammer, R.; Wipff, G. Are the hydrophobic AsPh,* and BPh,~ ions
equally solvated? A theoretical investigation in aqueous and nonaqueous
solutions using different charge distributions. J. Phys. Chem. A 2000, 104,
11159-11168.

Martin-Molina, A.; Calero, C.; Faraudo, J.; Quesada-Pérez, M.; Travesset,
A.; Hidalgo-Alvarez, R. The hydrophobic effect as a driving force for charge
inversion in colloids. Soft Matter 2009, 5, 1350-1353.

Besteman, K.; Zevenbergen, M.; Lemay, S. Charge inversion by multivalent
ions: Dependence on dielectric constant and surface-charge density. Phys.
Rev. E 2005, 72, 061501.









Conclusions

In this dissertation ionic specific effects have been investigated with both,
inorganic (classical Hofmeister) and organic ions. The main conclusions for the
different parts are enumerated below.

First part. PNIPAM chains and microgels:

1.

Organic ions interact strongly with hydrophobic soft interfaces (PNIPAM
chains and microgels). The interaction of the tetraphenyl ions with PNIPAM
neutral chains has been quantified by MD simulations, being the adsorption
of Ph,B~ four times more favorable than that of PhyAs™. The anion is able to
penetrate deeper and surround itself with polymer groups, while the cation
interacts with the surface groups.

. The hydrophobic effect appears to be the driving force for this strong ac-

cumulation that results in great charge inversions (overcharging) when the
tetraphenyl ions act as counterions (coions), as we have observed experi-
mentally by electrokinetic studies and AFM.

QCM has shown to be a powerful tool to characterize the viscoelastic prop-
erties of adsorbed PNIPAM microgels, allowing a reliable determination of
the T;.cs, which is very sensitive to the ionic environment.

Calorimetric data confirm that the tetraphenyl anion has a stronger affinity
to the hydrophobic PNIPAM interface than the tetraphenyl cation. This dif-
ference has been reflected in the displacement of 75 for both salts: while
Ph,B~ significantly reduced the T}cg at low concentrations, PhyAs™ slightly
increased this temperature in the range of concentrations studied. In addi-
tion, the shapes of the endothermic peaks were also different, being those of
the Ph,B~ much shorter and wider than those of the Ph,As™. And, more im-
portant, the formation of long-lasting small particles with very narrow size
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distributions at temperatures higher than 75 was observed for the Ph,B~
anion, but not for the Ph,As™ cation.

QCM and DSC measurements have shown that, in the case of inorganic an-
ions, strongly hydrated ions and weakly hydrated ions provide different re-
sults in the PNIPAM transition. The 7Ty values obtained for the different
salts varied according to the Hofmeister series. This indicates that more hy-
drated anions can easily dehydrated PNIPAM chains reducing the T;¢s in a
higher extension than less hydrated anions. Therefore, we can say that the
solvation degree of ions plays a fundamental role in ionic specificity.

Second part. Proteins:

1.

The main characteristics of the well-structured globular proteins (BSA and (-
lactoglobulin) and the more disordered and flexible protein (/3-casein), have
been determined by simulations and theoretical calculations. Using QCM we
have shown that the globular proteins are adsorbed rigidly as monolayers. In
contrast, $-casein forms a loosely adsorbed multilayer. MD simulations with
[-casein indicate that the protein adsorption barely depends on the charge
of the surface, since is driven by hydrophobic interactions.

Protein-coated latex microspheres have been prepared and characterized by
electrophoretic mobility (y.) measurements. Our experimental p. results
have been interpreted in terms of theoretical models of counterion conden-
sation. The theoretical models used are based on the reduction of the charge
of highly charged surfaces by counterion adsorption. The effective charge
depends on the Debye length, related with the ionic concentration in the
medium.

From thermodynamic calculations we have determined that [-casein is
the most hydrophobic of the proteins studied, followed by BSA and (-
lactoglobulin. Interfaces of different hydrophobic degree were obtained ad-
sorbing the proteins on latex microparticles. We have corroborated, with .
and colloidal stability measurements, that the interaction of the tetraphenyl
ions is directly related with the hydrophobic degree of the interface. The
ion adsorption increases and the ionic concentration needed to screen the
surface charge decreases with surface hydrophobicity.

. Tetraphenyl ions strongly interact with proteins, producing conformational

changes, which have been monitored by the QCM technique. These changes
depend on the ions acting as coions or counterions and on their concen-
trations. At low counterion concentrations, rigid proteins films are formed
when the ions screen electrostatic repulsive interactions between the pro-
teins. In contrast, at higher concentrations, swollen protein films are ob-
tained when the adsorption of the ions enhance the total electric charge of
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the film. This happens when the organic ions act as coions or when charge
reversal was observed (ions as counterions). In general, the same protein
state can be achieved with PhyB~ and Ph,As™, although larger cation con-
centrations (ca. 10 times) are necessary to achieve similar effects.

Third part. Model surfaces:

1. MD simulations have shown that tetraphenyl ions are attracted and adsorbed
over hard hydrophobic neutral surfaces and repelled by hydrophilic ones. In
the case of the hydrophobic surface, the favorable interaction is nearly two
times larger for the anion than that for the cation.

2. From the simulation results, a theoretical model is proposed to estimate
the minimum ionic concentration needed to produce charge reversal on hy-
drophobic charged surfaces. This concentration is lower for the anion than
for the cation, as we expected from the more favorable interaction of the
anion with this kind of interfaces. In addition, this is consistent with experi-
mental results obtained with latex microparticles.

To sum up, we can conclude that the studies performed in this dissertation
support a mechanism of accumulation of chaotropic (kosmotropic) ions onto hy-
drophobic (hydrophilic) interfaces and exclusion from hydrophilic (hydropho-
bic) surfaces. We have observed, in particular with organic ions, a strong ion-
adsorption onto hydrophobic and soft interfaces. This interaction has been quan-
tified with the tetraphenyl ions (classified as super-chaotropes) by simulation and
theoretical results in good agreement with the experiments. On the other hand,
it has been also manifested the difference between anions and cations. In spite of
their structural similarities, the tetraphenyl anion and cation clearly show differ-
ent behavior in both situations, in solution and interacting with other interfaces,
as is shown by experiments, theoretical calculations and simulations. It seems that
anions disrupt the bulk water structure beyond that cations of similar characteris-
tic, showing a more hydrophobic character. In addition, the different behavior is
enhanced when ions interact with soft systems instead of hard surfaces, since the
ions can penetrate inside them increasing the hydrophobic interactions.
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The work performed during this doctoral thesis open new questions about ionic
specificity that could be explored with more different studies. It would be inter-
esting to delve into the study of the interaction between the tetraphenyl ions and
proteins by MD simulations. This kind of studies will allow us to quantify this
favorable interaction and to detect the protein groups involved in the process. In
this way, we will obtain some information about the origin of the ion-protein inter-
action and the role that water plays on it, as we have studied for the tetraphenyl
ions with PNIPAM. A deeper study of the re-stabilization mechanisms in colloids
produced by charge inversion and hydration forces should be very valuable. This
last issue has not been explored in this thesis, however it is an interesting mech-
anism observed with several experimental systems which has shown to be very
sensitive to ionic specificity. The suitable combination of experiments and simula-
tions may provide us some clues about the microscopic causes that result in these
macroscopic behaviors.
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