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Supervisor’s Foreword

Interaction of inorganic colloids with soft matter covers a wide range of phenomena
that play an important role in the natural environment as well as in industrial and
biomedical applications. In his Ph.D. work, Bhuvnesh Bharti addresses fundamen-
tal questions about the interaction of surfactants and proteins with nanoscale silica
materials. Concepts developed from the study of interactions of soft and hard matter
at the nanoscale are then used for assembling permanent linear chain structures of
oppositely charged polystyrene microbeads.

Threadlike molecular assemblies are excluded from narrow pores unless attrac-
tive interactions with the confining pore walls compensate for the loss of con-
figurational entropy. In the thesis it is shown by small-angle neutron scattering
(SANS) that wormlike micelles of the nonionic surfactant C,,E5 can be assembled
in the 8 nm tubular nanopores of SBA-15 ordered mesoporous silica by adjusting
the interaction of the surfactant with the pore walls. In addition, the curvature of
the adsorbing surface also has a significant influence on the morphology of the
surface aggregates. This is indicated by an observed strong decrease in the limiting
adsorption of C,,Es with decreasing diameter of silica nanoparticles. I believe that
the concept of tuning the surfactant—substrate interactions by changing curvature
or by adding a surface modifier will be applicable to a variety of self-assembling
molecules and nano-curved surfaces. Experimental and theoretical follow-up stud-
ies have confirmed the importance of this work.

pH-induced ionization of weakly acidic or basic surface groups on colloi-
dal particles represents another important route to manipulate interactions at the
nanoscale. Specifically, the interplay between attractive and repulsive interac-
tions of a pair of oppositely charged particles can lead to the formation of unique
supramolecular assemblies. In the thesis, the globular protein lysozyme and sil-
ica nanoparticles (20 nm) have been chosen as a model system which was stud-
ied by a combination of experimental techniques over a wide range of pH and
ionic strength. It was found that the adsorption affinity and binding capacity of
lysozyme on the silica particles increases strongly with increasing pH, indicat-
ing the directing role of electrostatic interactions in the adsorption processes.
Analytical centrifugation and small-angle X-ray scattering studies showed that
the adsorbed protein induces bridging aggregation of the silica particles. Compact
aggregates were formed at pH 4-6, but loose flocculated network at pH 7-9,
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followed by a sharp decrease in aggregate size near the isoelectric point (IEP) of
lysozyme. The results of silica aggregation in the presence of lysozyme were com-
pared with a similar globular protein (cytochrome C). In this case, a shift in the
aggregating pH regime was observed and attributed to the non-uniform surface
charge distribution of the cytochrome C. These studies have already been widely
appreciated in the scientific community.

As concluded from the protein-particle project, oppositely charged colloidal
particles snap on contact and form permanent, but disordered aggregates. In con-
trast, AC-electric fields can cause a directional assembly of chains from repulsive
particles by dielectrophoresis (DEP), but these structures fall apart once the field
is switched off. In this thesis it has been demonstrated that well-organized, per-
manent clusters and chains of micron-sized particles can be assembled by apply-
ing DEP to mixtures of oppositely charged microspheres. It was found that the
assembly process depends on the size ratio as well as the number ratio of the two
particles, and a set of assembly rules for the structures resulting from the process
could be formulated. This study forms a basis for tailoring new classes of perma-
nent supra-colloidal clusters and gels.

Berlin, Germany, April 2014 Prof. Gerhard H. Findenegg
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Part I
Introduction and Basics

After a general introduction to the subject area and the systems studied (Chap. 1),
the main experimental methods used for studying the system, including the measure-
ment of adsorption isotherms, small angle scattering and diffraction, are summarized
in Chap. 2. A detailed account of the analysis of the scattering data and the theory
behind it is given in Chap. 3. This chapter also explains the basics of particle chain-
ing in an AC-electric field due to dielectrophoresis (DEP), and provides a detailed
account of the statistical approach for predicting the length of permanent chain struc-
ture developed in this work.
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Chapter 1
Introduction

1.1 Why Study Colloidal Interactions?

Colloid science is known to the scientific community for 150 years since the
pioneering work of Thomas Graham in the 1860s. In terms of length scales, the
colloidal regime is roughly considered between 1 nm and 1,000 nm [1]. It covers
the size range between simple molecules and objects visible in a light microscope.
In many cases a colloidal system consists of two distinct phases: a dispersed
phase (or internal phase) and a continuous phase (or dispersion medium).
Depending upon the form of dispersed phase and dispersion medium, colloidal
system can be solid in liquid, liquid in liquid, liquid in gas, etc.

The interactions between colloidal particles play a vital role in colloidal stabil-
ity and lead to a wealth of important and interesting kind of dispersion behavior
[2, 3]. Colloids consisting of nano and micron sized particles play an important
role in industrial products like paints, varnishes, inks, cosmetics, etc. [4, 5], and
are also extensively involved in food products [6, 7] and bio-medical applications
[8-10] like imaging [11], bacterial detections [12], protein fibrillation [13], also
as drug carriers [14]. Large-scale structures (one-, two-, or three-dimensional),
assembled by colloidal particles as their building units have found applications in
many fields of modern technology, including infrared-emitting nano crystals [15],
surface coatings [16], single-nanowire light emitting diodes [17], single electron
transistors [18] and in microfluidic devices [19]. Interactions between nano- and
micro-sized inorganic colloid particles of fixed shape (hard matter), as well as
interactions between hard and soft matter (surfactants, proteins and polymers) is
of great relevance in the field of nanotechnology and holds the key to the stability,
fabrication and properties of the nanomaterials. Hence, studying the interactions in
the colloidal domain is of importance not only for their bio-medical applications
but also for the improvement and betterment of many daily-use industrial products.

B. Bharti, Adsorption, Aggregation and Structure Formation in Systems 3
of Charged Particles, Springer Theses, DOI: 10.1007/978-3-319-07737-6_1,
© Springer International Publishing Switzerland 2014
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1.2 Interaction of Nanoparticles with Nonionic Surfactants

Surfactant adsorption involves the transfer of amphiphilic molecules from bulk
solution to an interface. This transfer can cause drastic modifications in the hydro-
phobicity, surface charge, and other key properties of the interface, which in turn
govern interfacial processes such as flocculation/dispersion, flotation, wetting,
detergency, and corrosion inhibition [20-22]. Nonionic surfactants form an impor-
tant class of amphiphiles, which are extensively involved in various biological and
industrial processes [23]. Surfactant adsorption on hydrophilic and hydrophobic
surfaces has been the focus of many recent studies [24-26]. Surfactant-surface
interactions may include electrostatic, hydrogen bond and hydrophobic forces, and
more specific interactions such as Lewis acid-base interactions. In the case of non-
ionic surfactants, the strength of interaction between the surfactant head groups
and hydrophilic surface is considerably weaker than the coulomb interaction
between an oppositely charged surfactant-surface pair [27]. In our specific case,
the adsorption of ethoxylate surfactants (CiE;) on to a silica surface involves the
formation of hydrogen bonds between the ether head groups of the C;E; molecule
and the surface silanol (Si-OH) groups of silica. The hydrogen bonds formed can
be either direct or mediated by bulk water [28]. The surfactant adsorption and
its aggregate morphology depend on interaction energy (function of adsorption
energy) between the ethoxylate head group of CiE; surfactant and silica surface
[29]. The surface of silica can be modified by the addition of small molecules like
alcohols and depending on net interaction potential between silica and surfactant,
it can either attach or desorb from the silica surface. There have been many studies
reported in literature, comprehending the adsorption of ethoxylate surfactants on a
flat surface [30-32]. However, the factors affecting the adsorption on curved sur-
faces are still not well understood. In the thesis, we give a detailed account of the
factors affecting the binding strength of C,Es surfactant on spherical silica nano-
particles (positive curvature [33]) and in the nanopores of SBA-15 silica (negative
curvature [33]).

Adsorption on silica nanoparticles: Silica nanoparticles and their composites
with surfactants are extensively used in the field of oil recovery [34], foam stabi-
lizations [35], sensors [36] etc. Hence, studying the interaction of nanoparticles
with the surfactant molecules is of great practical relevance. In the work earlier
done in our group [37], it was found that nonionic surfactants adsorb at silica in
the form of small surface micelles rather than a uniform bilayer. In addition, it
was also established that the morphology of the surfactant surface aggregate can
be tuned by changing the curvature (size) of the silica nanoparticles [38, 39].

The studies mentioned above pose the obvious question what are the implica-
tions of curvature effect on limiting surface excess of amphiphile? To address this
problem, we have studied the adsorption of C7E5 surfactants on silica nanopar-
ticles of different sizes. From our adsorption isotherm measurements, we proved
that the maximum amount of surfactant adsorbed per unit area of the silica surface
decreases with the decrease in the particle size. Another question we have studied
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is the effect of a surface modifier (lysine) on the surfactant binding affinity to
silica nanoparticles. The transitions occurring in the surfactant aggregate structure
with small additions of surface modifier were followed by Small Angle Neutron
Scattering (SANS). The scattering study revealed that the addition of lysine forces
a morphological transition of surfactant aggregates from discrete surface micelles
attached to the particles to elongated (wormlike) micelles in bulk.

Adsorption in cylindrical pores: Silica materials with highly ordered
mesopore structure have been employed in chromatography [40], drug delivery
[41], and related applications [42]. The synthesis of these silica materials involves
the use of surfactant mesophase as templates [43]. Nonionic polymer surfactants
(e.g. PEO-PPO-PEO) are widely used in the synthesis of silica mesoporous mate-
rials; [44] their interaction with the oxide surface plays a vital role in determining
the physical properties of the synthesized materials e.g. porosity, size, pore mor-
phology etc [45, 46]. The surface aggregate morphology of a nonionic surfactant
C12Es in the pores of SBA-15 has been previously studied by our group [47]. In
the earlier study it was proved that the surfactant forms discrete patches adhering
to the pore-wall of SBA-15. A fundamental question that arises from the study is
Can we alter the surfactant aggregate morphology inside the pores? As explained
earlier, the morphology of the surfactant on a surface depends on the adsorption
energy, which can be altered by the addition of some small molecules. In this pro-
ject, we modulated the interaction of surfactant with the SBA-15 pore-wall by the
addition of lysine as a modifier. The change in aggregate morphology inside the
pores was followed by Small Angle Neutron Diffraction (SAND). Interestingly,
we discovered that the addition of surface modifier causes Cj2E5 to desorb from
the pore wall, but there exists a rather wide lysine concentration regime where the
displacer is able to detach the surfactant patches from the pore wall but the sur-
factant still remains in the pores, forming elongated (rods or wormlike) structures.

Our SANS, SAND and adsorption measurements for the surfactant C1;E5 for
two silica materials with opposite surface curvature give conclusive evidence
that highlights the effects of surface curvature (particle size) and surface modifier
(lysine) on the adsorption of nonionic surfactant to curved silica surfaces.

1.3 Protein-Nanoparticle Interactions

Proteins are biopolymers made up of amino acid monomers arranged in specific
geometries in three dimensional space. Proteins make up the bulk of the structural
components of cells and play a key role in intra- and inter-cellular signaling [48].
Globular proteins are an important class of proteins and have more or less spheri-
cal shape, induced by their tertiary structure. Hydrophobic side-groups of globu-
lar proteins tend to be buried in the interior of the molecule, with most of their
charged groups on the periphery of the protein. Globular proteins are relatively
compact objects and are commonly treated as hard nanocolloids [48].
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In the last decade, there has been an enormous increase in the availability of
nanomaterials that have potential applicability in biomedical sciences [49, 50].
The use of nanomaterials for in vivo functions results in a direct contact
between the synthetic material and the biological matter. Proteins are one of
the major components of biological matter, and their interaction with foreign
surface (nanomaterials) determines the response of a living cell against the
incubated materials [51]. There have been many recent attempts to apprehend
the interaction of nanomaterials with the biological entities [52-54], includ-
ing proteins with solid surfaces [55, 56], but no conclusive generalization has
been drawn, primarily because of the complexity of the nature of interactions
involved [57-59]. Depending upon the nature of surfaces, proteins can either
adhere to or get repelled from the substrate. Protein adsorption on a flat or
a curved surface is a complex process in which the structural stability of a
protein, the ionic strength and pH of the solution, and the hydrophobicity or
hydrophilicity of the interacting surfaces are known to influence the protein
binding to the given interface [60, 61]. The adsorption of proteins to nanopar-
ticles not only brings about changes in secondary and tertiary structure of pro-
teins, but also affects the surface properties and stability of the sorbent particle
solution. Hence, the study of changes induced in nanoparticle dispersions by
the protein adsorption is of great relevance in biotechnology and the biomedi-
cal field.

Protein adsorption on a surface is the net result of the various interactions
between and within the system components, which include the sorbent surface, the
protein molecules, the solvent (water) and any other solutes present such as low
molecular mass ions [62]. The origin of these interactions include Lifshitz-van
der Waals forces (i.e. dispersion, orientation and induction forces), Lewis acid-
base forces (including hydrogen bond forces), electrostatic forces (including ion
pairing) and more entropically based effects such as the hydrophobic effect (at
least under ambient conditions) and internal packing (steric/excluded-volume)
restrictions [63]. There have been many recent attempts to probe and understand
the interactions between protein and adsorbent’s surface [64, 65]. Daly et al. [66]
studied the reorganization of lysozyme on a flat silica surface, using total inter-
nal reflection fluorescence, streaming current and optical reflectometry. It was
concluded that lysozyme undergoes an irreversible reorientation to a configura-
tion that places its most positively charged patch against the negatively charged
silica surface. Neutron reflectometry was used to study the effect of solution pH
on the structure of lysozyme adsorbed at a flat silica surface [67]. On the other
hand, the understanding of protein interaction with small nanoparticles is rather
limited. Vertegel et al. [68] have studied the influence of silica nanoparticle size on
the deformation of the adsorbed lysozyme. It was concluded that with increasing
size of the particles the curvature-induced protein structure deformation becomes
more pronounced than on very small particles. In a separate study by Lundqvist
et al. [69], similar results of the particle’s curvature were obtained for the adsorp-
tion of human carbonic anhydrase on silica nanobeads.
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As a part of this PhD project, we studied the interaction of globular proteins
with silica nanoparticles from a colloid science point of view. Lysozyme and
cytochrome C were chosen as model proteins. High structural stability of
lysozyme and cytochrome C, makes them good models for “hard” proteins [70].
Spherical silica nanoparticles of 20 nm diameter with low polydispersity (210 %)
were synthesized and characterized by the methods explained in Chap. 2. The
amount of lysozyme bound to silica nanoparticles was determined by adsorption
isotherms (Chap. 2) over a wide range of pH and dispersion salinity. A pronounced
influence of pH and dispersion salinity was found on the maximum adsorption
amount, indicating the important role of electrostatic interactions in these sys-
tems. Lysozyme adsorption on silica nanoparticles was accompanied by a pro-
tein-induced aggregation of silica nanoparticles. This aggregation was observed
to be completely reversible with pH. A combination of analytical centrifugation,
cryo-TEM and Small Angle X-ray Scattering (SAXS) was used to characterize the
properties and structure of the hetero-aggregate over the pH range from the Iso-
Electric Point (IEP) of the silica to the IEP of lysozyme. The aggregation behavior
was also studied for a similar globular protein cytochrome C. SAXS and turbidity
measurements of silica-cytochrome C composites at different pH show the differ-
ent aggregation pH regimes. We propose that the observed differences are due to a
more unsymmetrical distribution of surface charge on cytochrome C in compari-
son to lysozyme.

1.4 Supra-Colloidal Permanent Assembly of Microparticles

As discussed in the Sect. 1.3, silica nanoparticles were observed to form hetero-
aggregates with oppositely charged proteins. This hetero-aggregation was non-
directional and essentially random. Although the pH of the dispersion does allow
some control over the aggregate morphology, a direct tuning of the aggregate
structure was not possible in the protein/silica systems. Based on our protein-
particle aggregation studies, the question arises How it may be possible to control
the morphology of a biparticle system exhibiting strongly attractive interaction,
i.e. to assemble an aggregating pair of positive and negative particles into long-
range ordered arrays. To address this question, the effect of an external electric
field on the hetero-aggregation of latex microspheres was studied. Micrometer
sized particles were used in order to simplify the experimental characterization of
the system.

Assembling colloidal particles is an active and challenging field of materi-
als science. In the past decade, there have been a number of studies focusing
on patterning of colloidal particles [71], primarily because of their potential
applications in surface-coatings [72], nano-electronic devices [73], nanofluidic
sieves [74] etc. Assembled linear structures of microparticles have been stud-
ied extensively in view of their potential application in microcircuits [75]. One
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of the most widely used methods for drawing micro particles to linear chains
is through the application of external fields (electric or magnetic) [76]. In the
presence of external alternating electric field, dielectric particles (e.g. latex)
tend to align into chain structures along the direction of applied field. This phe-
nomenon is called Dielectrophoresis (DEP) [77]. In the presence of electric
field, each dielectric particle has a net induced dipole moment and because of
the dipole-dipole interaction between the particles, long range, highly ordered
structures can be formed (for details see Chaps. 3 and 9). DEP-induced struc-
tures formed by equally charged particles are temporary and last only as long
as external field is applied. The structure completely disintegrates upon remov-
ing the external field, primarily because of the surface charge-charge repulsion
between the particles.

In order to exploit the field-induced chain formation for harvesting permanent
structures, particles should remain in their assembled state even after the external
electric field is switched off. For achieving such ‘everlasting’ chain structures,
we used a bi-particle system, i.e. a dispersion of two types of colloidal particles
having opposite surface charges. By replacing equally charged with oppositely
charged micro-particles, we introduce a short-range strongly attractive poten-
tial between the particles. DEP is then used to drag the particles near the surface
contact point, where the strong attractive electrostatic potential glues the particles
together (i.e. forms hetero-aggregate) and the structures formed survive when the
electric field is switched off.

In addition to developing a novel experimental technique for synthesizing
such permanent structures, we developed a theoretical approach based on a
statistical model that predicts the chain length distribution for a given size
ratio and number ratio of the positive and negative particles. On further devel-
opment of this model and experimental technique, it should be possible to
tune the chain length depending on the requirement of any industrial or bio-
chemical process.

1.5 Overview

As outlined above, the focus of this PhD project was to accomplish a better
understanding of the interaction phenomena of colloidal particles with soft mat-
ter. From a colloidal science point of view, many aspects of these interactions
depend on surface curvature (particle size) and surface chemistry (surface energy
and charge). Dispersions of silica nanoparticles were used as model systems for
studying the effect of surface curvature (particle size) and surface energy on the
adsorption of nonionic ethoxylate surfactant Cj2Es. On the other hand, surface
charge on silica nanoparticle surface as well as the net charge of protein mole-
cules are premium factors in controlling protein adsorption at nanoparticles and
protein-induced nanoparticle aggregation.
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As explained above, protein-nanoparticle aggregation was non-directional. In
order to achieve a directional hetero-aggregation, a mixture of oppositely charged
latex particles was forced to aggregate in the presence of an external electric field.
In the thesis research we tailored the interactions between polystyrene colloidal
particles and developed a novel approach for harvesting permanent linear chain
structures.
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1.6 Thesis Outline

This thesis is organized into five parts and the details and the contents of each part
are given as follows:

1.6.1 Part-I: Introduction and Basics

After this general introduction to the subject area and the systems studied
(Chap. 1), the main experimental methods used for studying the system, including
the measurement of adsorption isotherms, small angle scattering and diffraction,
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are summarized in Chap. 2. A detailed account of the analysis of the scattering
data and the theory behind it is given in Chap. 3. This Chapter also explains the
basics of particle chaining in an AC-electric field due to dielectrophoresis (DEP),
and provides a detailed account of the statistical approach for predicting the length
of permanent chain structure developed in this work.

1.6.2 Part-1I: Curvature and Surface Energy Effects
on the Interaction of Hydrophilic Silica
with Nonionic Surfactant

In Chap. 4, we present the results of adsorption and SANS measurements aimed
to study the effect of particle size and surface modification of silica nanoparticles
on the self-assembly of surfactant Ci,Es. Chapter 5 deals with the complementary
situation of the self-assembly of the surfactant in cylindrical nanopores of SBA-15
silica and the effects of a surface modifier on the binding tendency of the Cj2Es
surfactant to the pore-walls are also presented.

1.6.3 Part-111: Adsorptive and Aggregative Effects of Proteins
on Silica Nanoparticles

Part TII of the thesis presents the studies of the interactions between silica
nanoparticles (20 nm) with two globular proteins, cytochrome C and lysozyme.
Chapter 6 deals with the effects of pH on the adsorption of lysozyme to silica
nanoparticles and the protein-induced aggregation of the silica particles. In direct
continuation to these studies, Chap 7, focuses on the effect of ionic strength on the
adsorption and the concomitant aggregation of the protein/silica system. Chapter 8
highlights the differences in the aggregation induced behavior observed for lysozyme
and cytochrome C with silica.

1.6.4 Part-1V: Field Directed Assembly of Hetero-Aggregating
Microparticles

Part IV of the thesis reports formation of permanent long chains made up of positive
and negatively charged latex particles. In Chap. 9 we demonstrate how the hetero-
aggregation phenomenon and DEP can be combined to assemble permanent linear
structures. We provide a complete characterization of the chains formed for two dif-
ferent particle size ratios and different number ratios of the positive and negative par-
ticles. We also present an analysis of the data according to a new statistical model.
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1.6.5 Part-V: Summary and Outlook

To conclude, a short summary of the work is given which indicates how the
different projects studied address and contribute to the better understanding of
the colloidal interactions. We also propose an outlook of the projects to highlight
the possible extension and applications of the studied projects.
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Chapter 2
Methods

2.1 Synthesis and Characterization of Silica Nanoparticles

2.1.1 Synthesis

Silica nanoparticles of diameter 12, 21 and 42 nm were prepared by the hydrolysis
of tetraethyl orthosilicate Si(OC,Hs)4 (TEOS) with water. The reaction taking place
is a sol-gel process and is shown below:

Si(OC;Hs)4 + 2H,0 — SiO; 4+ 4C,HsOH

The reaction proceeds by hydrolysis of TEOS to Si(OH)4 and a series of condensa-
tion reactions that convert the orthosilicic acid into a mineral-like solid via the for-
mation of Si-O-Si linkages [1]. Reaction was carried out in the presence of the basic
amino acid lysine as reported by Davis et al. [2] and Thomassen et al. [3] In a typical
synthesis 0.51 g of lysine monohydrate was dissolved in 102 mL milli-Q water in
a 250 mL round bottom flask (RB). After equilibration at 60 °C for 1 h, 16 mL of
TEOS was added dropwise and the reaction mixture was kept in the reaction ves-
sel at an optimized temperature and stirring rate. The resulting silica dispersion was
dialyzed to remove unreacted TEOS and reaction by-products, using dialysis mem-
branes with a molecular-weight cut-off at 14 kDa. Dialysis was carried for 1 week
with changing of milli-Q water twice per day. Bigger aggregates of silica formed
during the reaction were removed from the dialyzed dispersion by a series of filtra-
tion steps. Filtration was done with 5 pm followed by 0.8 um and eventually using
0.22 pm filters. In order to avoid aggregation of silica, pH was adjusted to ~9 and
the dispersion was stored at 8 °C. The particle size was tuned solely by optimiz-
ing the stirring speed and the adjustment of the temperature of the reaction mix-
ture. Since the different sizes of silica nanoparticles were prepared by altering only
the physical conditions, the surface chemistry (surface charge density) presumably
remains unaltered. The resulting silica nanoparticles were characterized for their size
and polydispersity by Small Angle X-ray Scattering (SAXS), for their surface charge
by zeta potential and for their specific surface area by nitrogen adsorption.

B. Bharti, Adsorption, Aggregation and Structure Formation in Systems 15
of Charged Particles, Springer Theses, DOI: 10.1007/978-3-319-07737-6_2,
© Springer International Publishing Switzerland 2014
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Fig. 2.1 Diagram showing the distribution of the ions around the negatively charged particle,
indicating the presence of a shell of strongly bound counter ions (stern layer) and weakly bound
layer called the diffuse layer

2.1.2 Zeta Potential

The surface charge of a colloidal particle in aqueous media is balanced by an
equal number of oppositely charged counter ions. Some of the counter ions are
bound to the surface within, the so called Stern or Helmholtz layer, while others
form an atmosphere of loosely bound ions further away from the surface known as
the diffuse double layer [4]. Within the diffuse layer there is a notional boundary,
inside which the ions move together with the particle, whereas the ions outside
this boundary do not travel with the particle. This boundary is called the surface of
hydrodynamic shear or slipping plan [5] (Fig. 2.1). The potential that exists at this
boundary is known as the zeta potential. It is an electric potential in the interfacial
double layer at the location of the slipping plane versus a point in the bulk fluid
away from the interface [6]. In other words, zeta potential is the potential differ-
ence between the bulk dispersion medium and the stationary layer of fluid attached
to the particle’s surface. Zeta potential is not measurable directly but it can be cal-
culated from electrophoretic mobility (i) using the Henry equation

¢ = 3npte
2ef (kR)’

where ¢ is the zeta potential of the particle with radius R, n and ¢ are the viscosity

and dielectric constant of the medium respectively and f(xR) is called the Henry’s

function. The Henry’s function depends on particle size and the ionic strength of
the dispersion via the Debye length (1/k)

1/ _ eockpT
K\ 2Nye2l (2.2)

2.1
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where ¢o is the permittivity of free space, ¢ is the Dielectric constant, kp is
Boltzmann constant; T is the temperature in K, N4 being the Avogadro number, e
is the elementary electronic charge and / is the ionic strength of the dispersion.

The electrophoretic mobility of a particle can be determined by the application
of an electric field across the dispersion. The charged particles suspended in the
electrolyte are attracted towards the electrode of opposite charge. Viscous forces
acting on the particles tend to oppose this movement. When a steady velocity
v, is reached, the electrophoretic mobility is given by . = V/E, where E is the
electric field strength. The Henry’s function f(kR) acquires the value of 1.5 in the
limit kR > 1, i.e. large particles and high ionic strength (Smoluchowski approxi-
mation), whereas f(kR) = 1 in the limit kR < 1, i.e. small particles in low ionic
strength media (Hiickel approximation). Measurements of the electrophoretic
mobility were carried out with a Zetasizer Nano ZS (Malvern Instruments, UK)
operating with a 4 mW HeNe laser (633 nm) and a light scattering detector posi-
tioned at 90° and a temperature control jacket for the cuvette. The sample was
equilibrated for 2 min at 25 °C before starting the measurements. Three measure-
ments, each consisting of 30 runs were performed for each sample, and an average
of the measurements was used for further reference.

2.1.3 Nitrogen Adsorption

The surface area of the nanoparticles was determined by nitrogen adsorption at
77 K. The adsorption isotherm was then interpreted on the basis of BET model
of multilayer gas adsorption [7]. The surface of a solid is regarded as an array of
equivalent adsorption sites. As in Langmuir model of monolayer adsorption, each
of these sites can accommodate one adsorbed molecule in direct contact with the
surface. However, in BET model each occupied site can act, in turn as a site for
molecules adsorbed in the second layer, and so on for infinite number of higher
layers. The resulting BET model can be written in the form

_ppo 1 el
V(1 - p/po) Vine Vine

here V is the amount of adsorbed gas expressed as ideal gas volume at standard
temperature and pressure (Vsrp), V), is respective volume of a complete mon-
olayer adsorbed gas quantity, p is the equilibrium pressure, pg is saturation vapor
pressure, the term p/py is called the relative vapor pressure and c is the BET con-
stant, ¢ = e®E/RT where AE is the difference between the heat of adsorption of
first layer and the higher layers. The derivation of the BET equation can be found
elsewhere [7]. The relation presented in Eq. 2.3 can be plotted with \/(117—/7% as
ordinate and p/pg as abscissa resulting into a straight line. This representation is
called BET plot. In many cases, the linear behavior of the equation is maintained
for 0.05 < p/pg < 0.3. The slope of the straight line is equal to 1/V,, and is related
to the specific surface area (ay) by the following relation

(p/po) (2.3)
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where a,, is the average area occupied by a molecule of adsorbate (a,, = 0.162 nm?
for N3), Ny is the Avogadro constant and Vszp is the volume occupied by 1 mol of
the gas at STP (Vgrp = 22.414 L/mol). In our work, we have measured the adsorp-
tion isotherms of nitrogen at 77 K for the synthesized silica materials by gas volu-
metry using a Micromeritics Gemini III 2,375 Volumetric Surface Analyzer. Before
the gas adsorption measurements, the silica material was dried and outgassed at
393 K for 1 h under vacuum. For nitrogen adsorption isotherm measurements,
Micromeritics sample holder with thermal isolation by Dewar vessel containing
liquid nitrogen was used.

2.2 Adsorption at Solid/Liquid Interface

Adsorption phenomena take place whenever two immiscible phases are brought
into direct contact with each other, resulting in the excess accumulation of either
component in the interfacial region. The process of transfer of the component from
bulk to the surface continues until a state of adsorption equilibrium is reached
[8]. Adsorption from solution onto a solid surface depends on the composition of
the solution and is expressed in terms of an adsorption isotherm, where amount
adsorbed (n,445) is expressed as the function of equilibrium concentration (i.e. free
adsorbate concentration) in the bulk (ce,). In our studies, we determined adsorp-
tion isotherms by solvent depletion method. In a typical experimental scheme, a
certain concentration of adsorbate (cq) (protein or surfactant) was added to the dis-
persion containing a fixed amount of silica nanoparticles and the mixture obtained
was equilibrated for 24 h on a multiple axel rotor. After complete equilibrium was
reached, nanoparticles with the adsorbed protein (or surfactant) were removed
from the dispersion by centrifugating the samples for 2 h at ~21,000 g (15,000
RPM) in a Hettich Universal 320R centrifugation equipment fitted with 1420-A
sample holder. The supernatant was carefully isolated from the centrifugated mix-
ture and the amount of unadsorbed protein (or surfactant) in the supernatant was
determined by the methods described in the following sections. After the precise
determination of the residual equilibrium concentration c,, the amount adsorbed
was calculated as n4q5 = V(co—ceq), Where V is the volume of dispersion and ¢y is
the total amount of adsorbent added to silica dispersion. The surface concentration
(excess) of the adsorbed material is then given by Eq. 2.5 [9, 10]

(co — ceq)V
asm

I = 2.5)

here I"is the surface excess concentration (expressed in mol/mz), €0, Ceq are the
concentration before and after equilibration with the solid (in mol/L), V is the total
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volume of solution (in L), m is the total mass (in g) and ay is the specific surface
area of the particles (in m%/g) (Sect. 2.1.3). Different initial amounts of adsorbate
(co) were added to the nanoparticle dispersion in order to access different surface
concentration regimes, and thus to obtain complete adsorption isotherm.

2.2.1 Surfactant Adsorption

The adsorption isotherm of Ci2E5s on silica nanoparticles was determined by the
procedure explained in the previous section. Surface tension was used to deter-
mine the equilibrium surfactant concentration (c,). Surface tension measurements
were made by the Du Noiiy ring method using a Kriiss K11 Tensiometer. The
Platinum-Iridium ring of 20 mm diameter was used to examine the pulling force
(and hence surface tension) from the liquid-air interface for the determination of
surface tension of solution. The ring was completely dried before each measure-
ment and all the samples were equilibrated at 25 °C for 5 min before the measure-
ment. Three consecutive readings were taken and their mean value was used as the
final surface tension of the solution. A surface tension curve for known concentra-
tion of Cy2Es surfactant is shown in Fig. 2.2, the dashed line indicates the value
of critical micelle concentration (cmc). The region of linear decay in the surface
tension with surfactant concentration < cmc, was used as the reference, and the
linear fit to the points was used as the calibration values for determining unknown
concentrations of surfactant. A typical adsorption isotherms curve for nonionic
surfactant (C2Es) on silica surface is shown in Fig. 2.3a. The adsorption isotherm
of nonionic surfactants on silica surface shows an S-shaped curve [11, 12] which
is contradistinct from the Langmuir model of adsorption (Fig. 2.3b).
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Fig. 2.3 Generalized example of two different types of adsorption isotherms on silica nanoparti-
cles. a Adsorption isotherm of C12E5 on silica, it presents an S-type curve and can be represented
by Gu-Zhu model [14]. b Lysozyme adsorption isotherm at silica surface, it shows a very strong
affinity of adsorption on silica surface and can be represented by Langmuir adsorption model

For nonionic ethoxylate surfactants, because of the presence of weak non-
electrostatic interactions between the ethoxylate surfactant head groups and silica
surface silanol groups, the adsorption isotherms do not show the second plateau
region as is the case with ionic surfactants [13] (not shown here). The adsorp-
tion behavior of nonionic surfactant has been well explained by Zhu et al. [14].
According to the proposed model, the aggregation of n monomers of nonionic sur-
factant on a surface site (s) forms a surface-micelle, where 7 is the nominal aggre-
gation number of the surface-micelle.

At equilibrium,

s + n-monomers <> surface-micelle
By applying the mass action model to the above assumption, the surface excess
concentration (1) of nonionic surfactant is given by the following Eq. 2.6.
_ InKeey 2.6)
1+ ch’q ’
where I, is the maximum surface concentration, c,, is the equilibrium concentra-
tion of surfactant, K is the adsorption constant and # is the mean aggregation num-

ber. This equation was used for fitting the experimental data points in (Chap. 4)
and hence determining the I}, and n values.

2.2.2 Protein Adsorption

Adsorption isotherms of proteins (lysozyme or cytochrome C) on silica nanoparti-
cles were measured at different pH and ionic strength in 50 mM 2-(N-morpholino)
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Fig. 2.4 a Absorbance variation for samples treated with BCA protein assay at 60 °C for 2 h and
having different protein content indicated by the numbers. b The change in the absolute absorb-
ance values at 560 nm; the scattered points are the measured data points (shown in a) and solid
line is the linear fit to the data points

ethanesulfonic acid (MES) or 2-(Bis(2-hydroxyethyl)amino)acetic acid (BICINE)
buffer. Organic buffers were used with the purpose of keeping the ionic concen-
tration caused by buffers to a minimum. The free protein concentration in the
supernatant obtained after centrifugating out silica with adsorbed protein was
determined by measuring its absorbance at A = 280 nm using a Varian Cary
UV-vis spectrophotometer. For precise determination of protein concentration at
pH > 7, the BCA protein assay kit was used. 0.15 ml of the protein sample was
incubated with 3 mL of working reagent for 2 h at 60 £ 1 °C, and the absorbance
at A = 560 nm was measured. BCA uses reduction of Cu™*? to Cu™ by protein in
an alkaline medium (biuret reaction) with the highly sensitive and selective col-
orimetric detection of Cu™ using a unique reagent containing bicinchoninic acid
[15]. At first, a calibration curve with known protein amounts was obtained. Based
on this calibration curve, the unknown protein concentration was determined.
Figure 2.4a shows the typical UV-vis curves measured for different known con-
centrations of the protein, The calibration curve resulting from the measurements
is shown in Fig. 2.4b. The linear fit to the experimental points gives a slope m with
an intercept of . Hence equilibrium concentration of protein is given by Eq. 2.7.
ey = (Ase0 — b) @7

m

where Asgp is the absorbance of the assay-protein complex, b = 0.26 and
m = 6.18.

The adsorption isotherms obtained were of the type shown in Fig. 2.4b. This
type of isotherm is typical for strong monolayer adsorption and can be represented
by the Langmuir adsorption model. According to this model there exists equilib-
rium between empty surface sites (s), free particles (p) and sites occupied by a sin-
gle particle (sp), i.e. s + p <> sp. Surface of protein at any point can be estimated
by the above model using the Langmuir equation [16]



22 2 Methods

_ InKcey

T 1+ Ko (2:8)

where I"is the surface (excess) concentration at any point on adsorption isotherm,
I’y is the maximum surface concentration, ¢, is the equilibrium concentration in
the solution and K is the Langmuir equilibrium constant. Its value depends on the
strength of adsorption, i.e., the binding affinity (or energy) of the sorbent to the
substrate. Comparing Eqs. 2.6 and 2.8 the only difference between the two model
isotherms is the presence of the aggregation number ‘n’ in Eq. 2.6, which accounts
for rapid increase in adsorption beyond a specific onset concentration.

2.3 Turbidity and Analytic Centrifugation

As will be discussed in Chaps. 6 and 7, the samples of silica dispersion contain-
ing lysozyme in a pH range 4-9 causes a lysozyme-mediated silica aggregation.
In order to study the evolution and nature of these aggregates as a function of pH,
turbidity measurements were made. The turbidity . of the dispersions was deter-
mined from their optical transmittance (7) at wavelength 800 nm with the relation
7. = (log1o(1/T))/lc, where c is the mass concentration of the silica in the disper-
sion, and [ is the optical path length. The transmittance of the samples was deter-
mined in 1 mm quartz cuvettes using a UV-vis spectrophotometer.

Another newly developed technique used for the characterization of aggregate
morphology is the analytical photo-centrifuge. It allows speeding up the sedimen-
tation of dispersions by the application of centrifugal force. The rate of sedimen-
tation of nanoparticles or aggregates in the centrifugal field is dependent on their
size and morphology. Hence monitoring sedimentation by measuring the inten-
sity of the light transmitted through the sample can provide detailed information
about the aggregate structure. As described elsewhere [17, 18], in Space and Time
Extinction Profiles (STEP)-technology, the sample is measured simultaneously
over its full sample length as a function of time as shown in Fig. 2.5. For a given
type of sample cells the position corresponds to a defined sample volume, the rela-
tionship between position and sample volume can be established by calibration.
This allows to directly determine separate phase volumes and to calculate packing
densities.

In the present work, the analytical centrifugation measurements were carried
out in cooperation with Prof. D. Lerche and Dr. T. Sobisch at LUM Berlin. The
sedimentation kinetics and phase volume of the silica-protein hetero-flocculate,
and the size distribution of the flocculated particles was derived from the pro-
gression of transmission profiles. The sedimentation kinetics was measured at a
centrifugal acceleration of 36 g (bottom position). Subsequently, the compression
kinetics of the sediments formed was obtained at 2,300 g. The size distributions
were determined in a separate measurement in which the centrifugal acceleration
was gradually increased from 13 to 2,300 g [19].
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Fig. 2.5 Experimental setup of the multisample analytical photocentrifuge. Parallel NIR-light
is passed through the sample cells and the distribution of local transmission is recorded at preset
time intervals over the entire sample length. (Figure reproduced with the permission of LUM,
Berlin, GmbH)

(a) (b)

Sample

Fig. 2.6 a Experimental setup for the small angle scattering experiment, where the incident
beam from the source (neutron or X-ray) is projected on the sample and the scattered beam is
monitored by the detector in line with the incident beam. b Schematic illustration of a neutron
scattering geometry and vector relations

2.4 Small Angle Scattering

Scattering is the phenomenon where an incident radiation (light, X-rays or neu-
trons) is forced to deviate from a straight linear path when passing through a
medium (solid, liquid or gas). In general, when an electromagnetic wave is inci-
dent on a system then the constituents of the system emit secondary wavelets in all
the directions. The overall scattering pattern is then resulting from the superposi-
tion and interference of all the secondary wavelets. A typical set up for small angle
instrument is shown in the Fig. 2.6a. Here, a collimated X-ray or neutron beam is
incident on the sample and the pattern arising from the scattering was observed by
the detector placed in line with the incident beam. Beam-stop is placed in order
to avoid the high intensity direct beam, which could lead to damage of detector.
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In my PhD work, Small Angle Neutron Scattering (SANS) and Small Angle X-ray
Scattering (SAXS) were used to study the structural features of hard and soft mat-
ter in the nanoparticle dispersions. The principle of the two techniques is exactly
the same but important differences between SANS and SAXS result from the dif-
ferent nature of the scattered radiation. Neutrons are neutral elementary subatomic
particles which interact with the atomic nuclei of the sample. On the other hand,
X-rays interact with the electron shell of the atoms and thus gives information about
the electron density in different parts of the sample. In both cases, it is the elas-
tic, coherent scattering of X-rays/neutrons that gives rise to small-angle scattering.
Coherent scattering is “in phase” and thus can contribute to small-angle scattering.
Incoherent scattering is isotropic in a small-angle scattering experiment and thus
contributes to the background signal and degrades signal to noise [20]. Figure. 2.6b
shows the scattering process in terms of incident (k;) beam vector that scatters from
a sample S at an angle 6, resulting into secondary beam vector (k). For elastic,

coherent scattering ‘E) = ‘Ef) , the scattering vector g can be obtained as
q=@hﬂ§—ﬁi=¢¢+@—ﬁwmw
4T 6 (2.9)
= TSIHE

where \ is the wavelength of the incident beam and 6 is the scattering angle.
Regardless of the fact that the sample is crystalline or amorphous, we can still
write the condition for constructive interference in terms of Bragg’s law:

0
2dsinz =ni (2.10)

where n is the order of peak (say n = 1), and d is the real space distance corre-
sponding to wave vector ¢ and is given by d = 2m/q. The formula between ¢ and d
gives the relation between the size of the object and the corresponding momentum
transfer in a diffraction experiment. The measured counts (neutron or electron)
of a scattered beam, /(gq), recorded by the detector in time 7, is dependent on the

absolute scattering cross section d%}é‘”, by the expression given by Eq. 2.11
d> (@
ds2

where 7 is the counting time, d is the sample thickness, T is the transmission of the
sample and Kj,, is a constant dependent on instrumental factors and reads as

1(q) = Kipst xd xt xT x (2.11)

Kinst = ofiux X A X AS2 x ¢ (2.12)

where ¢q,x is the incident radiation flux on the sample (neutron/cm? s), A is the
cross-sectional area of the incident beam, AS2 is the solid angle subtended by the
single pixel of the detector and ¢ is the detector efficiency. The 2D data obtained
for a sample is radial averaged to obtain the 1D data which is then treated for fur-
ther instrumental correction to obtain the final reduced scattering profile /(q) ver-
sus ¢, where I(g) is expressed in the units of cm~! and ¢ in nm~! (or A= 1).
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Fig. 2.7 Scattering length density for different components used in the SAXS and SANS experi-
ments. Neutron SLD for H,O is slightly negative while D,O has high positive value. This differ-
ence enables the use of HyO/D>O mixture to contrast match other components in the dispersion,
which is not possible with X-rays

The total scattering intensity from a dispersion of nanoparticles can be factor-
ized as follows

1(9) = 9 AP*VP(9)S(q) (2.13)

where ¢ is the volume fraction of the scattering particles in the dispersion, V is the
volume of the single scattering particle, Ap is the scattering contrast of the parti-
cle against the surrounding matrix, P(q) is the form factor of a particle and S(gq) is
the structure factor of the assembly of the particles. The scattering contrast Ap in
Eq. 2.13 is the difference between the Scattering Length Density (SLD) of scat-
tering particles and the matrix. The value of p for a sample composed of different
atom i can be calculated as [21]

SN,
p=Zbi7A=NZbi (2.14)

where 3 is the bulk density of the molecule, m is its relative molar mass, N is the
number density of scattering centers and b; is the coherent scattering length of the
nucleus i (for SANS). In X-ray scattering, the scattering length b; of an atom is pro-
portional to the atomic number Z; and is given by b; = Zj, [22], where r, is the
classical electron radius = 2.82 x 10~15 m. Clearly, if in Eq. 2.13 Ap is zero, the
total scattering intensity /(g) becomes zero. When this condition is met the scattering
centers are said to be contrast matched. Since the scattering from a multi-compo-
nent system is the weighted summation of the scattering contrast of each compo-
nent, the contrast matching can simplify the scattering pattern. Figure 2.7 gives the
neutron and Cu-K, SLD [23] for H>O, DO, silica, the protein lysozyme [24, 25]
and the surfactant C12E5 (Chaps. 4 and 5). As can be seen, the SLD of H0O is <0
but for D,0 it is >0. Hence in SANS, the key to the contrast is adjusting the volume
ratio of H,O and DO to arrive at the contrast match point for one of the dispersed
components of a complex system (in our case silica). In SAXS, this zero scattering
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Fig. 2.8 a Cartoon showing the ordered pores in the SBA-15 material; b 2D hexagonal lattice of
the pores indicating the ordered lattice parameters. ¢ Bragg’s diffraction: Two beams with identi-
cal wavelength and phase (X-rays or neutrons) incident on an ordered solid, which are scattered
off from two different pores within the lattice

condition cannot be achieved merely by H,O/D,O mixture and the scattering pat-
tern originates from all of its components. For investigating the effect of additives on
the adsorbed surfactant on silica nano-spheres SANS measurements were performed
on SANS-II instrument at the Paul Scherer Institut, Villigen, Switzerland. For avoid-
ing complications, the silica dispersion was contrast matched by using H,O/D,0O
(~38:62) that corresponds to the SLD of pure silica (=3.54 x 10~* nm~2), hence
the scattering originates solely from the surfactant in the dispersion. The SANS data
reduction was done by using BerSANS software package [26]. Further modeling of
the form factors and structure factor is explained in Chap. 3.

2.5 Small Angle Diffraction

In Chap. 5, we have studied the assembly of nonionic surfactant Cj>Es in cylin-
drical mesopores of SBA-15 silica material. A given mesoporous material is
identified by its pore diameter (or width) and pore lattice. A cylindrical pore is
regarded as the unit cell i.e. the basic building block of the pseudo crystalline
structure of SBA-15. Since the ordered structure of SBA-15 has hexagonal sym-
metry (Fig. 2.8a, b), the unit cell can be reduced to parallelepiped (Fig. 2.8b) that
has two characteristic sides whose length is equal to ‘dj;’ lattice parameter. In our
study of the self-assembly of surfactant in such ordered mesoporous silica mate-
rials, Small Angle Neutron Diffraction (SAND) was applied. The experimental
setup of a SAD is similar to SAS. In both the cases, a beam of X-rays or neu-
trons is incident on the sample and the scattered or diffracted beam is measured
by the detector. Diffracted waves from different centers in a material can interfere
with each other and the resultant intensity distribution is strongly modulated by
this interaction (Fig. 2.8c). If the scattering centers are arranged in a periodic fash-
ion, as in crystals, the diffracted waves will consist of sharp interference maxima
(peaks) with the same symmetry as the distribution of the scattering centers. The
peaks in a diffraction pattern are directly related to the periodic distance between
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Fig. 2.9 Sample holder used for the scattering experiments with SBA-15 in its disassembled and
assembled stage

lattice planes dj; by Eq. 2.10. Whereas, the lattice parameter is related to the scat-
tering vector (Eq. 2.9) by the following equation

die = 4V 12 + K2 + hk/quN/3,  hk = (10, 11,20) (2.15)

where i and k are the Miller indices of the diffraction peak maxima at the wave
vector gpr. Hence by determining the peak position in the SAD profile, the lattice
parameter can be easily extracted.

SAND measurements were made on D16 instrument at Institut Laue-Langevin,
Grenoble, France. 2-D Scattering data was acquired for two different detector
angles 0 and 12°. The wavelength broadening for the instrument was AMA = 0.1.
LAMP software was used for reducing 2D data into 1D diffraction curves, and
SciLab was used for further modeling of the data. We have studied the adsorp-
tion of surfactants in SBA-15 by SAD of neutrons. The samples were prepared
in the contrast match HyO/D>,O water at the contrast match point of SBA-15
(3.70 x 10~* nm~2), hence the scattering originates solely from the surfactant
with no contribution from the silica material. In a typical experiment a fixed
amount of SBA-15 material was taken in a vial with a fixed amount of contrast
match water. A requisite amount of Cj7Es surfactant was added to vial and was
equilibrated for 12 h. After complete equilibration, SBA-15 with the adsorbed sur-
factant in the pores settles down and supernatant was drained away, leaving behind
the thick slurry. This viscous slurry was transferred to the specially designed hold-
ers for the samples (as in Fig. 2.9) and was measured for SAND.
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Chapter 3
Theory and Modeling

3.1 Scattering Data Analysis

As a first step to the modeling of the scattering data, incoherent scattering background
was subtracted by applying Porod’s law. In the scattering profiles, at sufficiently high-
q values, the scattering originates solely from the interface between matrix and scat-
tering object. According to this law, for smooth particle having a sharp interface the
scattering intensity should decay as I(g) o< g~* Hence, to satisfy this condition the
data of the high-¢ scattering regime is fitted to the following equation

1(q) ~ Apg™* + Iy (3.1)

where Ij, is the incoherent background scattering which is then subtracted from
the whole scattering curve. The Porod constant A, obtained by fitting the experi-
mental curve is related to the specific surface area S and scattering contrast Ap as

A, =27SAp? (3.2)

After the background subtraction the scattering profiles were fitted on the basis of
form factors models as discussed below. The Scilab software package [1] was used
for building up the codes for the models, whereas SASfit program [2] was used for
the fitting of simple and predefined scattering structure and form factor functions.

Scattering data of dilute dispersions of silica particles were fitted according to
the form factor of spheres dispersed in a medium of given contrast. The form fac-
tor P,,(q) of monodisperse spheres with radius R is given by

sin (gR) — gR cos (¢R) 2
(4R)®

4
Pn(q) = gnR3 x Ap x 3 (3.3)

where Ap is the scattering contrast of the sphere against the dispersion medium i.e.
AP = Pparticle — Pmedium- The size polydispersity in the silica beads was taken into
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account by the log-normal size distribution. The distribution for mean particle size
R and standard deviation o (polydispersity) is given by

D(R,Ry,0) ! ! <1 R >2 34
,Rp,0) = exp|——=(In— .
0 27 Ro P17 202 Ro (34)

The form factor of the system of polydisperse spheres is then given by

H@=/M&Mﬂmwmﬁ (3.5)

The form factor of the polydisperse sphere was normalized so that the forward
scattering (I(g — 0)) = 1. The overall scattering intensity in absolute units was
obtained by using the P(q) in the following equation

1(q) = NV?Ap*P(9)S(q) (3.6)

where N is the number density of the particles with scattering length contrast Ap
against the background, V is the volume of single particle and S(g) is the structure
factor of the system. S(q) accounts for the inter-particle correlations arising in the
system. For a dilute non-interacting system S(g) = 1.

3.1.1 Micelle-Decorated Bead Model

In Chap. 4, we report a SANS study of surfactant adsorption on silica nanoparti-
cles, where the SANS profiles are modeled on the basis of previously developed
micelle decorated bead model [3]. The model accounts for the structure of the
adsorbed surface micelles on spherical silica beads in the silica contrast match sce-
nario. The model assumes that there is a random distribution of the spherical (or
ellipsoidal) surface micelles of radius R,.

First step of this model involves the generation of a completely random set of
coordinates of the center of each surface micelle lying on the outer surface of a
silica nanoparticle of radius Rp. This random but uniform distribution of spherical
micelles was achieved by hypercube rejection method [4], where three numbers
(A1, Az and A3) are generated from a completely random distribution that satisfies
the following set of conditions

Ay =AT+ A3+ A3 (3.7)
It Ay # —1;Ap # —1; A3 # —1;and A4 < 1 then the coordinates of the surface
micelles is given by
2(A4 + A1A3)
as ’
2(A3A4 — A1A)
as ’ (3.8)
2(A7 4+ A7 — A3 — A3)
Ay

X = (Rq + Rp) x

y = (Rs+ Rp) x

2= (Ra +Rp) x
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Random points on sphere (R =10)

Fig. 3.1 A set of 1,000 points generated on a sphere of radius 10. The simulation gives the uni-
form and completely random distribution of points on the sphere

Figure 3.1 shows the set of 1,000 such random points generated on the surface of
a sphere of radius 10 (units). The distribution was completely random as can be
seen in Fig. 3.1. The adsorption of micelles to silica means that the center of each
surface micelle will lie on the sphere of radius (R, + Rp).

The inter-micellar structure factor S,(g) arising due to the correlations between
the N, micelles on the surface of the same sphere is generated by Fourier trans-
formation of their real space pair-distribution function. Mathematically, it can be
represented as [5]

1 sin(q(ri — r;))
Salq) = 1+ — S MAVi )
@ N > =7

(3.9)
Here r; — rjis the center-to-center distance between a pair of surface micelles sitting
on the surface of a particle. To get a statistically averaged S,(g), the simulation was
an average over 1,000 iterations. The polydispersity of silica bead as well as for the
surface micelles was taken into account by generating the radii of R, and R} from
their respective log-normal size distribution.

The overall intensity of the scattering profile in absolute scale is given by the
equation similar to (3.6) which reads as follows

1(q) = NV2Ap*Pu(q)Sa(q)Shs () (3.10)

Here N is the number density of the surface micelles in the dispersion (=no. den-
sity of silica bead x N,), P,(q) is the form factor of surface micelles, V, is the vol-
ume of one surface micelles and Ap is the average contrast of the surface micelle
against the HyO/D,0 mixture (psilica = 3.54 x 107% nm™?), and is calculated
by incorporating the change in contrast due to hydration of surfactant micelles.
Figure 3.2a shows the average inter-micellar structure factor S,(¢g) for 20 surface
micelles on a silica bead of 10 nm radius. The figure also presents the form factor
of a spherical surface micelle P,(¢g) of 2 nm radius and having 10 % polydisper-
sity in size. The overall form factor of the bead decorated with spherical surface
micelles is given by the product of P,(q) and S,(¢) and is shown in Fig. 3.2b,
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Fig. 3.2 a Simulated inter-micellar structure factor S,(¢g) for 20 micelles on the silica particle
with radius R, = 10 nm (10 % polydispersity) (blue line). Red line indicates the form factor P,(q)
of spherical micelles of radius R, = 2 nm (10 % polydispersity). b Overall form factor of the
micelle—decorated bead model (P(q) = S4(q) x Pu(g)). ¢ Cartoon representing the silica nanopar-
ticle in contrast matched medium with spherical surfactant micelles at its periphery

where the oscillation at ¢ ~ 0.3 nm™! is the signature of the invisible silica par-
ticles and the oscillation at ¢ ~ 3.0 nm~! is the primary oscillation of the form
factor of surface micelle. In Eq. 3.10, the term Sus(g) is the hard-sphere structure
factor accounting for correlations between the silica particles in the dispersion.
In the experimental pH range silica nanoparticles are negatively charged and the
dispersion is stable because of their repulsive interaction. If the number density
of silica particles is high then there appears a pseudo order in the system, which
results in the appearance of a radial correlation function. The first maximum in the
correlation function corresponds to the distance by which the particles are sepa-
rated and is called the hard sphere repulsion radius. The analytic expression for
Sus(q) is as follows [6, 7]

1
S = ——F 311
1+ 249 50 (.11)

where ¢ is the volume fraction of the particles in the dispersion and G(g) is given by

(sinA — AcosA)

p (2AsinA + (2 — A%) cosA — 2)

G(g) = 1 VE
4 ) ; , (3.12)
(=A% cosA + 4[(3A% — 6) cos A + (A° — 6A) sinA + 6])
+y Ve
with ¢ = (11+2;)")2‘ DB = U(f’fé )24)2; y =% and A = 2Rysq where Rys is the

hard sphere repulsion.

The micelle-decorated bead model can successfully predict the morphology of
Ci12Es micelles on silica nanoparticles at silica/solvent contrast match conditions.
In other situations where this contrast scenario is not feasible it is desirable to
study such decorated particles in a full contrast scenario. The corresponding rela-
tions have been derived and given below.



3.1 Scattering Data Analysis 33

3.1.2 Raspberry-Like Bead Model

As mentioned in the previous section that the micelle-decorated bead model was
applicable only to core contrast-match conditions. Here we present the respec-
tive model applicable for the full contrast conditions. The model can be applied
to scattering patterns generated by the raspberry shaped materials synthesized
recently [8, 9]. In the present context, the model has been developed for its poten-
tial application to the system of silica beads with adsorbed protein molecules. In
the full contrast scenario, the incident neutrons observe the protein and silica as
the system made up of three phases viz. protein, silica and solvent. The principle
of the model is similar to the micelle-decorated bead model, where the inter-micel-
lar structure factor is generated and then the overall scattering intensity is given by
Eq. 3.14. Up to this point, the modeling remains the same as in Sect. 3.1.1, but
in order to take into account the scattering originating from the core of raspberry
structure. By neglecting the cross terms, the net scattering intensity is given by the
arithmetic sum of 1, and [}, given by following equations

I(q) = NV; Ap%1 proPa(@)Sa(q) (3.13)

1a(q) = NoVEAPZ_corePb (@) (3.14)

where

1,(q), I(q) — intensity contribution of the adsorbed protein and silica,

N, N, — number densities of protein and silica bead,

Vi, Vi — volume of one protein and silica particle,

A Psol-pro> A pPsol-core — SLD contrast between protein-solvent and silica-solvent,

Sa(g) — structure factor arising due to correlation of adsorbed protein on single
silica particle,

P.(q), Pp(q) — form factor of the protein (sphere or ellipsoid) and of the silica core,

The overall scattering of the composite system is given by the sum of the indi-
vidual scattering functions as in Eqs. 3.13 and 3.14 which reads as

Tiorat (@) = [a(q) + 15(q)1SHs (q) (3.15)

here I;,141(g) is net scattering intensity and Sgs(g) is the hard-sphere structure fac-
tor between the silica beads decorated with protein molecules.

Simulations profiles for the RLB model show that the profiles are sensitive
to the arrangement of the raspberry-like entities (adsorbed surfactant micelles
or protein molecules), as shown in Fig. 3.3, which compares RLB with a sim-
ple sphere. The main difference in the scattering profile of the two is observed in
the Porod regime, where a higher scattering intensity of the composite material
arises because of the larger surface area presented to the incident beam (because of
adsorbed entities). The relevant parameters in the RLB model are bead radius Ry,
volume fractions (¢4, @p) of protein (or micelle) and silica, size (R,) and shape of
adsorbed entity and polydispersity of the bead (sp). Table 3.1 summarizes the val-
ues of the parameters used for simulating the scattering profiles shown in Fig. 3.3.
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Fig. 3.3 Simulated scattering profile for the bare spherical particles and particles covered with
ellipsoidal particles. The profile shows the significant differences at the high-g regions

Table 3.1 Parameters for simulating the scattering intensity profiles for Raspberry-like-bead
(RLB) model and spheres, as presented in Fig. 3.3

Rp, (nm) R, (nm) ©b Ya Sp
RLB model 10 1.75 5x 1073 7% 1074 0.1
Sphere 10 - 5% 1073 - 0.1

Polydispersity is expressed by the standard deviation from the mean particle size

3.2 Particle Assembly

In Chap. 9, we present a novel method devised for harvesting permanent linear
chains of oppositely charged latex particles by the initial application of an AC
electric field. Here we introduce the basic theory behind the chaining process by
dielectrophoresis (DEP) and then give the details of the theory developed, which
predicts the distribution of chain lengths of the permanent chains for equally-sized
and differently-sized particles of the binary system.

3.2.1 Dielectrophoresis

Colloidal particles suspended in a medium (aqueous or non-aqueous) can be
assembled into ordered structures by the application of direct (DC) [10] or alter-
nating current (AC) fields [11, 12], where the driving force of assembly is the
particle polarization, ionic mobility in the medium coupled with fluid flow, and
forces resulting from gradients in the field. Whenever a dielectric particle is
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subjected to a non-uniform electric field, a force is exerted on the particle, the
force experienced is called the dielectrophoretic force (Fpgp) and the phenomenon
is called dielectrophoresis (DEP). Mathematically, Fpgp is given by the following
equation [13-15]

Fpgp = 27e Re|K ()|[RPVE? (3.16)

where VE is the gradient of the field, R is the radius of the particle, Re|K (w)|is the
real part of Clausius-Mossotti function, K (w), given by

— &1 3(e102 — £201)

&2
RelK ()| = ——— D
e2+2e1  yw(oz +201)°(1 + 0 Tjy)

(3.17)
where ¢ and o represent the dielectric permittivity and electrical conductivity, and
the indices 1 and 2 refer to the solvent medium and the particles, respectively and

Tyw is the Maxwell-Wagner charge relaxation time, given as [12] tyyw = 21732

The origin of the DEP is the frequency-dependent polarization of particles in AC
fields applied across a suspension. The magnitude of the dipoles induced in the
particles is given in Eq. 3.18. The electric field induced effects on dispersions
containing particles are very complex, primarily because of the presence of large
numbers of interacting dipoles (i.e. particles). The dipoles induced within a par-
ticle interact with those of neighboring particles, thus drawing them into long
chains along the direction of field. The electric field directed along the positive
z-axis with strength E, induces an electric dipole moment g in the spherical parti-
cle given as

1 = azdme, (82_81>R3E (3.18)

&+ 261 ’
where a; is the unit vector in z-direction. The force of attraction felt by a sphere
with induced dipole moment (w1) due to another sphere with induced dipole
moment (i) along the direction of field (6 = 0° (Fp)) and perpendicular to the
field (6 = 90° (Fqp)) is given by Stoy [16] and reads as

J137%)
Fo = —a,E 160 =0° 3.19
0 aZ 477:8104’ ( )
32
Fyoy = a,E ;60 =90° 3.20
0=k D (3.20)

where 6 is the angle between the vector joining the centers of two particles
(length = D) with a;.

In the absence of field, particles with symmetric surface charge distribution, the
dipole moment becomes zero and the force between the particles vanishes. The
assembly of the particle induced by AC field disintegrates (because of surface
charge repulsion and thermal motion) and hence is temporary. As will be discussed
in Chap. 9, we have devised a method for avoiding this disintegration of chain
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structures by using a bi-particle system composed of oppositely charged particles.
In the Sect. 3.2.2 a numerical simulation algorithm is presented to determine the
chain-length distribution of the resulting permanent chains, and in Sect. 3.2.3 a
closed expression for this chain-length distribution is derived.

3.2.2 Chain-Length Distribution from Numerical Simulations

Chain length distribution as a function of the number ratio of the two components by
a numerical simulation approach was adopted. In this algorithm the bi-particle assem-
bly was treated analogous to the classical statistical problem of randomly distributing
balls into boxes. The balls and boxes problem has been applied to find the distribu-
tion functions of numerous statistical arrangements and ensembles for many practical
applications [17-19]. This simulation was adopted to predict the chain length distri-
bution of the assembled structure. In our experiments, we have used pairs of particles
of similar size (system 1) and of dissimilar size (system 2). In equal particle size sce-
nario (system 1) both positive and negative particles participate in chain formation.
In the case of unequal sized particles (system 2), only the larger particles (A-type)
are involved in the primary chain formation step and only then the small particles
(B-type) are dragged at the interstitial sites between the bigger particles (for details
see Chap. 9). For both the systems, it was assumed that in the presence of the electric
field all the particles are contained in a single chain made of 10° particles. When the
field is switched-off, all the secondary permanent chains break from this parent chain
only. The mechanisms of the chain formation for the two systems are different and
we have distinguished our simulation approach for the two cases as follows:

3.2.3 Equally-Sized Particles: Random Arrangement of Balls

For equally-sized particles, in the presence of the AC field, a completely random
arrangement of positive and negative particles in the chain is formed. Hence for
simulating system 1, an array of N boxes was arranged and Ny + Np balls were
placed one-by-one in the boxes, with the constraint that no box can contain more
than one ball. In a typical simulation run, 10° positive and 10° negative particles
(r = 1) were arranged in a linear array of 2 x 103 (completely random distribu-
tion). Up to this point the assembly reflects the case in the presence of AC field.
When the field is switched off the chain will break up at each location where two
particles of same charge are present at consecutive position (A—A or B—B). The
distribution of the permanent chain lengths was obtained by checking each pair of
adjacent particles in the array and applying the above mentioned condition. Hence,
for equally sized particles it is the correlation of the occurrence of two equally
charged particles at adjacent position in an infinitely long chain that determines
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(a) Equally-sized particles

Chain breaking sites

[t |

Chain breaking sites

Fig. 3.4 Realizations of the two systems (1 and 2) in order to mimic it as balls and boxes statis-
tical problem. a System 1 Each positive and negative particle (balls) itself is contained in one box
b System 2 The box is assumed to be located at the site between the two large particles and the
balls (small particles) are randomly distributed in the boxes

the chain length distribution. The results obtained by the above explained statisti-
cal simulations are given in Appendix A.3.1.1 of this thesis (Fig. 3.4).

3.2.4 Differently-Sized Particles: Throwing Balls in Boxes

The chaining of differently sized particles, when only the larger particles partic-
ipate in the primary chaining step and the smaller particles are later drawn into
the interstices between large particles, was simulated by the algorithm of throw-
ing balls (small particles) into boxes arranged in between the large particles. The
boxes can be taken as an analogy to the binding sites of small particles located
in-between two larger ones in the chain. In these simulations, the chain length was
defined by the number of large particles in the chains, rather than the total number
(Nj + Np) of particles bound, as was the case in system 1. In a typical simulation
run, a numbered array of 10° boxes (binding sites = Ny—1) was arranged and Np
balls (=r x Nj) were distributed randomly with no restriction on the maximum
occupancy of the box. Here, the condition for chain rupturing was met when a box
after distributing all the balls remained unoccupied and the chain breaks away at
that specific junction. Again, the chain length distribution was expressed in terms
of fraction of chains (X;) and fraction of particles (®,) in the chains of given
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length (L). Hence, in this case it’s the correlation between the positions of the
empty boxes in the single parent chain that determines the chain length distribu-
tion of the permanent structures formed. It has been shown in Appendix A.3.1.2,
if the number of balls thrown to a fixed number of boxes increases, the mean chain
length obtained increases, this can be understood by the fact that as the average
number of balls thrown per box increases. The probability of a box to be occupied
(containing at least 1 ball) increases. For system 2, we carried out the simulations
at different » values and compared the chain length distribution given by simula-
tions and the kinetic model.

3.2.5 Statistical Model for Chain Length Distribution

DEP can be used to assemble chains of charged spherical particles carrying oppo-
site charges in a permanent way. We consider an assembly of N4 particles A (nega-
tively charged) and Np particles B (positively charged), all of equal size (radius R).
Experiments show that “chaining” depends not only on the concentration of A and
B type particles, but also on the size ratio of the two particles. Here we analyze the
distribution of chain lengths for two cases, namely pairs of oppositely charged par-
ticles of equal and different sizes.

3.2.6 Equally-Sized Particles

For micrometer-sized particles the field-induced dipole interaction between
the particles outweighs the interactions caused by the positive and negative sur-
face charges of the two types of particles. Accordingly, in the electric field all
the Nao + Np particles will assemble to long chains in which A and B particles
are arranged in a purely statistical order. When the field is switched off, the elec-
trostatic interactions between the charged surfaces of the particles determine the
type of final structures formed. For particles of sufficiently high charge, bonds
between oppositely charged neighboring particles (A-B) will survive, while
bonds of equally charged neighboring particles (A—A or B-B) will break. Since
the particles in the long chains had been arranged in a purely statistical man-
ner, the probability of finding a chain of n particles A and B in alternating order
depends on the mole fraction x of (B-type) particles in the biparticle dispersion.
It is proportional to X721 = x)"? for equal numbers of A and B (n even) and to
xD/2(1 — x)@=D/2 for chains with B particles on either end (n odd). For
biparticle mixtures of stoichiometric composition (x =xy = %) the normalized

concentration of n-mer chains is given by X, = %x(’)‘. When the composition devi-
ates from the stoichiometric by some increment Ax, i.e., x = xo + Ax, the nor-
malized concentrations of n-mer chains can be expressed by a polynomial in
8 = Ax/xp, which for § < 0.1 can be approximated by
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1 n
X, = 5 g<1 - 252> (3.21)

where n' = n for even n and n' = n — 1 for odd n.
The results may also be expressed in terms of @,, the fraction of particles con-
tained in n-mer aggregates,

&, =nX, = nx" (3.22)

In System 1 of this study particles A and B have similar sizes (Dp/Da = 1.1)
and thus the dipole moment induced by the electric field will also be similar
(up/ma ~ 1.3). Accordingly, this system should conform to the model of particle
assembly outlined above. Figure 9.2 of the thesis shows that the distribution law
resulting for this model (Egs. 3.21 and 3.22) indeed gives a good representation of
the experimental size distribution for this system.

3.2.7 Differently-Sized Particles

When the size of the two types of particles differs at least by the factor 4, as in
system 2 of the studied systems (Dp/Da = 0.225) [for details go to Chap. 9], the
induced dipole moments in the two particles will differ by about two orders of
magnitude (up/pma ~ 0.01). Accordingly, only the large (A-type) particles will par-
ticipate in the field-induced primary chain formation step. The small (B-type) par-
ticles will attach to these chains in a secondary step only while the electric field is
still on. Based on evidence from earlier studies by Gupta et al. [20]. We suppose
that the attachment sites for the B particles are at the rim between neighboring A
particles. When the electric field is switched off, small B particles can form links
between the two oppositely charged A particles, possibly by slipping in a central
location between the neighboring A particles.

To model the resulting chain length distribution we assume that each contact
point in the chain of large particles (A) formed in the primary DEP process rep-
resents a binding site for the positively charged small particles (B), which then
forms a permanent bond between the two A particles when the field is switched
off. If § — Sp out of the S binding sites in the primary chain of A particles are
occupied by B particles, and Sy sites remain vacant, the primary chain will break
up into G = Sp + 1 fragment groups of particles (“secondary chains”) [The “num-
ber of chains” G includes single A particles] when the field is switched off. As
an example, consider the situation of Ny = 10 and Ng = 6: The B particles form
6 bonds (indicated by horizontal lines) and leave 3 vacant binding sites (vertical
lines). Accordingly, G = Npo — Np = 4. In the example shown below the group is
made up of one monomer (N; = 1), one dimer (N, = 1) one trimer (N3 = 1) and
one tetramer (N4 = 1):

0-0-0-0|0|0-0|0-0-0 Ni=No=N3=Nys=1
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However, different distributions of n-mers can be realized by interchange of the
locations of bonds and vacant sites, as summarized in the table below for Ny = 10,
Ng=6(G=4).

k Ny Np N3 Ny Ns Ng N7 Wk
a 3 - - - - - 1 4
b 2 1 - - - 1 - 12
¢ 2 - 1 - 1 - - 12
d 2 - - 2 - - - 6
e 1 2 - - 1 - - 12
f 1 1 1 1 - - - 24
g 1 - 3 - - - - 4
h - 3 - 1 - - - 4
i - 2 2 - - - - 6

A distribution k characterized by a set of distribution numbers {N,} = {Ny, N»,
N3, ...} has a certain number of equivalent realizations, wy, given by

G!
= LN (3.23)
The most likely distribution {N,'} is the one with the largest number of realizations

wk. Hence we look for the set of variables {N,} which maximizes wy subject to
the constraints

Wi

> Nu=G (3.24)

> Ny =Na (3.25)

We calculate the set of most likely distribution numbers {N,'} by the Lagrange
method of undetermined multipliers (o and S). For large N4 and Np the numbers
of n-mer chains of this distribution are given by

ey G> (Ny—GY"
Ni=e"(e ﬂ)”zNA_G< No ) (3.26)

So far we assumed that a bond between two A particles is made by a single B
particle (single bond). In that case the number of fragment groups G is given by
Ng—Np. Accordingly, no fragmentation should occur when Np is equal to the
number of binding sites, S = Ny — 1 = N4. The experiments show, however, that
more than one B particle can be accommodated between two A particles. This
implies that some sites will remain vacant even if Np > N4. For large particle
numbers N4 and Np we can replace the number of fragment groups by the number
of vacant sites, i.e., S = G — 1 & G. The number of n-mer chains normalized to
the total number of A particles, X,,, and the fraction of A particles existing in form
of r-mer chains, @,, is then given by
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n

N s3 So\"
= ___ "0 (1 - 0> =og (1 —ap)" ! (3.27)
Na Na(Na — So) Na
@, = nX, = nod (1 — )" (3.28)
where ag = So/N4 is the fraction of vacant sites.

Determination of the fraction of vacant sites o

To determine the fraction of vacant binding sites we have to consider the distribution
of B-type particles over the binding sites. The total number of binding sites, S, is made
up of vacant sites (Sp), singly occupied sites (S1), doubly occupied sites (S»), etc.

o]

S=So+S1+S+=S+ > Sm (3.29)

m=1

The distribution numbers {S,,} will depend on whether the B-type particles are
bound to the binding sites in a reversible or irreversible way. Irreversible binding
leads to the Poisson distribution, while reversible binding can be treated by a mul-
tiple-step mass-action law.

(a) Poisson distribution

According to the Poisson distribution law the probability of finding m out of N
particles on a given site is given by

NP

Py(m) = -

(3.30)
where p is the probability for a single particle to be on this site. In the present case
we have S equivalent binding sites and thus p = 1/S. When identifying N with the
number of B-type particles in the system, we have Np = % ~ x—f = r. The prob-
ability Py (m) can then be identified with the fraction of binding sites occupied
with m particles, o, = S;,/S,

oK

Om ' e "withm=0,1,2... (3.31)

m:

Accordingly, on the basis of the Poisson distribution the fraction of vacant sites

(m=0)isog=e™".

(b) Multiple-step mass action law

When binding of B particles to vacant binding sites is reversible, the numbers of
vacant and single occupied sites along the chain will be connected by a Langmuir
type equilibrium

S1 = Ki1cpSo (3.32)

where K represents a binding constant and cp is the concentration of free (non-
bound) B particles. A similar relation will apply for the numbers of sites occupied
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by one and two particles, and generally for the numbers of sites occupied by m — 1
and m particles, viz.

S = KnegSm—1 form=2,3... (3.33)

where K, represents the binding constant for sites at which m — 1 particles
are already bound. Here we assume that all binding constants are equal, i.e.
K| = K; = - - - = K. With the abbreviation z = Kcpg we then obtain

Sp=2""181=2"Sg m=1273... (3.34)
o o0 z
S=So+zlsmzso<1+zlz’”>=So(1+1_z> (3.35)
m= m=

o o0
Z
Npg=S mSp=50S m" = Sg—
B mE_:l m om§_l s (3.36)

From Egs. (3.35) and (3.36) we find the average number of B particles per site

Ng  z/0-2* 2 337
S 14z/01-2 (-2 ’
and with % ~ %—A’f = r we obtain
-
2= (3.38)

When z is known, the number of vacant sites So, and o9 = So/N4, can be calcu-
lated by Eq. 3.36

(1—1)2_ 1 .Jozr(l—z)Z_ 1

So =N = - -
0 B z Br(r+1) Z r+1

(3.39)

o9 is then used to determine the distribution numbers X,, and @, by Egs. (3.27) and
(3.28). According to this relation, og is decreasing with increasing » much more
slowly than the e~" dependence predicted by the Poisson law. This is why the mul-
tiple-step mass action law, unlike the Poisson relation, does not yield an exces-
sively wide distribution of chain lengths for larger r.
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Part 11

Curvature and Surface Energy Effects
on the Interaction of Hydrophilic
Silica with Nonionic Surfactant

In Chap. 4, we present the results of surfactant CjoEs5 adsorption on silica
nanoparticles. In addition we perform SANS measurements aimed to study the
effect of particle size and surface modification of silica nanoparticles on the self-
assembly of the adsorbed surfactant. Chapter 5 deals with the complementary situ-
ation of the self-assembly of the surfactant in cylindrical nanopores of SBA-15
silica and the effects of a surface modifier on the binding tendency of the Cj,Es
surfactant to the pore-walls are also presented.
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Chapter 4
Surfactant Adsorption and Aggregate
Structure at Silica Nanoparticles

4.1 Introduction

Surfactant adsorption onto colloidal particles is of eminent importance to tech-
nological processes in which colloidal stability or detergency plays a role [1-5].
Surfactant adsorption onto hydrophilic surfaces can be regarded as a surface
aggregation process, reminiscent of micelle formation in solution [6—14]. When
the anchoring of the surfactant heads to the surface is weak, as in the case of
nonionic surfactants at oxide surfaces, the morphology of surface aggregates
may depend both on the anchoring strength [15, 16] and on the curvature of the
adsorbing surface [17-23]. For instance, for the surfactant penta (ethyleneglycol)
monododecylether (C12Es) it was recently found that discrete surface micelles are
formed on silica nanoparticles [19, 21], although flat bilayers aggregates are pre-
ferred at planar silica surfaces [11, 12]. At even weaker anchoring energies, sur-
face micelles may be disfavored against micelles in solution, implying that little
or no adsorption occurs, as in the case of dodecyl maltoside (3-C2G») at silica
nanoparticles [19].

Here, we study the influence of particle size and surface modification on the
adsorption of the surfactant C2Es at silica nanoparticles. The particles were syn-
thesized by a modified Stober method [24] yielding particles of narrow size distri-
bution down to the 10 to 50 nm size range which was of interest in this study. In
this method, the basic amino acid lysine is used instead of ammonia as the cata-
lyst for the hydrolysis of the silica precursor. For the resulting Lys-Sil particles
[24] it was found that the adsorption isotherm of Ci;Es exhibits a pronounced
dependence on particle size. To assess the influence of lysine on the surface energy
and the adsorption of the surfactant at the silica particles we also investigated
the adsorption of lysine on pure siliceous silica nanoparticles (Ludox-TMA) and

Reprinted with permission from Bharti, B., Meissner, J., Gasser, U., Findenegg, G. H., Soft
Matter, 2012, 8, 2573. Copyright 2012 The Royal Society of Chemistry.
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Fig. 4.1 Characterization of three Lys-Sil silica /, 2 and 3: a Experimental SAXS profiles and
fits to the points according to form factor of spheres dispersed in a medium. b BET-plot of Nj
adsorption isotherms (the inset is the measured complete isotherm for Lys-Sil-3 silica particles).
¢ TEM images of the three Lys-Sil nanoparticles, shown at the same magnification

used Small Angle Neutron Scattering (SANS) to elucidate changes in surfactant
self-assembly when adding increasing amounts of lysine to the silica dispersion.
Based on these results we discuss the effects of surface curvature and anchoring
strength of the surfactant heads on the adsorption of Cj>Es at silica nanoparticles.

4.2 Results

4.2.1 Characterization of Silica Nanoparticles

Results of the characterization of three Lys-Sil materials by Small Angle X-ray
Scattering (SAXS), nitrogen adsorption and Transmission Electron Microscopy
(TEM) are shown in Fig. 4.1. The SAXS profiles of the three samples (Fig. 4.1a) can
be represented by the form factor model of spherical particles having a log-normal
size distribution. Values of the mean patrticle radius R and polydispersity o of the three
Lys-Sil materials are given in Table 4.1. The systematic deviations from the experi-
mental /(g) at low values of the scattering vector g can be attributed to repulsive long-
range interactions between the charged particles at pH 9. These inter-particle features
are of no relevance for the mean particle size and size distribution.
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Table 4.1 Parameters for synthesis and characterization of three Lys-Sil samples: stirring rate
r of the reaction mixture at temperature T, mean particle radius R and size polydispersity o as
derived from SAXS, and specific surface area aggr of the sols as determined from the nitrogen
adsorption measurements

Silica Synthesis SAXS N adsorpt.

T(°C) r (rpm) R (nm) o ager (m?/g) ABET/dgeo
Lys-Sil-1 60 1,300 6.5 0.13 293 1.40
Lys-Sil-2 60 800 11.0 0.11 154 1.24
Lys-Sil-3 70 300 21.5 0.10 95 1.50
Ludox-TMA - - 13.4 0.13 115 1.13

Polydispersity is expressed by the standard deviation from the mean particle size; age, is the geo-
metric surface area

The specific surface area of the silica sols was determined from the nitrogen
adsorption isotherms by the BET method in a range of relative pressures p/pg from
0.05 to 0.3 (Fig. 4.1b). The resulting values aggr are given in Table 4.1 and com-
pared with the geometric surface area per unit mass, dgeo = 3/Rpsio2, with R, the
mean particle radius (from SAXS) and ps;o2, the density of silica (2.2 g cm™3).

4.2.2 Surfactant Adsorption on Lys-Sil Nanoparticles

Adsorption isotherms of the surfactant C,E5 at the three Lys-Sil sols at pH 7 and
20 °C are shown in Fig. 4.2. The graphs present the surface concentration I” of the
surfactant (amount adsorbed per unit area) versus Solution concentration expressed
in the units of the critical micelle concentration (cmc = 7 x 107> M at 20 °C). The
isotherms exhibit a steep increase in adsorption starting at an onset concentration
below the c¢mc, and a plateau value that is reached shortly above the cmc. The iso-
therms can be represented by the S-type isotherm equation by Gu and Zhu [25, 26]
n
r—r, K(c/cmc) _ @1
1 4+ K(c/cmc)

where [, represents the maximum surface concentration (plateau value of the
adsorption isotherm), K the adsorption constant and » is nominally the aggregation
number of surface micelles. Fits of Eq. 4.1 to the adsorption data are shown by the
full curves in Fig. 4.2 and the parameters are summarized in Table 4.2. Also given is
the surface aggregation concentration co, which can be calculated from the param-
eters K and n by Eq. 4.1 [25].

n— 1\ @th/n
co/cme = (n n 1) K~l/n 4.2)

As indicated in Fig. 4.2, the uncertainty in the experimental values of [, is large
for the smallest particles. The uncertainty in co/cmec is estimated to £20 %.
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Fig. 4.2 Adsorption isotherms (20 °C) of the surfactant Ci2Es at Lys-Sil silica particles of
radius 6.5, 11 and 21.5 nm: Experimental data and fits by the Gu-Zhu equation. The dashed verti-
cal line indicates the cmc of the surfactant

Table 4.2 Adsorption of C2Es5 at Lys-Sil nanoparticles

Silica R (nm) Iy (umol m~2) K n co/eme
Lys-Sil-1 6.5 1.5 1.9 3.7 0.42
Lys-Sil-2 11 39 2.8 6.2 0.58
Lys-Sil-3 21.5 5.5 12 8.8 0.58

Fit of adsorption data of Fig. 4.2 by Eq. 4.1: maximum surface concentration /p,, adsorption con-
stant K, nominal aggregation number of surface micelles n, and ratio of surface aggregation con-
centration to critical micelle concentration

The most interesting aspect of the adsorption isotherms in Fig. 4.2 is the strong
decrease of the limiting surface concentration 17, with decreasing size of the Lys-
Sil particles. In preliminary adsorption measurements for Cj»Es on pure siliceous
Ludox-TMA particles (R = 13.4 nm) we found a plateau value I3, = 4.5 mmol m2,
which fits into the size dependence of I, observed with the Lys-Sil particles.

Yokoi et al. [27] investigated the formation and properties of Lys-Sil nanoparti-
cles using a combination of liquid-state 13C NMR, solid-state '3C CP/MAS NMR,
thermogravimetry, and differential thermal analysis. They concluded that a sub-
stantial fraction of lysine used in the particle synthesis remains adsorbed at the
nanospheres. To find out in what way adsorbed lysine may affect the adsorption of
the surfactant, we studied the adsorption of lysine on pure siliceous nanoparticles.

4.2.3 Lysine Adsorption on Silica Nanoparticles

The adsorption of lysine was studied on Ludox-TMA silica sol, as this material is free
from any other organic base. The results are shown in Fig. 4.3. Within error limits the
adsorption data can be represented by the Langmuir equation: 'L = F,ﬁbc /(1 + boe),
where I'l is the surface concentration of lysine at equilibrium concentration ¢. We
find a limiting surface concentration F,ﬁ = 1.8 wmol m~2 (corresponding to a surface



4.2 Results 51
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density of 1.1 nm~2), and adsorption constant » = 1.6 mM ™. Our value of the limit-
ing surface density is consistent with the value of 0.5 nm~2 reported by Yokoi [27] for
the specific conditions of their particle synthesis. From here on, the amount of lysine
adsorbed at silica nanoparticles will be expressed by the relative surface concentration
6 = I't /I'k to avoid mix-up with the adsorption of the surfactant.

4.2.4 SANS Study of Surfactant Aggregate Structure

SANS measurements were made to study surfactant aggregate structures at silica
nanoparticles in the absence and presence of lysine. As in the preceding studies [19,
20], SANS measurements were made with a HyO/D>O mixture that matches the
scattering length density of the silica. In this contrast-match scenario the silica parti-
cles become invisible to the neutron beam. Hence in the absence of surfactant only a
constant scattering background is observed, as shown in the inset in Fig. 4.4a. When
surfactant is added, a scattering intensity profile I(g) appears which is characteristic
of the shape and size of the surfactant aggregates and their arrangement in space.
Figure 4.4a shows the scattering profile for C12Es in a 3.3 wt% Ludox-TMA silica
dispersion at a surfactant concentration corresponding to I' = 3.5umolm~2, (i.e.,
well below the limiting adsorption, I}, = 4.5 wmol m~2). Also shown in Fig. 4.4a is
the scattering profile of the surfactant in the absence of silica, measured at a sim-
ilar concentration but in pure D>O, to enhance the scattering contrast. The scatter-
ing curve for C17Es5 in the absence of silica can be represented quantitatively by the
form factor model of wormlike micelles. The resulting fit parameters are given in
Table 4.3. The scattering profile of the surfactant in contact with silica particles was
analyzed in terms of two different models: (i) a spherical shell model [17], assuming
that the surfactant is forming a layer of uniform thickness L; (ii) the micelle-deco-
rated bead model [28, 29], assuming a random distribution of N spherical surface
micelles of radius R,, located at distance R + R, from the center of the silica parti-
cle. The parameters used to fit the data are given in Table 4.3. Figure 4.4b shows that
both models give a fair representation of the experimental data in the low-g regime
including the local maximum near ¢ = 0.3 nm~!. For higher ¢ the shell model
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Fig. 4.4 SANS intensity profiles /(g) for the surfactant C12Es5 in a 3.3 wt% Ludox-TMA disper-
sion (I = 3.5 pumol m—?) at silica/water contrast match conditions: a comparison of scattering
profiles in presence of silica particles (squares) and the corresponding amount of surfactant in the
absence of silica particles (circles) (the inset shows the contrast match of silica in absence of sur-
factant); b fit of the scattering curve by the shell model (dotted curve) and the micelle-decorated
bead model (full curve), with Ry, = 2.2 and N = 105; c fit to the scattering curve accounting for
the dual population of the 25 % surfactant as wormlike bulk micelles (red line) and rest adsorbed;
the dashed curve in the curve is the form factor of the wormlike micelle

Table 4.3 Analysis of SANS data for Cj>Es adsorbed on Ludox-TMA particles by the micelle-
decorated bead model and spherical shell model

r Rpeaa (nm) Ry, (nm) — Ap Nmic L (nm) x
(pmol m~2) (x 107*nm—2)
Surf-micelles 3.5 13.37 2.2 2.36 105 - 0.25
Shell 3.5 13.37 - 2.36 — 4.0 —

R, is the radius of surface micelles and L is the thickness of shell according to core shell model

predicts a steeper decrease of /(g) than the observed scattering curve. This deviation
indicates that the shell model underestimates the overall surface area of the surfactant
aggregates. The micelle-decorated bead model gives a satisfactory fit of the entire
scattering curve. The higher-order oscillations in the region of ¢ > 0.4 nm~! pro-
duced by this model are caused by artifacts arising from the Fourier transformation
of the pair-correlation function of surface micelles used to derive the inter-micellar
structure factor. This pair-correlation function was generated by simulating random
distributions of N spherical micelles on the silica bead (see Sect. 3.1.1). We stress
that we have not attempted to determine the detailed shape of the surface micelles,
but the model of spherical surface micelles was adopted for the sake of simplicity.

However, we have tested if the fit can be further improved by assuming that a
part of the surfactant is not adsorbed but exists in form of free wormlike micelles.
Specifically, the total scattering intensity was represented by

I(q) = (1 = ) Ly (@) + Xlpuik (q) 4.3)

where Ij,/(q) and Ip(q) represent the scattering intensity functions of the micelle-
decorated bead model and the model of free cylindrical micelles, respectively, and x is
the fraction of scattering intensity contributed by the free micelles. Figure 4.4c shows
that Eq. 4.3 with x = 0.25 gives indeed some improvement of the fit. However, more
systematic studies and consideration of the finite experimental resolution of the SANS
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data (experimental smearing) would be necessary to discriminate between the small
differences of the two models. The limitations of Eq. 4.3 to account for the co-existence
of two populations of surfactant micelles in the system are discussed below.

To establish the effect of lysine on the aggregate structure of the surfactant in the
silica dispersion, SANS measurements were made for a set of samples of fixed con-
centration of C12E5 (20 mM) in a 3.3 wt% dispersions of Ludox-TMA and with gradu-
ally increasing concentrations of lysine. From the known adsorption isotherm of lysine
on Ludox-TMA (Fig. 4.3) its amount in the samples was adjusted such as to cover a
wide range of surface concentrations while keeping the concentration of free lysine
in the solution as low as possible (¢ < 3 mM). Scattering profiles for lysine surface
concentrations 6 from 0.004 to 0.76 are presented in Fig. 4.5a. It can be seen that the
peak in I(g) at ¢ ~ 0.3 nm™!, which is a measure of the amount of surfactant form-
ing the adsorbed layer, decreases in height as the lysine concentration at the surface
increases. A small peak is still detectable at a lysine surface concentration 6 = 0.62,
but the peak has vanished at 6 = 0.76. The scattering profile at this highest lysine con-
centration resembles the profile obtained for the surfactant in the absence of silica (cf.
Figure 4.4a). This clearly indicates that at & > 0.75 all surfactant has been displaced
from the surface of the silica particles and is forming wormlike micelles in the aqueous
phase. This conclusion is justified as it was confirmed by SANS measurements that
lysine does not affect the scattering profile of C2E5 in the absence of the silica (not
shown), and hence has no significant influence on the morphology of the bulk micel-
lar aggregates at the lysine concentrations relevant in the present context. Quantitative
modeling of the scattering profiles in terms of two co-existing populations of surfactant
aggregates (surface micelles and bulk aggregates) in the presence of lysine was not
practicable because too many of the relevant parameters were unknown. Instead, we
checked if the gradual change of the scattering profile as a function of added lysine
can be represented by Eq. 4.3, i.e., an incoherent superposition of contributions from
surface micelles and free cylindrical micelles as in the bulk solution. Results for x = 0
(all surfactant forming spherical surface micelles), x = 1 (all surfactant forming worm-
like micelles in solution) and intermediate states with x = 0.25, 0.5 and 0.75 are shown
in Fig. 4.5b. The parameters used for simulating individual form factors of a silica bead
with adsorbed surface micelles (P £mic(q)) and free wormlike micelles in the bulk
(Pworm(q)) are given in Table 4.4. It can be seen that the simulated curves reproduce the
trends of the experimental scattering profiles as a function of 6 (Fig. 4.5a).

Closer inspection of the SANS profiles in Fig. 4.5a reveals that the main oscil-
lation in I(g) shifts to lower values of ¢ as the surface concentration 6 of lysine
increases. In terms of the simple core-shell model, this shift corresponds to an
increase in the mean layer thickness from 4 nm to roughly 6 nm. This suggests that
small surface concentrations of lysine are causing only partial detachment of the oxy-
ethylene head groups of the surfactant, connected with a rehydration of these groups.
Hence the lysine-induced weakening of the binding of surfactant to the surface may
involve the formation of a water-rich layer between the surfactant aggregates and the
surface, which ultimately leads to the complete detachment and reorganization of the
surfactant aggregates. This finding is reminiscent of the effect of temperature on the
layer of C12Es at silica particles as reported by Cummins et. al. [17] which was attrib-
uted to a temperature-induced reorganization and partial desorption of the surfactant.
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Fig. 4.5 a SANS experimental scattering curves for Cp2Es in a 3.3 wt% dispersion of
Ludox TMA with increasing lysine concentration corresponding to relative surface concentra-
tions 6 from 0.004 to 0.76; b simulation of data in (a) based on Eq. 4.3 with weight factor x of
bulk micelles as given in the graph. In (a) and (b) curves for higher 6 or x are shifted downward
by factors of 3

Table 4.4 Parameters used to simulate the form factors of spherical surface micelles and bulk
wormlike micelles as further used in Eq. 4.3

Purf-mic(q) Pyorm(q)
Rpead (nm) Sbead Nmic Ry (nm) Smic Ryorm (nm) L (nm) Lg (nm)
13.37 0.13 100 2.2 0.1 2.0 142 40.5

Ryead is the radius of the silica particle, Speaq its polydispersity, and spmic is the polydispersity of
the surface micelles. Whereas Ryorm is the radius, L, and Ly are the contour and Kuhn length of
wormlike bulk micelles

4.3 Discussion

4.3.1 Size Dependence of the Adsorption of C12Es on Lys-Sil

The sigmoidal shape of the adsorption isotherms in Fig. 4.2 is a well-known
signature of aggregative adsorption of nonionic surfactants at hydrophilic surfaces
[11, 14, 16, 25]. On the other hand, the strong decrease of the maximum surface



4.3 Discussion 55

concentration of the surfactant with decreasing size of the Lys-Sil nanoparticles
represents a remarkable new result. To our knowledge such a pronounced size
effect on the adsorption has not been reported previously. This may be due to the
difficulty of preparing oxide nanoparticles of well-defined size in this size range
and determining the precise concentration of surfactant in the dispersion. Here we
will discuss this finding from a point of view of the different structures of sur-
factant aggregates at the surface of the nanoparticles and in solution.

The SANS measurements presented in Sect. 4.2.4 have established that C>E5
is forming discrete surface aggregates at the Ludox-TMA silica particles, in agree-
ment with our earlier findings with Cj7E5 at Stober-type silica nanoparticles of
similar size (16 nm) [19]. In that paper we conjectured that surface micelles are
preferred because the high surface curvature of small particles prevents an effec-
tive packing of surfactant molecules in a bilayer film. For a particle of radius R
with an adsorbed bilayer film of thickness L the area at the midpoint plane of
the bilayer exceeds the surface area of the particle by a factor f = (1 4+ L/2R)?.
For the present Lys-Sil particles and a bilayer thickness of 4 nm we have f = 1.2
for the largest particles (R = 21.5 nm), but f = 1.7 for the smallest particles
(R = 6.5 nm). For large particles this curvature-induced handicap may be met by
formation of an asymmetric bilayer, having a higher number of molecules in the
outer layer. For the smallest particles, on the other hand, it appears that the curva-
ture-induced handicap is too high for any form of bilayer structure. Instead, self-
assembly apparently leads to discrete, more highly curved surface aggregates, as
indicated by the SANS study. As shown above for C,E5 at Ludox-TMA particles,
the data can be represented by spherical surface micelles of about 4.4 nm in diam-
eter. Assuming that this also pertains to CjoE5 adsorbed at the Lys-Sil particle,
we may estimate the number of surface micelles per particle from the adsorption
isotherms of the surfactant. The volume of adsorbed surfactant per particle at the
plateau of the adsorption isotherm is given by V, = ATI},Nav,, where A = 47 R?
is the surface area of a particle of radius R, Ny4 is the Avogadro constant, and v,
the volume of a surfactant molecule (v, = 0.97 nm? for C3Es hydrated with 10
water molecules [9]). The number of surface micelles per particle is then given
by N = V /v, with v, = (41/3)R3,, where R,,. is the radius of a surface micelle.
The maximum number of micelles that can be accommodated at the particle sur-
face can be estimated as Nyqx = A'lay,, with A’ = 47(R + R,,)? and a,, the effec-
tive cross-sectional area of a surface micelle, which we approximate by a,, = 4R2,
assuming a square lattice. Values of N and N,,,, for surface micelles of radius
R, = 2.2 nm at the three Lys-Sil nanoparticles are given in Table 4.5. These val-
ues indicate that the fraction of surface occupied by adsorbed micelles is strongly
increasing with the particle size. For the smallest particles (R = 6.5 nm), this esti-
mate yields N/N,.c ~ 0.2, i.e., only a relatively small fraction of the surface is
occupied with surface micelles. For the largest particles (R = 21.5 nm), on the
other hand, our estimate yields N/N,,,, > 1, suggesting that for particles of this size
the surfactant is not forming spherical surface micelles but aggregates which allow
a higher packing density at the surface. This finding is plausible in view of the fact
that C,Es is forming flat (patchy) bilayer structures at planar surfaces [11, 12].
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Table 4.5 Adsorption of Cj2E5 on Lys-Sil silica nanoparticles of radius R: measured maximum
surface concentration I, (Fig. 4.1), estimated number of spherical surface micelles (Ry, = 2.2 nm)
per silica particle, N, and N/N,

Silica R (nm) I (umol m—2) N NIN pax
Lys-Sil-1 6.5 1.5 10 0.21
Lys-Sil-2 11 3.9 77 0.68
Lys-Sil-3 21.5 55 417 1.14

Here N,y is the maximum number of surface micelles that can be accommodated at a particle of
given radius (see text)

A particle-size induced transition from surface micelles to a surfactant bilayer
can be rationalized by considering that adsorption of a surfactant bilayer on a
curved surface involves bending the bilayer, and that the bending energy needed
to wrap the particle can be balanced by the adhesion energy of the adsorbed layer.
This is the essence of a phenomenological model by Lipowsky and Ddobereiner
[30] which predicts a transition from the naked particle to the particle wrapped
by the bilayer to occur at a critical particle radius R, = /2K /|wp;|, where k is the
effective bending constant of the bilayer and wy; the adhesion area per unit area.
Small surface micelles may be adsorbed also on particles of radius R < R, but
due to the less effective packing, their adhesion energy per unit area, wy;., will be
smaller than that for an extended bilayer. On the basis of this argument we may
expect a transition from a dense layer of micelles to a uniform bilayer to occur at a
particle radius Ry = /2« /|Wp;i — Wpic|. For surfactant bilayers we expect a bend-
ing constant k &~ 5k7 and an attractive van der Waals interaction per unit area of
the silica surface wy; &~ kT. However, |wp; — wp,;c| may be much smaller than wy,;.
Assuming |wp; — Wiic| = 0.025kT leads to a transition at a radius R, = 20 nm,
which is roughly the particle radius suggested by the analysis of the adsorption
data (Table 4.5). Hence this model may explain the transition from discrete surface
micelles to a uniform bilayer, but not the pronounced decrease of the number of
surface micelles per unit area observed for the smaller particles. This size depend-
ence of the surface concentration is considered in the following section.

4.3.2 Effect of Lysine on Binding Strength of Surfactant

In order to gain some understanding for the low surface concentration of the surfactant
at the smallest silica particles we need to look more closely at the anchoring of the sur-
face micelles. For surfactants of the poly(oxyethylene)alkyl ether type, such as Cj,Es,
on hydrophilic silica, it is believed that hydrogen bonding of the silanol groups to the
ether groups of the surfactant, either directly [31, 32] or mediated by water molecules
[16], represents the dominant binding mechanism. To attain the necessary number of
such bonds, surface micelles must acquire a sufficiently large contact area with the sur-
face, which generally will imply some distortion of micellar shape relative to that in
solution. For convex-shaped micelles the degree of distortion will depend on the mean
curvature of the solid surface, being weakest at concave surfaces (as in nanopores) [33]
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and largest at spherical nanoparticles. Since the strain energy caused by distortion of
the surface micelles is of opposite sign as the binding energy, surface micelle formation
will become less favorable the higher the surface curvature of the particles. Accordingly,
fewer surface micelles will be formed per unit area as the particle size decreases. Hence
the concept of strained surface micelles may explain the observed decrease in the num-
ber of surface micelles with decreasing particle radius (Table 4.5).

The observed displacement of surfactant from the surface of the silica particles
induced by adsorption of lysine may be rationalized on the basis of these argu-
ments. Lysine is more strongly adsorbed to the silica surface than the surfactant
by hydrogen bonds between the weakly acidic silanol groups and the basic termi-
nal amino group of lysine. Accordingly, adsorption of lysine causes a decrease in
the number density of free silanol groups at the silica particles and thus a weaker
binding of the surface micelles. As can be seen in Fig. 4.5, the increase in the sur-
face concentration 6 of lysine (Fig. 4.5a) indeed correlates directly with the frac-
tion x of displaced surfactant (Fig. 4.5b).

Finally, we discuss the possible influence of lysine on the size dependence of the
adsorption of C>E5 at the Lys-Sil nanoparticles (Fig. 4.2). Since the three samples
of Lys-Sil were synthesized from the same reaction mixture, and particle size was
tuned solely by the stirring rate and a weak temperature increase (see Table 4.1),
we believe that the surface density of lysine and silanol groups was independent
of particle size. This is in line with earlier published results on similar silica parti-
cles [27], where the surface density of lysine on the Lys-Sil particles was estimated
to be 0.5 nm~2, and a value 3 nm~2 was adopted for the surface density of silanol
groups as reported previously by Shenderovich et al. [34] From these values the
fraction of silanol groups blocked by lysine was estimated to be 15 %. This then
implies that the surface density of free silanol groups at the Lys-Sil particles will
be lower than for pure Stober-type or Ludox-type silica. On the assumption that the
binding strength of surface micelles of C;E5 is proportional to the surface density
of free silanol, we may expect that the number of surface micelles on the Lys-Sil
particles will be smaller than on Stober-type or Ludox-type particles of equal size.
Furthermore, we propose that this effect should be more pronounced for small,
highly curved silica particles because in this case the straining energy would be
higher than on larger particles. This conjecture is supported by the results of the ear-
lier study of C,E5 at Stober-type silica nanoparticles of radius 8 nm [19], for which
a significantly higher limiting surface concentration was found than on the present
Lys-Sil particles of radius 11 nm. However, more systematic work is needed to cor-
roborate this combined influence of particle size and density of binding sites.

4.3.3 Potential Application Relevance

The finding that a nonionic surfactant can be displaced readily from the surface of
nanoparticles by small amounts of a more strongly adsorbed substance is of practi-
cal relevance for the formulation of dispersions stabilized by such surfactants. In
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addition, the displaced surfactant can cause significant changes in the macroscopic
behavior of the system. Since non-ionic surfactants like C12E5 are forming worm-
like micelles in a wide temperature and concentration range their displacement
from the surface can affect the rheological behavior of the system [35]. For these
surfactants it is even possible that the displacement of the surfactant drives the sys-
tem from the one-phase region into the two-phase region of the surfactant + water
phase diagram. For the present system this is demonstrated in Fig. 4.6. The phase
diagram of the C1>Es + water exhibits a lower critical point (cloud point) at about
31 °C and 1 wt% surfactant [36]. Above this temperature the system separates into
a water-rich and a surfactant-rich phase. Figure 4.6a shows the turbidity versus
temperature of a 1 wt% Ludox-TMA dispersion containing 0.2 wt% Cj2Es5, with-
out and with added lysine. In the absence of lysine almost all surfactant is adsorbed
at the particles (surface concentration I" = 4 pmol m~2 i.e., close to the limiting
adsorption). The turbidity of this sample is moderately low and independent of
temperature up to 50 °C. In the presence of lysine (3 mM), however, when the sur-
factant is detached from the particles, the turbidity of the stirred sample strongly
increases at temperatures 7' > T, as most of the free surfactant is now forming
droplets of the surfactant-rich phase. The silica particles remain dispersed in the
aqueous phase. SAXS measurements on the samples without and with lysine show
no increased intensity in the Guinier regime at different temperatures, confirming
the absence of any aggregation of silica nanoparticles [37]. The scattering curves
taken at temperatures from 20 to 50 °C superimpose (not shown). Photograph of
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the samples without and with lysine at a temperature above 7. are also shown in
Fig. 4.6b. This is a striking example to show the potential significance of such dis-
placement effects for the formulation of nanoparticle dispersions with nonionic
surfactants. Related phenomena were reported recently by Mustafina et al. [38].

4.4 Conclusions

This study has shown that the self-assembly of surfactants in a dispersion of
nanoparticles can be tuned by an additive which modifies the surface energy by
adsorption onto the particles. Lysine acts as an effective surface modifier in the
present system. Small concentrations of lysine cause a complete displacement of
the surfactant Ci2Es from silica particles. SANS measurements reveal that the
displacement process represents a morphological transition from discrete surface
micelles attached to the particles to elongated (wormlike) micelles in the aqueous
bulk phase. The detachment seems to proceed via an intermediate state in which
a hydrated layer of adsorbed lysine intercalates between the surfactant aggregates
and the surface. Further SANS studies are needed to elucidate this process.

For Lys-Sil particles we find a pronounced decrease of the maximum surface
concentration of the surfactant with decreasing particle size. Our study suggests
that this size effect is caused by the adsorbed layer of lysine, which reduces the
binding strength of the surfactant head groups, in combination with the increasing
curvature of the solid surface. For the smallest particles (diameter 13 nm) only a
fraction of their surface is decorated with surface micelles. We speculate that this
may be a consequence of a stronger distortion of surface micelles that is needed
for attaining a sufficiently large contact area with the surface of small particles
when some of the sites are blocked by lysine. The much higher limiting adsorption
of the surfactant at the largest particles (43 nm) indicates that in this case the sur-
factant is not forming discrete surface micelles but less highly curved aggregates
which allow a higher packing density at the surface. We present a simple model to
account for such a transition in surface aggregate structure. Hence, this study can
contribute to a better understanding of the factors controlling the self-assembly of
surfactants at nanoparticles. This will be useful in the formulation of nanoparticle
dispersions and their application in particle nanotechnology.
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Chapter 5

Assembling Wormlike Micelles
in Tubular Nanopores by Tuning
Surfactant-Wall Interactions

5.1 Introduction

Nanoporous materials with pores of uniform size and shape are of interest in
many known application fields, ranging from catalysis, membrane processes, and
chromatography to new areas such as microelectronics and medical diagnosis
[1, 2]. Since surfactants or related amphiphilic substances are involved in many
of these fields, their self-assembly in nano-confined space can play an important
and diverse role in these applications. For instance, surfactant adsorption in narrow
pores is of importance in surfactant-aided membrane processes such as micellar-
enhanced ultrafiltration (MEUF) [3] or micellar liquid chromatography [4]. It is
well-known that surfactants can improve the wettability of hydrophobic nanopo-
res by adsorption of an oriented monolayer [5]. Surfactant adsorption onto hydro-
philic surfaces can be regarded as a surface aggregation process, reminiscent of
micelle formation in solution [6-9].

Up to now only a few experimental studies have addressed the effect of
confinement on the structure of complex fluids in nanopores. X-ray reflectivity and
holographic X-ray diffraction [10, 11] have been used to investigate confinement-
induced ordering in complex liquids between planar parallel surfaces. Structural
and dynamic aspects of the self-assembly of the nonionic surfactant CiE5 in
porous glass were studied by 'H NMR [12]. Recently, we have adopted Small-
Angle Neutron Scattering (SANS) to characterize adsorbed layers of this and other
nonionic surfactants in the cylindrical pores of SBA-15 periodic mesoporous silica
[13, 14]. SBA-15 is made up of micrometer-sized particles which constitute arrays
of cylindrical nanopores arranged side-by-side in a 2D hexagonal lattice (space
group P6mm) [15]. Due to the high mesoscale order of these materials structural
information about the density profile of fluids in the pores can be derived by ana-
lyzing the intensities of the Bragg reflections [16, 17]. By applying this technique

Modified with permission from Bharti, B., Xue, M., Meissner, J., Cristigilo, V., Findenegg, G. H.,
J. Am. Chem. Soc., 2012, 134, 14756. Copyright 2012 American Chemical Society.
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© Springer International Publishing Switzerland 2014
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to the study of surfactants in the pores of SBA-15 it was found that initially the
adsorption of the surfactant in the pores leads to the formation of discrete sur-
face aggregates which increase in number and eventually merge to interconnected
bilayer patches as the plateau of the adsorption isotherm is approached [13, 14].

Recently we have found that the anchoring strength of the surfactant Cj;E5
to the surface of silica nanoparticles can be modified by co-adsorption of a
more strongly adsorbed substance, such as the aminoacid lysine [18]. In an ear-
lier SANS study it had been shown that in the absence of lysine, the surfactant is
forming discrete surface micelles at the silica nanoparticles [19]. When increasing
doses of lysine were added to the silica dispersion a gradual transition from the
surface micelles to detached wormlike micelles in the bulk solution was observed.
It was now of interest to see if such a lysine-induced morphological transition
from surface micelles to wormlike micelles in solution occurs in a similar way
for surfactant adsorbed in nanopores, or if the behavior is affected by the confined
geometry of the pore space. Similar to our previous studies, here again, we used
SANS as a primary experimental tool, and we follow the evolution of the scat-
tering profiles at different lysine adsorption levels. As a surprising result of this
study we find that in a limited lysine adsorption regime cylindrical micelles are
formed in the central space of the tubular pores. Before presenting the experimen-
tal details we give a brief summary of the theoretical background of this method
where we present simulated scattering curves to illustrate the potential to distin-
guish between different aggregate morphologies of the surfactant.

5.2 Theoretical Background

As was shown in the preceding studies [13, 14], the scattering from surfactant
aggregates in the pores of SBA-15 can be represented by a sum of three contribu-
tions: Bragg scattering from the pore lattice (/ragg), diffuse scattering from sur-
factant aggregates (/4iff) and a background (/) due to incoherent scattering, mostly
arising from the protons of H,O and surfactant, i.e.,

1(q) = IBragg(q) + Laitr(q) + Iv (5.1)

where ¢ represents the modulus of the scattering vector. When the scattering con-
trast between the silica matrix and the solvent is suppressed by using a HoO/D>,O
solvent mixture that matches the scattering length density of the matrix, then in the
absence of surfactant only a g-independent background, I, appears. In the presence
of surfactant, diffuse scattering will arise due to the inhomogeneous distribution
of the surfactant in the porous matrix. In previous studies of our group [14], it was
found that over a wide range of surfactant fillings this diffuse scattering can be
represented by a scattering function for disperse two-phase systems with spatial
correlations, similar to the Teubner-Strey relation [20]

sl
s+ = 9/qn—17 ©2)
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where ¢, and I, represent the values of the scattering vector and scattering inten-
sity at the correlation peak, and s = Io/l,,, with Iy the limiting value of I;1(g) for
g — 0. From these experimental parameters two characteristic lengths, d and &,
can be derived: d represents the quasiperiodic distance between surfactant domains
in the matrix, and £ is a decay length of this quasiperiodic order. They are given in
terms of ¢,, ands as

d

:271\/5{ 1 1]‘/2;5 ﬁ[ 1

-1/2
qm (1 —s)1/2 - (1—s)1/2_1] - 6

dm

When surfactant is present in the pores, contrast match between pore fluid and
matrix is eliminated and Bragg reflections from the pore lattice appear. The radial
average of the total scattering intensity for an ensemble of long cylindrical objects
is given by

IBragg(q) = ZSL(9)P(q) (5.4)

where Sy(g) is the structure factor of the pore lattice, P(q) is the form factor of
the scattering entity in a pore, which depends on the shape and geometry of the
surfactant aggregates, and Z is a constant. For a perfect 2D-hexagonal lattice the
spherically averaged structure factor is given by Sz(q) = g2 > nk MakShi(q),
where my; is the multiplicity factor of a Bragg peak with Miller indices hk
(mpr = 6 for the 10, 11, and 20 peaks), and Sjyx represents delta functions at posi-

tions gy = (a;‘—”ﬁ) A/h? + k2 + hk. In reality, the Bragg reflections are broadened
due to lattice imperfections and limited instrumental resolution. In this work, they
are represented by Gaussian functions Spi(q) = ankexpl - b(q - qhk)z], where ay 1S
the amplitude of peak hk, and parameter b characterizes the width of the individual
Bragg peak. The value of b was determined from the SANS curve of SBA-15 in
D0 and kept constant in the data analysis of all samples. The form factor P(q) in
Eq. 5.4 was modeled in different ways, to account for the different scattering pat-
terns observed as a function of the added surface modifier (see below).

To demonstrate the effect of the distribution of surfactant, Fig. 5.1 shows sim-
ulated Bragg scattering curves for two different adsorption scenarios, namely,
discrete surface micelles adsorbed to the pore-walls, and rod-like aggregates non—
attached to the pore-wall. Also shown in Fig. 5.1 is the expected scattering behav-
ior for the case that the surfactant is non-adsorbed but forms micelles outside the
pore space. The parameters used in the simulations are summarized in Table 5.1.

1. Discrete surface micelles or patches: If the surfactant is forming surface
micelles or bilayer patches at the pore walls, the statistical average of all
patches (at contrast-match of the matrix by the aqueous phase) corresponds to
the geometry of a hollow cylinder. Hence the form factor of a hollow cylinder,
Prc(q), shown as the full line in Fig. 5.1a was adopted in Eq. 5.4. This causes a
modulation of the Bragg scattering pattern (shaded area) from that of the origi-
nal structure factor Spragg(q) (dotted). Since the primary minimum of Pgc(g) is
situated at a ¢ value near the (10) Bragg peak, this peak is reduced in intensity



66 5 Assembling Wormlike Micelles in Tubular Nanopores by Tuning

(b) ' —P [(© " L A

rod wormlike

I(q)

i
u-*‘"“:"

Fig. 5.1 Simulated scattering curves (filled region) and the cartoons corresponding for three
plausible scenarios of Cj2Es5 interaction with SBA-15 silica, where the surfactant forms a dis-
crete patches adhering to the pore wall b isolated rod-like structures in the pores, and ¢ free bulk
wormlike micelles in the solution outside the pore. Dotted lines are the Gaussians curves imple-
mented to mimic the Bragg peaks of ordered SBA-15 structure, where the numbers indicated in
the brackets are the miller indices of the peaks. The solid black lines in a, b and ¢ are the form
factors of hollow cylinders, linear rods and wormlike [21] structures, respectively

Table 5.1 Parameters used in the simulation of the three surfactant scenarios of Fig. 5.12

SBA-15 PHC(q) Prod(q) Pworm(Q)
ap Ruc AR Riod Rworm Ly
11.6 2.5 2.5 2.5 2.5 10

% ap, lattice parameter of the SBA-15 sample; Ryc and AR, radius and thickness of the cylinder
shell; Ryog, radius of the cylindrical rod structure of surfactant aggregates in the pores; Ryorm and
Ly, radius and Kuhn length of the worm like surfactant aggregate in solution (all values in units
of nm)

compared to that of the (11) and (20) peaks. The resulting distribution of peak
intensities is a signature of a shell structure of the surfactant in the pores and
was observed previously for the surfactant C12Es in SBA-15 [14].

2. Surfactant aggregates weakly interacting with the pore walls: If the interac-
tion between the surfactant and pore wall is weak, the self assembly of the sur-
factant in the pore may lead to aggregate structures similar to those in the bulk
solution, which in the case of Ci2E5 is wormlike micelles. Such a scenario can
be simulated by adopting the form factor of rods, P,,q(g), in Eq. 5.4. The result
of such a simulation is shown in Fig. 5.1b. It can be seen that the intensity of
(10) Bragg peak is enhanced relative to (11) and (20) due to the superposition
with the form factor of a rod-like aggregate structure.

3. Micelles outside the pore space: If the interaction of surfactant and pore
wall is even weaker, formation of aggregates in the pores is disfavored against
aggregation in the bulk solution for entropic reasons. Since no surfactant is
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present in the pores, no Bragg scattering will occur in the contrast-match
scenario (Ipragg(q) = 0). Instead diffuse scattering from free micelles will
occur, as shown in Fig. 5.1c for the case of wormlike micelles, based on the
form factor of semi-flexible worms (P,,m(gq)). Hence the absence of Bragg
peaks is a signature for the case that no surfactant is adsorbed in the pore space.

In the simulations of Fig. 5.1a, b, the diffuse scattering contribution Iyi;(q)
is neglected for simplicity. This is in accordance to Eq. 5.1, where the contribu-
tions from diffuse scattering and Bragg scattering are additive in good approxima-
tion, and thus will not affect the relative intensities of the Bragg peaks, which is
characteristic for the different aggregate structures in the pores.

5.3 Experimental

5.3.1 Characterization of SBA-15

SBA-15 was synthesized as described previously [22] and characterized by nitro-
gen adsorption and Small-Angle X-ray Scattering (SAXS). Nitrogen adsorption
measurements at 77 K were performed on a Gemini III 2,375 volumetric sur-
face analyzer (Micromeritics). SAXS was performed on a SAXSess mc? instru-
ment (Anton Paar, Austria), equipped with a Cu-K,, slit-collimated X-ray source
operating at 40 kV (50 mA). Details of nitrogen adsorption and SAXS measure-
ments are described elsewhere [23]. The lattice parameter (ap) of the SBA-15 sam-
ple was determined from the SAXS data (see Appendix Fig. A.l1a). The specific
surface area (apgpr) was based on a BET plot of the nitrogen adsorption isotherm
in the relative pressure range 0.05 < p/pg < 0.30 (see Appendix Fig. A-1b). The
diameter D of the cylindrical mesopores was determined from the mid-value of
the pore condensation pressure (p/po)pc using the improved KIS prescription [24].
Characteristic parameters of the SBA-15 sample used in this study are given in
Table 5.2.

5.3.2 Lysine Adsorption

The adsorption isotherm of lysine onto SBA-15 at 20 °C was determined by batch
measurements using solution depletion analysis. Solutions of L-lysine monohy-
drate in water (10 ml) were adjusted to pH 8.0 and equilibrated with the SBA-
15 powder (~10 mg) in sealed plastic vials using a rotating mixer (12 h). After
centrifugation (1 h at 9,500 g) the residual concentration of lysine in the super-
natant was determined by reaction with ninhydrin to Ruhman’s purple which
was detected by its absorbance at 570 nm. The adsorption data was fitted with
the Langmuir isotherm equation n = n,Kc/(1 + Kc), where n is the specific
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Table 5.2 Characteristic parameters of the SBA-15 silica sample

ager (m?/g) Vip (cm¥/g) d (nm) ag (nm)
774 0.99 8.25 11.6

where ag is the lattice parameter, Vj), is the BJH desorption pore volume, aggris the BET specific
surface area and d is the pore diameter

adsorption of lysine at equilibrium concentration c, n,, is the maximum adsorption,
and K, the adsorption constant.

5.3.3 Sample Preparation and SANS Measurements

SANS measurements to determine the influence of lysine on the surfactant aggre-
gate morphology in the pores of SBA-15 were performed with a HoO/D,O solvent
mixture of 62.5 vol% D,O, which in earlier studies was found to match the scat-
tering length density of SBA-15 silica (pogijica = 3.7 x 107* nm™2). A set of sam-
ples of fixed loading with surfactant, but increasing concentrations of lysine was
prepared for the SANS measurements. Samples were prepared by adding SBA-
15 powder (100 mg) to 10 ml of a solution of lysine of initial concentration cg
in HO/D,0 at pH 6.5 and allowing time for adsorption of lysine in the pores.
An amount of the surfactant nearly corresponding to the limiting adsorption ny, of
C12Es in SBA-15 (filling fraction f = n%/ny,~ 0.95) was then added. After equili-
bration (12 h in a rotating mixer) the supernatant was decanted and aliquots of the
resulting silica slurry were transferred into the SANS sample cells. These specially
designed cells [14] were made from aluminum with quartz glass windows (sample
width 1 mm, sample volume, V .; = 0.1 cm?). The sample cell was loaded with
30 £ 3 mg of SBA-15, with an associated mesopore volume of 30 uL (pore liquid)
and 55 pL of extra-particle liquid. Variable amounts of silica directly affect the
scattering intensity of the samples.

The limiting specific adsorption of Ci;Es5 in the present SBA-15 material
(n,Sn =1.15 mmolg_l) was estimated from the measured value in the SBA-15
material used in the earlier work, and from the specific surface areas of the two
silica materials. Due to the large surface area of SBA-15 and because the S-shaped
adsorption isotherm reaches a plateau value shortly above the cmc, almost all
surfactant is adsorbed in the pore space as long as the adsorbed amount remains
below the plateau value. This limiting adsorption corresponds to a volume frac-
tion of surfactant in the pore space [14] of ¢ =~ 0.40. The fractional coverage of
the SBA-15 surface with lysine was calculated from the experimental data as
= 1 = % with V; the liquid volume, m, the mass of silica, n,, the maximum
adsorptlon per unit mass of silica, c¢ the initial concentration and c the equilibrium
concentration of lysine in the sample volume. When expressing this concentration
by the Langmuir isotherm, ¢ = ﬁ (see Sect. 5.3.2), the fractional coverage 6
is obtained from the equation
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Fig. 5.2 Lysine adsorption 0.5
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where a = Vi/mgn,,.

SANS measurements were made at the small-momentum-transfer diffrac-
tometer D16 at Institut Laue-Langevin (ILL, Grenoble). Two detector angles (0°
and 12°) were chosen to access the scattering vector range 0.4 < g < 4 nm™!,
where ¢ = (4m/A)sinf and the scattering angle is 20 at a neutron wave length
A = 0.473 nm (wavelength distribution AA/A = 0.01). Due to technical problems
the collimation of the neutron beam could not be optimized, which caused a loss
of instrumental resolution as compared to the preceding experiments at D16.

Data reduction and normalization was performed using the LAMP software
[25], and Scilab [26] was used for the further data analysis and fitting. In the
data analysis the uniform background I, of Eq. 5.1 was first subtracted from
the individual scattering curves, using the procedure described elsewhere [14]. In
addition, a power-law term Ag~", with A = 1.67 x 103ecmlandm=57+05
was subtracted from the experimental /(g) to account for the strong increase of
the experimental scattering curves in the g range below the 10 Bragg peak
(g10 = 0.625 nm~1), which we attribute to a superposition of Porod scattering
from the outer surface of the silica granules (decorated with a surfactant bilayer)
and the effect of imperfect masking of the primary neutron beam.

5.4 Results

5.4.1 Lysine Adsorption

The adsorption isotherm of lysine at the present SBA-15 sample at pH 8.0 is shown
in Fig. 5.2, along with a fit of the data by the Langmuir equation. A maximum spe-
cific adsorption n,, = 0.57 mmol g~! (corresponding to a surface concentration
I}y = nylas = 0.75 umol m~2) and adsorption constant K = 1.0 mM~! was obtained.
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Fig. 5.3 a SANS curves (a) 1.5 T T
from SBA-15 immersed in ) .- D:O
pure D20 (blue squares) -0-H,0/D,0

and in the contrast-matching
H,0/D,0 mixture (green
hexagons); the positions

of the three leading Bragg
reflections are indicated

by dotted vertical lines.

b Scattering profile from
SBA-15 in H,O/D;,0 with the
surfactant C1,Es at relative 0.0
filling f = 0.95 in the absence (b) 0.6 . "
of lysine (6 = 0): the black
line represents a fit to the
data points (circles), with the
diffuse scattering contribution
1aifr(g) according to Eq. 5.2
(green curve) and the Bragg
scattering contribution
IBragg(q) according to Eq. 5.4
indicated by the contour of
the shaded areas (see text)
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The value of [, is significantly lower than the adsorption of lysine at Ludox
silica nanoparticles, for which a value I}, = 1.8 umol m~2 was reported in
a recent study [18]. On the other hand, our result for SBA-15 silica is sig-
nificantly higher than a value reported for lysine in a MCM-41 silica at pH 6
(I, = 0.23 umol m~2) [27]. Possible reasons for these differences are discussed
in Sect. 5.5.1.

5.4.2 SANS Results

The SANS profile of a slurry sample of pristine SBA-15 in D>O is shown on a
semi-logarithmic scale in Fig. 5.3a. Its main feature is the distinct (10) peak, while
the (11) and (20) Bragg reflections appear as a combined peak, due to the lim-
ited instrumental resolution. This scattering profile was used to determine param-
eter b characterizing the effective width of the Gaussian peaks. A mean value
b = 175 nm? (for peaks hk = 10, 11, and 20) was obtained as previously [13,
14], and this value was kept constant in the data analysis for all sample loadings.
Also shown in Fig. 5.3a is I(g) for a slurry sample of pristine SBA-15 in contrast-
matching H,O/D,0O. In this case no Bragg reflections appear but only a uniform
background that results from incoherent scattering from H atoms in the sample.
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The SANS profile from a SBA-15 slurry with high surfactant loading (filling
factor f ~ 0.95) is shown in Fig. 5.3b. Since this measurement was carried out in
contrast-matching HyO/D-O, the scattering profile reflects the morphology of sur-
factant aggregates in the pores. It can be seen that in this sample the combined
(11) and (20) peak is larger than the (10) peak. As discussed in Sect. 5.5.2, this
is the signature of a cylindrical shell structure that will arise when the surfactant
is forming some kind of adsorbed layer at the pore walls. A fit of the experimen-
tal scattering curve by a sum of diffuse scattering (Eq. 5.2) and Bragg scattering
(Eq. 5.4) terms, and adopting the form factor of a hollow cylinder, Pyc(g), in
Eq. 5.4 gives a good fit to the experimental scattering curve. This result is fully
consistent with our earlier study of the alkyl ethoxylate surfactants Cj2Es and
CjoEs in the pores of SBA-15 [14].

The effect of added lysine on the morphology of the surfactant aggregates in
the pores of SBA-15 was studied by monitoring the SANS profiles at a constant
surfactant filling factor f = 0.95 (nearly corresponding to the maximum adsorp-
tion), but different lysine concentrations. Scattering profiles of samples with lysine
amounts corresponding to relative surface concentrations 6 = 0.1, 0.7, 0.8, and 0.9
are shown in Fig. 5.4. The four graphs indicate systematic changes of the scat-
tering behavior with increasing surface concentration of lysine. Whereas at low
lysine adsorption (6 = 0.1; Fig. 5.4a) the scattering profile resembles that of the
surfactant in the absence of lysine (Fig. 5.3b), but grossly different scattering pro-
files arise at high lysine surface concentrations. At 8 = 0.7 (Fig. 5.4b), the (10)
Bragg peak is very pronounced while the (11) and (20) peaks have decreased in
magnitude relative to 6 = 0.1. Another change in scattering behavior occurs when
the surface concentration of lysine is further increased. At 6 = 0.8 (Fig. 5.4c)
the intensity of all Bragg peaks has decreased relative to 6 = 0.7, and at 6 = 0.9
(Fig. 5.4d), the Bragg peaks have entirely disappeared. These pronounced changes
in the scattering profiles as a function of lysine surface concentration can even
be seen in the primary 2D scattering patterns shown as insets in four graphs in
Fig. 5.4. The results presented in Fig. 5.4 were obtained with samples in which
the silica surface was pre-equilibrated with lysine before adding the surfactant
(Sect. 5.3.3). In complementary measurements (not shown) it was found, however,
that the scattering profiles do not depend on this pre-equilibration step but only on
the chosen surfactant-to-lysine ratio.

For a quantitative analysis we consider the integrated scattering intensities
resulting from Bragg scattering (ngmgg) and diffuse scattering (id,-ﬁc). Integrated
intensities of the individual diffraction peaks were determined from the Gaussian
functions Syi(g) as [14]

IBragg = %Ihk (5.6)

The integrated diffuse scattering of the samples was determined from the fits with
the Teubner-Strey function (Eq. 5.2) as

Lug = [ Lug(9)q*dq (5.7)
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Fig. 5.4 SANS intensity profiles /(g) from SBA-15 slurry samples in contrast-matching H,O/
D;0 containing a fixed amount of Cj,E5 (corresponding to a relative filling f = 0.95) but differ-
ent surface coverage with lysine: a0 =0.1,b0=0.7, ¢ 0 = 0.8, and d & = 0.9. The inserts show
the primary 2D scattering pattern. Also shown are fits of the 1D scattering profiles (black lines)
based on a combination of a diffuse scattering term (green line) and Bragg scattering (contour
of blue shaded area). In d the data are fitted by the form factor of worm-like micelles without
Bragg scattering term

The 1ntegrated scattermg intensities IBmgg, Id,ﬁc and total integrated 1nten51ty
Tiotal = IBmgg + Id,ﬁr are shown as a function of 6 in Fig. 5.5a. In all samples, Id,ﬁc
is the dominating contribution. For the two samples with lysine surface concentra-
tion up to 6 = 0.7, the two contributions Id,ﬁv and IBmgg are nearly constant. As the
lysine adsorption is increased to 6 = 0.9, Id,ﬁ falls off sharply to a low but finite
value, while IBmgg decays to zero.

The behavior of Id,ﬁr can be rationalized on the basis that the present samples
can be regarded approximately as two-phase system consisting of aggregated
surfactant and matrix. In this case the diffuse scattering intensity will follow the
Porod relation [28] fd,ﬁc ~ @ (1 — &), where @ is the volume fraction of surfactant
in the sample. Since the surfactant loading was kept constant for all these sam-
ples, Idlﬁr should also remain constant if effectively all surfactant is adsorbed in
the pores. The fact that Idlﬁr falls off steeply at high 6 > 0.7 therefore indicates
that above some threshold of the lysine surface concentration an increasing
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Fig. 5.5 a Portion of the intensity contribution coming from diffused (circles) and Bragg
(squares) scattering towards the total experimental scattering intensity. b Integrated intensity of
individual Bragg’s peaks (10)-squares, (11)-circles and (20)-triangles for SBA-15 in HyO/D,O
with adsorbed C1;Es at different lysine amounts. ¢ Peak maximum of the diffused scattering con-
tribution and s (Ip/I;,) calculated from Eq. 5.2. d Quasiperiodic distance d and order &, respec-
tively of the surfactant domain, calculated from Eq. 5.3

fraction of the surfactant was not contained in the silica slurry but remained in the
supernatant.

The integral Bragg scattering intensity igmgg also remains nearly constant from
6 = 0.1 to & = 0.7 (Fig. 5.5a), but this does not apply to the individual contri-
butions Ihk, as shown in Fig. 5.5b. Most remarkably, the 1nten51ty 110 increases
by nearly a factor 3 in this range, while the intensities 111 and 120 decrease. This
change in the relative peak intensities, combined with the fact that the amount of
surfactant in the pore space has remained constant, can be taken as conclusive evi-
dence of a morphological transition of the surfactant aggregates in the pore space,
and the form factor simulations of Fig. 5.1 clearly indicate that at 6 > 0.7 the sur-
factant is no longer forming a shell geometry but some cylindrical geometry. As 6
is further increased, the intensity of all Bragg peaks is decreasing and vanishing at
6> 0.9, indicating that no surfactant is left in the pore space.

The diffuse scattering contribution of the samples with lysine surface concen-
trations up to € = 0.8 was represented by the Teubner-Strey model. Values of the
primary parameters ¢, and s = Io/I,, of Eq. 5.2 are given in Fig. 5.5¢c, and the
characteristic lengths d and & derived from these parameters by Eq. 5.3 are shown
in Fig. 5.5d. The values at low lysine concentration (0 = 0.1) are similar to those
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found previously for this surfactant in the absence of lysine. A weak increase
of d and & is found as the lysine surface concentration increases up to 6 = 0.7.
Above this threshold concentration, the quasiperiodic distance d exhibits a marked
increase while the decay length &€ remains unchanged.

5.5 Discussion

5.5.1 Lysine Adsorption

Several adsorption studies of lysine onto silica surfaces have aimed to assess the
nature of the adsorptive interactions [27, 29]. In aqueous solutions, lysine can exist
in different dissociation states. In the pH range 6-9, which is of relevance in the
present context, these are the cationic (Lys™) and zwitterionic (Lys®) form. With
increasing pH, silica surface becomes increasingly negatively charged as a result
of the dissociation of silanol groups. Since the adsorbed amount of lysine at silica
surfaces is strongly increasing with pH it was concluded that electrostatic interac-
tions with the negatively charged silica surface represent the main driving force for
the adsorption of lysine. In a recent ATR-IR study [29] it was found that ca. 80 %
of the adsorbed lysine was present in the cationic state (Si—O~...Lys") and 20 %
in the zwitterionic state (Si-O~...Lys¥). In both cases the adsorptive bond to the
surface is formed by the charged terminal amino group, such that the (zwitterionic
or anionic) a-aminoacid moiety is exposed to the aqueous medium.

The diversity in values of the limiting adsorption of lysine silica surfaces reported
in the literature [18, 27, 29] may be due in part to different pH conditions at which
the measurements were performed, as the adsorption is strongly changing with pH.
Another cause will be that different silica materials have different surface concen-
trations of silanol groups and thus a different concentration of binding sites for the
aminoacid. In particular we expect that silica nanoparticles prepared and kept in the
aqueous medium will have a higher silanol density than silica materials like SBA-
15 or MCM-41, which have been calcined at 550 °C. Even for these two materials
different concentrations of silanol groups at the surface of the pore walls have been
reported, namely 2.9 nm~2 for MCM-41 and 3.7 nm~2 for SBA-15 [30]. The limit-
ing surface concentration I}, = n,/a; = 0.75 umol m~2 for lysine on the present
SBA-15 material at pH 7 corresponds to a surface density 0.45 nm~2, implying that
at maximum about 1 in 10 silanol groups is binding a lysine molecule.

5.5.2 Lysine Induced Effects

For alkyl ethoxylate surfactants such as CjpE5 it is generally accepted that
hydrogen bonding of the silanol groups to oxygen atoms of the ethoxylate head
groups represents the dominant binding mechanism of the surfactant to the silica
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surface. The hydrogen bond can be formed either directly [31] or mediated with
water molecules [32]. We find that lysine is more strongly bound to the silica sur-
face than the surfactant molecules and thus the number of silanol groups avail-
able for adsorption of the surfactant will decrease as the surface concentration of
lysine increases. Accordingly, the adsorptive binding of the surfactant to the sur-
face will become weaker as the relative surface concentration 6 of lysine increases,
and this lowering of the adsorption energy eventually leads to the complete dis-
placement of the surfactant from the surface. Such a behavior was recently found
for the surfactant C,Es at silica nanoparticles, where a gradual transition from
surface micelles to detached wormlike micelles in the bulk solution was observed
as the lysine concentration was increased [18]. The present work shows, how-
ever, that in the confined geometry of cylindrical pores the transition from bilayer
patches attached to the pore wall (6 < 0.1) to wormlike micelles in the extrapore
space (@ > 0.9) proceeds via an intermediate state (at 6 ~ 0.7). From the intensi-
ties of the leading Bragg peaks (Fig. 5.5b) we see that in this intermediate state,
the surfactant is no longer forming a cylindrical-shell structure as expected for an
adsorbed (patchy) bilayer film, but a cylindrical structure as expected for cylindri-
cal micelles. Simple geometric considerations show that the amount of surfactant
in the pore space at the chosen filling factor corresponds to that of a cylindrical
aggregate of radius R, = R,/¢ = 2.6nm, based on the pore radius R = 4.1 nm
and the mean volume fraction of surfactant in the pore space ¢ ~ 0.4. The result-
ing value of R, is similar to that of cylindrical micelles of Cj;E5. Hence we pro-
pose that when the surfactant is gradually displaced from the pore wall by lysine,
the intermediate state at 6 ~ 0.7 represents a cylindrical micelle in the pore.

The observed surfactant aggregate morphologies are believed to represent equi-
librium structures as they are formed independent of whether the silica sample was
in contact first with lysine or with the surfactant. Accordingly, the displacement
of surfactant by lysine is to be understood in a thermodynamic sense and not as
a unidirectional reaction. Hence, when the silica is pre-equilibrated with lysine at
surface concentration corresponding to the intermediate state (6 ~ 0.7), surfactant
is being adsorbed into the pore space to form cylindrical micelles. Since this pro-
cess is not favored entropically against micelles in the aqueous bulk phase, we
conclude that the cylindrical aggregates must still keep in contact with the pore
wall in some way. A somewhat similar conclusion emerged from our recent study
of the lysine-induced displacement of Ci;E5 surface micelles from the surface of
silica nanoparticles [18], where it was concluded that at intermediate lysine sur-
face concentrations, the weakening of the binding of the surfactant to the surface
may involve the formation of a water-rich layer between the surfactant aggregates
and the surface. Further work is needed to elucidate this aspect. Regardless of this
open point we believe that this is the first example to show that cylindrical sur-
factant micelles can form spontaneously in cylindrical pores.

As mentioned previously, a wide variety of aggregate morphologies was observed
in DPD molecular simulations of a short-chain surfactant/water system confined to
a nanotube [33]. Specifically, for model hydrophilic surfaces (when water was pre-
ferred by the pore wall) and surfactant concentrations comparable to those in the
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present work, formation of threadlike micelles was observed in the central region of
the nanopores. This aggregate morphology is consistent with the proposed aggregate
structure at intermediate lysine concentrations of the present work.

5.6 Conclusion

The self-assembly of the surfactant of C1,Es5 in the cylindrical nanopores of SBA-
15 silica has been tuned by co-adsorption of the basic aminoacid lysine. The
adsorption behavior of lysine at SBA-15 was characterized by its single-compo-
nent adsorption isotherm while the adsorption isotherm of Cj>E5 was taken from
the earlier study. The aggregate morphologies of the surfactant in the pores in the
absence and presence of lysine was then studied by SANS in contrast-matching
H>0/D,0 water. The SANS data were analysed along the lines described in our
preceding studies [13, 14]. The main findings of this work are:

1. At low lysine adsorption levels the surfactant is forming patchy bilayer aggre-
gates at the pore walls, as observed in the absence of lysine.

2. At high lysine adsorption levels, i.e. values approaching the limiting surface
concentration (0.75 umol m~2), the surfactant is completely displaced from the
pore space and forms cylindrical micelles in the extrapore bulk liquid.

3. At an intermediate lysine adsorption level (ca. 70 % of the maximum surface
concentration) the surfactant is forming cylindrical micelles inside the tubular
pores. Our conclusions rely on a quantitative analysis of the intensities of the
Bragg reflections from the pore lattice peaks as a function of the lysine adsorp-
tion level. To our knowledge this is the first time that the formation of cylindri-
cal surfactant aggregates by adsorption into the cylindrical nanopores has been
verified experimentally. The driving force for this process is, however, not yet
clear. We propose that the cylindrical micelles in the pores are stabilized by
weak interactions with the surface, either by direct contact of surfactant head
groups with the surface silanol groups at a few places along the pore, or medi-
ated by lysine and a hydration shell of water at the pore wall.
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Part I11
Adsorptive and Aggregative Effects
of Proteins on Silica Nanoparticles

Part III of the thesis presents the studies of the interactions between silica
nanoparticles (20 nm) with two globular proteins, cytochrome C and lysozyme.
Chapter 6 deals with the effects of pH on the adsorption of lysozyme to silica
nanoparticles and the protein-induced aggregation of the silica particles. In direct
continuation to these studies, Chap. 7 focuses on the effect of ionic strength on the
adsorption and the concomitant aggregation of the protein/silica system. Chapter 8
highlights the differences in the aggregation-induced behavior observed for
lysozyme and cytochrome C with silica.
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Chapter 6
Aggregation of Silica Nanoparticles
Directed by Adsorption of Lysozyme

6.1 Introduction

Interaction of biomolecules with nanoscale materials has attracted much attention
in recent years, triggered by promising new developments in pharmaceutical and
biomedical technology. Nanoparticles are used as carriers in biomolecular transport
and drug delivery, regenerative medicine, biosensing, imaging and related applica-
tions [1-4]. Immobilization of proteins on nanoscale materials is usually based on
adsorption [5-8], entrapment [9—-11], or covalent binding [12, 13]. Adsorption from
aqueous media onto hydrophilic surfaces can in many cases be controlled by pH
and ionic strength and in this way allows controlled binding and release of the pro-
tein molecules. Fundamentals of the adsorption equilibrium and kinetics of proteins
have been studied at well-defined flat model surfaces, using surface-sensitive spec-
troscopic techniques [14, 15], ellipsometry or optical reflectometry [16, 17], and
neutron reflectometry [18]. Adsorption onto nanoscale surfaces introduces a higher
level of complexity, as their high surface curvature can influence the adsorption as
well as the structure and biological activity of the protein [5, 6, 19-22]. On the
other hand, the growing importance of nanosize particles in everyday life makes
studies of their interaction with biomolecules a matter of high importance [23-25].
Aqueous dispersions of oxide nanoparticles containing globular proteins also rep-
resent interesting model systems for studying fundamentals of colloidal interaction.
Globular proteins such as lysozyme exhibit the major characteristics of colloids that
interact via a short-range attractive potential superimposed with repulsive electro-
static interactions [26]. Under certain conditions the short-range attraction may cause
the formation of small clusters which are stabilized against further growth by elec-
trostatic repulsion. However, the physical nature of these protein clusters is still not
fully understood and remains an active field of current research [27-30]. Oxide par-
ticles such as silica are prototypical for colloid systems interacting by van der Waals
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9823. Copyright 2011 American Chemical Society.
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and electrical double layer forces. Ionic strength and pH are affecting the aggregation
of these particles in a way predicted by the Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory [31, 32]. The adsorption of globular proteins onto colloidal oxide par-
ticles is attributed to electrostatics, dispersion forces and solvation forces. Electrostatic
interaction will promote protein adsorption in the pH range between the isoelectric
point (IEP) of protein and of the surface, and impede adsorption outside this pH range,
where the net charge of the protein is equal to that of the particles [17]. Accordingly,
pH will have a pronounced effect on the strength of adsorption of the protein at the
particle surface. Many studies have been devoted to the adsorption of proteins on nan-
oparticles and the effect of adsorption on the protein structure and activity [5, 6, 19—
22]. On the other hand, rather little is known about how protein adsorption is affecting
the interaction of the nanoparticles. Recently, Kendall et al. [23] studied the aggrega-
tion behavior of nanoparticles induced by fibrinogen, in order to assess the toxicity of
the particles in relation to the proteins. In a different context, Ang et al. [33] studied
the interaction of silica nanoparticles with B-casein at air-water interface and its effect
on the surface activity of the silica-protein complexes. Bridging attraction and hetero-
aggregation of silica nanoparticles was also found under the influence of adsorbed
polyethylene oxide [34] and of thermo-responsive polymer chains [35]. This kind of
behavior contrasts with the more familiar situation in which aggregation is prevented
by grafting of an organic layer onto the surface of the particles [36, 37].

Here we study the adsorption of a globular protein on silica nanoparticles and
the protein-induced interaction between the nanoparticles from a colloid science
point of view. Lysozyme (molecular mass 14.3 kDa, isoelectric point near pH 11)
was chosen as the protein because of its high structural stability which makes it a
good model for “hard” proteins. The molecules are of roughly prolate shape and
have a radius of gyration of 1.64 nm [38]. The silica nanoparticles used in this study
were synthesized by a variant of the classical Stober method, using lysine instead of
ammonia as the catalyst. This allows to prepare samples of low polydispersity for
particle sizes near 20 nm, and the particles have lower chemical reactivity and bet-
ter biocompatibility than Ludox particles [25]. We determined the adsorption iso-
therm of lysozyme on these particles over a wide pH range, and studied the effect of
lysozyme adsorption on the aggregation of the silica particles as a function of pH.
A combination of analytical centrifugation, cryo-TEM and small-angle X-ray scat-
tering was used to characterize the properties and structure of the hetero-aggregate
over the pH range from the IEP of the silica to the IEP of lysozyme.

6.2 Results

6.2.1 Characterization of Silica Nanoparticles

Silica nanoparticles were characterized by SAXS and nitrogen adsorption. SAXS
was used for estimating the mean particle size and size distribution in the disper-
sion. Figure 6.1 shows the scattering profile of 1 wt% silica dispersion at pH 9.
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Fig. 6.1 Characterization of silica particles: a SAXS intensity /(q) of 1 wt% dispersion (circles)
and fits of the data with the form factor of polydisperse spheres (full curve) and with considera-
tion of a hard-sphere structure factor Sys (dashed); the low-g region is also shown on a linear
scale (inset); b BET plot of the nitrogen adsorption isotherms on the dry silica; the full adsorp-
tion isotherm is shown in the inset

Table 6.1 Characterization of silica particles by SAXS and nitrogen adsorption

SAXS Nitrogen adsorption
(D) s (% aggt (m?/g) CBET ABET/dgeo
6.5 0.115 0.0050 293 116.5 1.45

Mean particle diameter (D), polydispersity s, particle volume fraction ¢, specific surface area
aggr and adsorption constant Cggr based on the BET model, and geometric surface area age,
derived from the mean particle

The form factor of spheres with polydispersity s = 0.115 gives a good fit of the
data at ¢ > 0.2 nm~!. The negative deviations from this function occurring at
lower g, shown on linear scale in the inset of Fig. 6.1a, which can be accounted
for, by a hard—sphere structure factor (see Sect. 3.1). Fit parameters are given in
Table 6.1. The appearance of a structure factor can be attributed to electrostatic
repulsion between the particles caused by their negative excess charge. The spe-
cific surface area of the silica was determined by nitrogen adsorption on the basis
of the BET model (see Fig. 6.1b; Table 6.1). The resulting value aggt was com-
pared with the geometric surface area dageom of silica particles of diameter <D> as
derived from SAXS, based on a silica density p = 2.2 g cm™3. This yields a ratio
of the two areas apgr/dgeom = 1.45. This is a typical value for silica nanoparticles
in this size range and can be attributed to surface roughness [39].

6.2.2 Lysozyme Adsorption

The adsorption of lysozyme on the silica nanoparticles was studied over a wide pH
range. Adsorption isotherms at pH values from 5 to 9 are shown in Fig. 6.2, where
adsorption is expressed by I, the mass of protein per unit area of silica (based on
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Fig. 6.2 Adsorption isotherms of lysozyme on the silica nanoparticles, expressed as protein

mass per unit area (/") and as mean number of protein molecules per silica particle (N), at dif-

ferent pH values: experimental data (symbols) and fits by the Langmuir model (/ines). The mon-
olayer capacity based on a cross-sectional area Ag = 12 nm? is indicated by the dashed line

Table 6.2 Langmuir parameters for lysozyme on silica

pH Ky (107 m) I (mg/m?) Am (nm~2) Nm
5.0 5 0.27 88 24
6.1 20 0.66 36 59
7.0 91 1.10 22 96
8.3 740 1.86 13 162
9.0 - >3.0 <8 >260

K adsorption equilibrium constant; /7, maximum adsorption (protein mass per unit area); Ay, nomi-
nal area per adsorbed protein molecule; Ny, number of adsorbed protein molecules per silica particle

aBgT), and by N, the mean number of protein molecules per silica particle (based
on the particle size from SAXS and agr/dgeom). From the cross-sectional area of
lysozyme molecules adsorbed side-on (A9 &~ 4 nm x 3 nm = 12 nm?) we expect
a maximal adsorbed amount of 2.0 mg/m? in a monolayer. This estimated mon-
olayer capacity of the protein is indicated by the dashed line in Fig. 6.2. It can
be seen that this level is nearly reached in the plateau region of the isotherm at
pH 8.3. The adsorption data for pH up to 8.3 can be represented by the Langmuir
equation, I" = I'ybc/(1 + bc). Here, ¢ is the equilibrium concentration of free
protein in solution, I3, is the plateau value of the surface concentration, and the
parameter b is related to the thermodynamic equilibrium constant of the protein-
surface interaction (Henry’s law constant), Ky = (I7/¢)c—o0, as Kg = bly,. Best-
fit values of Ky and 7, are given in Table 6.2. Both parameters are progressively
increasing with pH. The adsorption isotherm at pH 9 exhibits a very steep initial
increase up to I~ 1.5 mg/m?, as at pH 8.3, but a further increase to values well
beyond a dense monolayer is observed at higher protein concentrations. This indi-
cates the formation of a second layer of protein molecules on top of the first layer
at pH 9. From our experimental data we cannot decide if the adsorption at this
pH reaches a limiting value at higher concentrations, as it is found for lower pH.
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A correlation of the adsorption data for pH 9 on the basis of the Langmuir equation
yields I}y = 3.05 mg/m?. Table 6.2 also gives values of the mean area per protein
molecule at maximum adsorption, Ay, = M/Nalt, (where M is the molar mass and
N4 the Avogadro constant), and the maximum number of protein molecules per
silica particle, Njy = Ap/Am (Where Ap = nDzaBET/ageo is the surface area per silica
particle based on the mean particle diameter and surface area ratio from Table 6.1).

6.2.3 pH Effects at a Constant Protein-to-Silica Ratio

The effect of pH on the protein binding and excess charge of the silica particles, and
on the protein-induced aggregation of the silica particles in the dispersion, was stud-
ied by measuring the amount of bound protein, the zeta potential and the turbidity
as a function of pH for a dispersion containing fixed amount of silica and protein.
Results for 1 wt% silica dispersion with 1.1 mg/mL lysozyme are shown in Fig. 6.3.
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The chosen amount of protein corresponds to a surface concentration of 0.60 mg/m?
(ca. 50 lysozyme molecules per silica particle). The pronounced increase of the pro-
tein binding capacity of the silica particles at pH > 4 is demonstrated in Fig. 6.3a.
The plateau of I"reached near pH 7 is a manifestation of the fact that the solution has
become depleted of protein, i.e., the fraction of bound protein is close to 1 at pH > 7.
Note that this limiting value (I ~ 0.60 mg/m?) is lower than the plateau value of
the adsorption isotherms (/7,) at pH > 7 (Table 6.2), and less than one third of the
estimated monolayer capacity of the protein on the silica surface (ca. 2 mg/m?; see
Fig. 6.2). pH titration experiments performed with higher overall amounts of protein
in the system yield higher plateau values of I"which are reached at somewhat higher
pH than in Fig. 6.3a.

Results for the zeta potential of silica particles in the absence and presence of
protein are shown in Fig. 6.3b. The bare silica particles have their IEP at pH ~ 3.0,
i.e. higher than values between pH 1.2 and 2.5 reported in the Refs. [37, 40, 41].
Presumably this difference is due to chemisorbed lysine used during the synthe-
sis of silica nanoparticles. In the presence of the protein, the zeta potential of the
silica particles at low pH is similar to that of the plain particles, as to be expected
from the fact that almost no adsorption of the protein takes place below pH 4. In
the pH range in which binding of the protein occurs the zeta potential increases
to values up to 420 mV at pH 6-7, indicating that the adsorption of positively
charged protein is outweighing the increase in negative charge of silica particles.
At pH > 7 all protein is bound. The pronounced decrease of the zeta potential
in this regime is attributed to the decrease in net charge of the adsorbed protein
molecules. Finally, when the IEP of the protein is reached, the zeta potential of
the silica with adsorbed protein becomes similar to that of the plain particles
(ca. =45 mV).

In order to see how the observed pH dependence of the zeta potential is reflect-
ing the net charge of the composite particles, we have estimated the net charge of
the silica particles and the protein. The net charge of the bare silica particles as a
function of pH was estimated from the electrophoretic mobility 1te on the basis of
the Hiickel equation Qsjlica = 6TtnR e, which is applicable when «R < 1, where «
denotes the inverse Debye length [42]. This condition was met in the absence of
the protein. The ionic strength in the presence of lysozyme was estimated to reach
2 mM (mostly due to the salt contents of the lysozyme sample), corresponding to
1/k = 6.8 nm (kR = 1.6), and thus the Hiickel equation is strictly not applicable.
The net charge on lysozyme molecules as a function of pH was calculated using
the expression [43]

—1 -1
Gy, = Z niA (1 + 10_(pH_PKaiA)) 4 ZniA (1 + 10—(PH—PK31B)) 6.1)
iA iB

here, n;4 and n;p represent the numbers of acidic and basic amino acids of type i
in the molecule, pKaia and pKa;g denote their respective acidity constants, and the
summations extend over all types of acidic and basic amino acids of the molecule.
According to this relation, the net charge giy, of lysozyme molecules is about +8
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at pH 7 and becomes zero at pH 10 (see Fig. 6.4). The effective net charge of silica
particles with adsorbed protein depends on the number of adsorbed protein mol-
ecules, N, and on the net charge of the protein molecules. In the absence of charge
regulation effects it will be given by

Onet(N) = Osilica + Nqlyz (6.2)

where QOsilicas qlyz, and N all vary with pH. Results for the pH dependence of g1y,
Osilica, and Oge(N) for the 1 wt% silica dispersion with 1.1 mg/mL lysozyme are
shown in Fig. 6.4. It can be seen that Qpe(/N) reproduces the transition from posi-
tive to negative net charge as observed for the zeta potential at pH > 7 (Fig. 6.3b),
indicating that this behavior can be attributed to the increasingly negative charge
of the bare silica particle, while N remains constant and gy, decreases. At lower
PH, Onet(N) underestimates the increasing charge of the adsorbed protein, which
in this regime is dominated by the increase of N with pH. Hence the model based
on an algebraic sum of the charges (6.2) oversimplifies the situation of the parti-
cles with adsorbed protein but may be seen as a starting point for a more quantita-
tive modeling of the complex behavior. The observed crossover from positive to
increasingly negative values of the zeta potential for pH titrations of silica nano-
particles in the presence of lysozyme is in qualitative agreement with the work of
Rezwan et al. [40] who also found that the associated IEP of the particles shifts in
the direction of the IEP of the protein when the protein concentration in the sys-
tem is increased. Our observation of a maximum in the zeta potential versus pH is
in line with a similar behaviour observed for composite particles of 3-casein with
lysozyme by Pan et al. [44].

The influence of pH on the turbidity of the dispersion is shown in Fig. 6.3c.
At pH < 4 where protein is not adsorbed, the dispersion has a low turbidity. In
the regime of increasing protein binding by the silica particles (4 < pH < 7) the
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turbidity increases steeply and remains high up to pH 9. Since the turbidity of the
silica dispersion without protein is low in this pH regime, this behaviour indicates
that lysozyme is causing flocculation of the silica. However, when pH is approach-
ing IEP of lysozyme the turbidity sharply decreases, indicating a decreasing floc
size and possibly re-dispersion of the silica. Since the protein remains strongly
adsorbed at the silica particles, this de-flocculation must be a consequence
of charge stabilization as the net charge of the silica particles is now becoming
strongly negative (Fig. 6.3c).

6.2.4 Characterization by Analytical Centrifuge

Analytical centrifugation was used to characterize the properties of the het-
ero—flocculate as a function of pH for the same protein-to-silica ratio as in
Sect. 6.2.3. At the onset of protein binding to the silica particles (pH 4.2) a low
turbidity and no significant change of the transmission profile with time was
detected, indicating that only small aggregates exist. At a somewhat higher
pH (5.5) but still in the low protein binding regime (Fig. 6.3a), an initial poly-
disperse sedimentation is observed in which the particles settle with different
velocities according to differences in floc size. Whereas initially small flocs
have enough room to settle individually, later they combine to a flocculated net-
work as at higher pH. In the complete protein-binding regime (pH 7-9) the sam-
ples exhibit the typical zone sedimentation behavior of flocculated networks.
However, as pH is further increased to pH 10, the behavior changes sharply to
a polydisperse sedimentation. The sedimentation and compression kinetics of
the samples as a function of pH is shown in Fig. 6.5. The initial sedimentation
velocity measured at 36 g (Fig. 6.5-left) increases from pH 5.5 to 8.7 but the
sediment volume at pH 5.5 is significantly smaller than at pH 7-9. The sedimen-
tation velocity at pH 10.2 is much smaller than for the other samples at 36 g.
However, at a higher acceleration (2,300 g) the sample at pH 10.2 reaches a sedi-
ment volume almost as low as at pH 5.5, indicating a denser floc structure than
at intermediate pH. Values of the sedimentation velocity at 36 g and of the floc
volumes before and after compression at 2,300 g are summarized in Table 6.3.
The volume-weighted size distribution of the protein/silica flocs was derived by
analysing the time evolution of the transmission at fixed heights and then aver-
aging. The resulting particle size represents the equivalent diameter according
to the hydrodynamic diameter of rigid-sphere particles. Results are shown in
Fig. 6.6. Samples in the pH range 5.5-8.7 exhibit a bimodal size distribution,
with a fine fraction of 500-700 nm and a coarse fraction of 3—4 pm diameter.
With increasing pH the fraction of larger aggregates increases, and at pH 8.7 the
fraction of the smaller aggregates amounts to less than 5 %. However, when pH
is increased to 10.2 a monomodal distribution of aggregates in a size range from
100 to 300 nm is found, indicating that the larger aggregates have split up into
much smaller aggregates.
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Fig. 6.5 Sedimentation kinetics of the silica/lysozyme hetero-flocculate at different pH val-
ues (20 °C) expressed by the normalized position (Al/l) of the flocculate/supernatant boundary
(traced at a limiting transmission value of 75 %) at constant centrifugal acceleration 36 g (left)
and 2,300 g (right); the inset shows the results for times >200 s at 2,300 g on an expanded scale

Table 6.3 Sedimentation velocity, sediment volume and equivalent aggregate size of silica/
protein flocculate

pH cs (umsh) V, (mm?) Ve (mm?) Dequiv (1Lm)
55 13.9 63 24 07406
7.0 26.6 121 43 19405
8.7 376 121 44 28422
10.3 0.81 - 36 0.17£0.1

¢ sedimentation velocity (36 g); Vs sediment volume (after 3,000 s at 36 g); V. compressed sed-
iment volume (after 300 s at 2,300 g); Dequiv volume-weighted median particle size of silica/

protein

Fig. 6.6 a Cumulative volume-weighted distribution () of floc sizes of the silica/lysozyme
aggregates at different values of pH; b sample cells showing the floc volume appearance of the
samples after 2,800 s at centrifugal acceleration 36 g
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Fig. 6.7 Cryo-TEM images of silica/lysozyme flocs at pH 8.3 at different magnifications: a scale
bar 100 nm; b scale bar 50 nm; ¢ pair correlation function g(r) derived from cryo-TEM image

6.2.5 Cryo-TEM Study of Flocculation

Solution cryo-TEM was used to directly image the structure of the silica floccs
formed in the presence of lysozyme. Micrographs for a silica dispersion contain-
ing 0.46 mg/mL lysozyme (I" = 0.25 mg/m?) at pH 8.3 are shown in Fig. 6.7.
Micrographs at higher magnification, as in Fig. 6.7b, indicate the presence of gaps
between the silica particles. The gap width (surface-to-surface distance) is typi-
cally 2.5 £ 1 nm, consistent with the cross-sectional dimension of the lysozyme
molecules. This suggests that lysozyme molecules are bridging the silica particles
by adsorption to both surfaces. However, this is no conclusive evidence, since the
protein molecules are not directly visible in the cryo-TEM graphs. Repulsive elec-
trostatic interaction between the silica particles, or artifacts from edge effects, can-
not be ruled out a priori as possible reasons for the observed gaps.

The cryo-TEM images were analyzed quantitatively to determine the pair cor-
relation function g(r) for silica particles. Pair correlations g(r) between the silica
particles were extracted for complete analysis of cryo-TEM image. All coordinates
of the individual particle in the image were extracted using the software Image J.

A Scilab code was prepared for calculating all the possible distances between
each pair of particles. g(r) was determined using the relation

(6.3)

where r is distance between silica particle, 6 is the increment in r, SN is the num-
ber of particles in the distance range ér. Initially, all the distances were in the units
of pixels. Normalized distances /D were obtained by dividing the distances with
average silica diameter (in pixels). A typical example is shown in Fig. 6.7c. A
good fit of the correlation plot for g(r) was obtained by a polynomial of 9°. The
function shows a distinct maximum at a pair distance equal to the diameter of the
particle (#/D = 1) and a further weak maximum at a pair distance /D = 2, indicat-
ing some tendency for the formation of linear chains. However, from the present
results we cannot rule out that the secondary maximum is an artifacts of the cryo-
TEM procedure and image analysis.
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Fig. 6.8 SAXS intensity profiles /(g) for a silica/lysozyme samples at different pH values indicated
in the graphs: a logarithmic scale; b low-q region of scattering profiles on a linear intensity scale

6.2.6 SAXS Study of Flocculate

SAXS was used to study the structure of the silica-protein aggregates in the aque-
ous medium free of artifacts inherent in the sample preparation for cryo-TEM.
Scattering intensity profiles /(g) for a 1 wt% silica dispersion containing 1.1 mg/
mL of lysozyme at different pH values are shown in Fig. 6.8. In the large-g region
(g > 0.5 nm™1), which reflects structural features of the individual particles, the
profiles recorded at different pH values coincide within the experimental error lim-
its (Fig. 6.8a). They also coincide with the /(g) data for the silica without protein
(Fig. 6.1a). This behavior is expected because in the present systems the scattering
contrast of the protein against the solvent is negligibly small compared to that of
silica. Hence the structural information from SAXS relates to the silica particles
embedded in a uniform matrix. Differences in the aggregate structure of the sil-
ica particles are indicated by the low-¢ region of the scattering curves. Significant
differences in I(g) for the samples of different pH appear at ¢ < 0.3. This low-¢
region of the scattering curves is shown on a non-logarithmic scale in Fig. 6.8b.
Analysis of the scattering curves is based on the general relation [45]

1(q) = N(Ap)*| F(9)1*S(q) (6.4)

where N is the number of particles in the scattering volume, Ap = ps — pny, the
difference in electron density between the particles (s) and the matrix (m), F(g)
is the scattering amplitude of the individual particles, and S(g) the structure factor
describing the spatial correlations of the N particles, which is the information of
interest in the present context. S(g) was derived from the experimental scattering
intensity data I(g) by taking the contrast factor (Ap)> and the parameters of the
form factor (|F(q)|?) of spheres with polydispersity s from the scattering curves
of dilute silica dispersion in the absence of protein (Table 6.1). As mentioned in
Sect. 6.2.1, weak repulsive interactions between silica nanoparticles exist in the
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Fig. 6.9 Structure factor S(g) for silica/lysozyme samples at different pH values: a data derived
from the SAXS profiles of Fig. 6.8 (points) and fits by the SWPY model (/ines); b comparison of
the model S(g) functions for the different pH values

absence of the protein due to the negative charge of the particles. In the analy-
sis of the data of pure silica these interactions were taken into account by intro-
ducing a structure factor of a hard sphere system. In this way systematic errors
in the determination of the single particle form factor (which would affect the
determination of the structure factor in the silica/protein system) can be avoided.
Results for the structure factor S(g) of the silica/protein aggregates derived from
the scattering curves at pH values from 3.5 to 10.4 are shown in Fig. 6.9a. Over
the entire pH range, except the highest pH, the S(g) curves exhibit a distinct peak
at ¢* ~ 0.30 nm~!, as expected for the nearest-neighbor distance of hard particles
of diameter d = 27n/g* ~ 21 nm. A further characteristic feature of the samples
at intermediate pH is the pronounced increase of S(g) for ¢ — 0 at ¢ < 0.1. This
is a signature of systems exhibiting particle aggregation. Hence the structure fac-
tor results suggest that at intermediate pH values the silica particles with adsorbed
protein behave like spheres with short-range attractive interactions which are caus-
ing particle aggregation.

The data in Fig. 6.9a indicate the existence of a secondary maximum in S(g) at
g = 0.41 nm~. This feature is believed to be an artifact resulting from a slightly
too high value of polydispersity s of the silica particles that is used in the evalua-
tion of S(g) from the scattering curves of the silica dispersion in the presence and
absence of the protein (see Sect. 6.2.7). Accordingly, this feature of the experi-
mental S(q) data was neglected in the data analysis. The structure factor data were
analyzed on the basis of a theoretical model for hard particles interacting by a
short-range attractive potential [46]. A square-well potential was used to model
hard spheres with an adhesive surface layer accounting for the adsorbed protein.
The pair potential is defined as

+oo0<r<o
Ur)=< —u o<r<o+A (6.5)
0 r>o+ A



6.2 Results 93

where o is the hard-core particle diameter, A is the well width and u the well
depth. The Ornstein—Zernike equation in the Percus—Yevick (PY) approxima-
tion for this square-well potential can be solved analytically to the first order in a
series expansion for small e = A/(oc + A), and the result for S(g) can be expressed
as a function of the four parameters o, A, u and particle volume fraction ¢. This
square-well Percus—Yevick (SWPY) model transforms into Baxter’s sticky—hard—
sphere (SHS) model in the combined limit # — oo and A — 0. In the SHS model
the pair interactions are characterized by a single parameter, the stickiness 7!,

which is related to the parameters ¢ and u by Eq. 6.6.

1 u

with kg, the Boltzmann constant and 7, the temperature. t has the significance of a
dimensionless temperature and its inverse, 1/, is a measure of the stickiness of the
particles. The case 1/t = 0 corresponds to non-sticky hard spheres.

The numerical analysis of the S(g) data in terms of the SWPY model was per-
formed with the SASfit software package [47]. The hard-core particle diam-
eter o was taken from the form factor fit of the silica dispersion without protein
(o0 = D = 21.5 nm; see Table 6.1) and kept constant throughout the data analysis,
while ¢, 7, and ¢ were taken as adjustable parameters. Best-fit values of 7, A = oe/
(1 — &), and volume fraction ¢, for a series of pH values of the sample are given in
Table 6.4. As can be seen in Fig. 6.9a, the model reproduces the main features of the
experimental S(g) data, viz. the position and height of the nearest-neighbor peak at
g*~ 0.3 nm~! and the sharp upward turn for ¢ — 0 below ¢ = 0.1 which is observed
at intermediate pH. These features can be attributed to a high stickiness of the parti-
cles, viz., 1/t > 10 over a range of pH from 5 to 9. This high stickiness arises from
the bridging of silica particles by lysozyme molecules. Table 6.4 indicates that the
well-width A of the interparticle potential varies in a systematic way with pH, with
rather low values in the region of pH 4-6 and higher values both at lower and higher
pH. This pH dependence of the parameter A can be traced back to a variation of the
position g* of the next-neighbor peak in S(g), which passes a maximum in the same
pH range (Table 6.4). This trend of the peak position indicates that aggregate forma-
tion in the incomplete protein binding regime (pH 4-6) leads to a closer packing of
silica particles than at lower and higher pH. Table 6.4 also reveals a drastic change
in the aggregation behavior occurring in the narrow pH range from 9.8 to 10.4, as
can be seen from the pronounced decrease of the potential-depth parameter u/kg7 and
increase in the well-width A. The stickiness parameter 7~ !, which is affected by both
ulksT and A, decreases to nearly one half of its value in this narrow pH range.

6.2.7 Influence of Polydispersity on the Evaluation of S(q)

The structure factor S(g) as determined from the experimental SAXS data is
shown in Fig. 6.9a. In addition to the nearest-neighbor peak at ¢ ~ 0.3 nm~!, the
data indicate a further peak at ¢ ~ 0.41 nm~!. Here we show that this second peak
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Table 6.4 SWPY parameters from fits of the S(g) data of the silica/lysozyme dispersion as a
function of pH

pH w/kT A (nm) ! g* (nm~")
3.5 1.9 2.5 8.5 0.03 0.308
4.7 2.7 1.3 10.1 0.13 0.331
5.9 2.8 1.2 10.3 0.15 0.329
6.7 2.6 1.5 10.3 0.13 0.330
7.2 2.4 1.9 10.4 0.07 0.323
79 23 2.1 10.2 0.08 0.317
8.9 22 2.4 10.5 0.06 0.315
9.8 2.0 3.0 11.0 0.04 0.308
10.4 0.9 3.9 4.6 0.02 0.283

u and A represent the well depth and width of the particle—particle square-well potential, 7! is
the stickiness parameter defined by Eq. 6.6, and ¢ is the volume fraction of particles resulting
from the fit
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can be an artifact resulting from using a slightly too high value of polydispersity
of the silica particles in the evaluation of the structure factor. Polydispersity is
strongly affecting the form factor curve in the g-range of the first (and second)
local minimum, but not elsewhere. This is illustrated in Fig. 6.10, where the scat-
tering curves of isolated particles of polydispersities s = 0.115 and 0.120 are
shown. In this case (mean particle diameter 21.5 nm) the first local minimum in
I(g) is located at 0.41 nm~'. Figure 6.11 shows S(g) functions calculated from
simulated scattering curves of the aggregated system at pH 7.2 and 3.5 and scat-
tering curves for isolated particles of polydispersity values from 0.115 to 0.135. In
the simulation for pH 7.2 a shoulder in the nearest-neighbor peak, located around
g = 0.41 nm~! appears and becomes more pronounced with increasing polydis-
persity. In the simulation for pH 3.5, where the nearest-neighbor peak is smaller
than at pH 7.2, a secondary peak located around ¢ = 0.41 nm~! appears, again
increasing in magnitude with increasing polydispersity. These simulations strongly
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Fig. 6.11 Evolution of a secondary peak in S(g) at ¢ ~ 0.41 nm~! with increasing values of
polydispersity (s = 0.115-0.135): a pH 7.2; b pH 3.5

suggest that the feature at ¢ = 0.41 nm~! in the structure factor curves of Fig. 6.9a
are indeed artifacts caused by slightly overestimating the particle polydispersity in
the calculation of S(g).

6.3 Discussion

The results presented in the preceding section show that the protein-mediated
aggregation of the silica particles can be controlled to a large extent by pH. Here
we attempt to account for these phenomena in terms of the complex interactions
acting between the two types of particles in these systems. We first analyze the
interactions responsible for the adsorption of the protein on isolated silica particles
(Sect. 6.3.1) and then turn to the interaction between silica particles in the pres-
ence of the protein (Sect. 6.3.2). Finally we turn to the large-scale structure of the
hetero-flocculate and the effect of pH on it and discuss the significance of the pre-
sent work in relation to recent work of other groups (Sect. 6.3.3).

6.3.1 Nature of Adsorptive Interaction

The observed enhancement of the adsorption of lysozyme on silica nanoparti-
cles with increasing pH is consistent with similar findings of Vertegel et al. [6]
but at variance with a report that pH did not influence the surface concentration
of lysozyme adsorbed at silica nanoparticles [22]. Henry’s law constant Ky is a
measure of the interaction of individual protein molecules with the surface. Its
increase by two orders of magnitude in the pH range from 5 to 8.3 (Table 6.2) can
be attributed to the increasing strength of attractive protein-surface electrostatic
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interactions as the silica surface attains an increasingly negative charge with
increasing pH. Figure 6.3a shows that the protein is not adsorbed at the silica
particles under electrostatically repulsive conditions below pH 4, when the sil-
ica particles become positively charged. Our value of Henry’s law constant at
pH 7, Ky ~ 10~* m is smaller by a factor 10 than the value reported by Roth and
Lenhoff [14] for lysozyme on a hydrophilic quartz surface at low ionic strength.
The deviation can be attributed in part to errors inherent in our determination of
Kp and differences in the surface chemistry of the two silica materials, but a more
fundamental cause for the lower Ky may be the weaker dispersion interactions of
the protein with the finite-size nanoparticles as compared with a semi-infinite flat
substrate.

The progressive increase of the adsorption plateau value I, with increasing pH
(Table 6.2) can be attributed to the decreasing strength of repulsive protein—protein
electrostatic interactions as the net charge of the molecules is gradually decreasing
on approaching the isoelectric point. This result is in agreement with the work of
van der Venn et al. [17], who presented convincing experimental evidence for the
dominating influence of electrostatic interactions in the adsorption of lysozyme on
a flat silica surface. We conclude that the same applies to the adsorption of the pro-
tein on the silica nanoparticles.

6.3.2 Protein-Induced Aggregation

In the pH range between the isoelectric points of the silica particles and lysozyme
(3 < pH < 11) the adsorption of the protein is causing aggregation of the silica
particles. Generally, bridging of two silica particles by protein molecules based
on electrostatic interactions can be expected for proteins of high positive excess
charge density but low dipole moment, i.e., when the excess charge is distributed
more or less uniformly over their entire surface. Lysozyme (average surface charge
density +0.26e nm~2, dipole moment 72 D at pH 7) [14] meets both of these con-
ditions. Quantitative information about the protein-mediated interaction between
the silica particles comes from the structure factor S(g) (Fig. 6.9). In the pH
range from 4.7 to 9.8, S(g) exhibits a distinct nearest-neighbor peak and a strong
increase for ¢ — 0 below 0.1 nm™!. The combination of these features is a signa-
ture of systems interacting by a short-range attractive pair potential. From the fits
of S(g) with the SWPY model we find that the depth of the interparticle potential
well is between 2kgT and 3kg7, in line with the observation that aggregate forma-
tion is reversible with changes in pH. Closer inspection of the data in Table 6.4
indicates that the highest values of the pair interaction parameter u/kgT and lowest
values of the well-width A are found in the pH range 4-6. In this regime of short-
range interactions the sticky-hard-sphere model is well applicable to the present
systems. For higher pH, somewhat lower values of interaction parameter u/kgT
but larger values of the well-width are obtained. This suggests that the nature of
the interactions responsible for the protein—mediated aggregation is gradually
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changing with increasing pH, i.e., when the negative charge on the silica particles
increases; the positive net charge of the protein molecules decreases. However, the
stickiness parameter 7~ ! does not reflect these changes but is nearly independent
of pH in the range from pH 5 to 9, presumably due to the mutual compensation of
the changes in u/kgT and A. Further work is needed to confirm these observations.

The remarkable fact that the scattering data can be represented by models
with short-range attractive interactions leads to an interesting interpretation of the
protein-induced aggregation of the silica particles. It is well-known that the SHS
model fluid exhibits a critical point, the coordinates of which are . ~ 0.098 and
@c ~ 0.121 [44]. The region t > 7, represents the single-phase region, while for
T < 7. there is a domain of densities in which a gas-like phase coexists with a lig-
uid-like phase. For the present system we find that 7! is nearly equal to the criti-
cal value 7! = 10.2 in the pH range from 5 to 9 in which flocculation is observed
(Table 6.4). In this pH range, the silica dispersion can be considered to be in a
near-critical state, characterized by a high osmotic compressibility, in agreement
with the observed sharp rise of S(g) for ¢ — 0 below ¢ = 0.1 nm~!. The drastic
change in the aggregation behavior occuring between pH 9.8 and pH 10.4 is also
reflected in S(g) (Fig. 6.9). At pH 10.4, S(g) exhibits only a small hump in the
g range of nearest-neighbor distances and is nearly flat at lower g. A fit by the
SWPY model yields a shallow attractive potential corresponding to a much lower
stickiness than at pH below 10 (Table 6.4). Qualitatively, this behavior can be
attributed to the sharp decrease in positive net charge of lysozyme in the pH range
close to its IEP (see Fig. 6.4), which implies that the attractive bridging energy
will sharply decrease in this pH range.

6.3.3 Interparticle Bonds and Flocculate Structure

The average coordination of a silica particle in the aggregates can be assessed
from the height of the nearest-neighbor peak in S(g). The fits of the S(q) data with
the SWPY model indicate that this nearest-neighbor peak is most pronounced
in the pH range 4-6, where it reaches a maximum of about 1.5 (Fig. 6.9b). At
higher pH values, the nearest-neighbor peak becomes less pronounced, indicating
a somewhat lower coordination number of the silica particles in the aggregates.
One expects that a high coordination number of the particles in the aggregates will
lead to a lower mean volume of the aggregate. The sediment volumes V,, result-
ing from the centrifugation study (Table 6.3) are indeed showing this trend, i.e.
lower sediment volumes at pH 5.5 than at higher pH. These findings imply that
the coordination number of the silica particles in the aggregates is highest at pH
values at which only a fraction of the protein molecules is bound to the silica sur-
face. This may be rationalized by the argument that a bridging contact between
two silica particles requires just one (or a few) protein molecules, while protein
molecules adsorbed vis-a-vis on neighboring particles but not involved in a bridg-
ing contacts will repell each other due to their net positive charge. This repulsive
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Fig. 6.12 Sketch of aggregate structures formed by silica nanoparticles with the protein in dif-
ferent pH regimes: a At pH 3 (near the IEP of silica) no protein adsorption but weak aggrega-
tion of silica particles due to lacking charge stabilization; b in the partial protein binding regime
(pH 4-6) bridging aggregation leads to fairly compact aggregates; ¢ in the complete protein bind-
ing regime (pH 7-9) a loosely aggregated network is formed due to repulsive interactions of non-
bridging protein molecules on neighboring silica particles and the increasingly negative charge of
the silica particles; d at pH 10 (near the IEP of the protein) silica particles with adsorbed protein
become charge stabilized and only small aggregates persist

protein—protein interaction may indeed favor structures of lower coordination
number of the silica particles, as such open structures will minimize the repulsive
interaction between pairs of non-bridging protein molecules adsorbed near the
contact point on the two particles. The drastic change in the aggregation behav-
ior in the narrow pH range from 9.8 to 10.4 represents one of the most remark-
able finding of this work. This change is evidenced by the sharp decrease of the
sedimentation velocity and aggregate size as derived from the centrifugation
experiments (Table 6.3), as well as the sharp change in the low-g behavior of the
SAXS scans (Fig. 6.8). As mentioned above, this can be attributed qualitatively
to a relatively sharp decrease of the attractive bridging energy of lysozyme and a
concomitant increase of the repulsive electrostatic interaction between the protein-
decorated silica particles.

The proposed evolution of aggregate structures of silica particles induced by
lysozyme as a function of pH is sketched in Fig. 6.12. At a pH close to the IEP of
silica, protein is not adsorbed and the absence of charge stabilization will cause a
weak aggregation of silica particles (Fig. 6.12a). In the regime of incomplete pro-
tein binding to the silica particles (pH 4-6), protein adsorption will cause bridg-
ing aggregation. Initially, the number of bonds should increase with the number
of adsorbed protein molecules per silica particle. This may lead to aggregates of
relatively high mean coordination number of the silica particles, and thus high
packing density in the flocculate (Fig. 6.12b). In the complete protein-binding
regime (pH 7-9), adsorption of further protein that is not involved in particle
bridging may cause repulsive interactions which may lead to aggregates of lower
coordination number of the silica particles, and thus a looser packing of the floc-
culate (Fig. 6.12c). Finally, at a pH close to the IEP of the protein, the flocculate
is redispersed to monomers and small aggregates due to charge stabilization of
the silica (Fig. 6.12d). Further work is needed to confirm this proposed evolution.
Specifically, the transition from dense to loose aggregate structures (Fig. 6.12c, d)
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may be elucidated by studying the effect of ionic strength, which affects the range
of repulsive interactions between non-bridging protein molecules. SAXS data cov-
ering a ¢ range to <0.01 nm~! (real space distances on the order of 600 nm) would
be needed to gain a better understanding of the large-scale structure of the aggre-
gates as a function of pH.

The protein-mediated aggregation of silica nanoparticles studied here bears
some analogy with the aggregation of silica nanoparticle induced by the addi-
tion of Alj3 polycations as reported by Parneix et al. [48] In that case, however,
the situation is complicated by the fact that the interaction of Alj3 with the silica
surface takes place in two stages: in the first, Alj3 polycations react with the sur-
face silanols and the Al atoms change their coordination to form a layer of nega-
tively charged aluminosilicate sites. When more Alj3 is added, then in a second
step these Alj3 polycations adsorb to the negative aluminosilicate surface and
may induce aggregation of the silica by bridging of particles by Alj3 polycations.
Hence the Al;3 polycations added in the second step take the role of the protein in
the present case. Parneix et al. [48] submitted their samples to osmotic compres-
sion and studied the structural changes induced by the compression by small-angle
neutron scattering. Significant differences in the compression law were found
depending on the way in which the samples were prepared. It would be of inter-
est to perform a similar study with our samples in which pronounced structural
changes can be induced by small changes in pH.

6.4 Conclusions

This study has demonstrated the important role of electrostatic interactions in
the adsorption of lysozyme on silica nanoparticles and in the protein-mediated
aggregation of the silica particles. It was found that the adsorption capacity for
lysozyme increases progressively from the isoelectric points of silica to the iso-
electric point of the protein. If the amount of protein per silica particle is limited,
the zeta potential first increases to positive values with increasing pH but later
turns to negative values and approaches the zeta potential of the bare silica par-
ticles near the isoelectric point of the proteins. These trends of the zeta potential
qualitatively reflect the changes in the overall charge of the protein-decorated
silica particles, even though the electrophoretic mobility cannot be represented
quantitatively by a simple algebraic summation of charges of the protein decorated
particles.

The study provides strong evidence that the aggregation of silica nanoparticles
is due to a bridging by lysozyme molecules, although direct imaging of the protein
was not achieved by cryo-TEM. Concordant information about the structure of the
silica-protein hetero-aggregates could be derived from the sedimentation study and
the SAXS measurements. It was found that the local structure of the aggregates as
well as the large-scale structure of the flocculate depends on the number of bound
lysozyme molecules. The size of the nearest-neighbor peak in the structure factor
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indicates that the number of nearest neighbors in the aggregate decreases when
the number of bound protein molecules increases. This is consistent with a higher
sediment volume of the flocculates under these conditions and may be rationalized
from the fact that away from their isoelectric point protein molecules adsorbed
vis-a-vis on neighboring silica particles are repelling each other and thus may
favor a less dense packing of the silica particles.
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Chapter 7
Effect of pH and Salinity on Silica—Lysozyme
Hetero-Aggregation

7.1 Introduction

The interactions of nanomaterials with biological entities have been the focus of many
recent studies [1—4]. The attachment of biochemical quantities like proteins to syn-
thetic functional materials have found their applicability in protein-purification strat-
egies, bacterial detections [5], protein fibrillation [6], biosensors and drug delivery
systems [7]. There have been a number of attempts to study the interaction of globular
proteins with hydrophilic surface [8, 9]. These interactions form the basis for studying
the complex interactions occurring between nanoscale materials with biological matter
like living cell [10, 11]. Protein adsorption on a flat or a curved surface is a complex
process in which the structural stability of a protein, the ionic strength, the pH of the
solution and the hydrophobicity or hydrophilicity of the interacting surfaces are known
to influence the protein binding affinity to the given interface [12]. The adsorption of
proteins to nanoparticles not only brings about the changes in the protein secondary
and tertiary structures but also affects the surface properties and stability of the sorb-
ent particle solution. Hence, studying the changes induced in a nanoparticle dispersion
by protein adsorption is of great relevance, both in industrial and medical processes.
The interactions of hydrophilic silica surface with entities such as proteins and poly-
mers have been the center of attraction in the recent times, for example, Aggregation
of the human platelets by amorphous silica has been reported by Corbalan et al. [13]
Larsericsdotter et al. [14] have systematically studied the effects of electrostatic inter-
actions on the adsorption of lysozyme, ribonuclease A, and R-lactalbumin on silica
surface by varying the ionic strength. Wong et al. [15] have studied the bridging floc-
culation of highly charged silica nanoparticles by long poly(ethylene oxide) polymer
chains. This study revealed that the range of the electrostatic repulsive forces, con-
trolled by the ionic strength, strongly affects the shape of the floccs. When the ionic
strength is sufficiently low, for example, 1 mM, the floccs are linear and their fractal

Modified with permission from Bharti, B., Meissner, J., Gasser, U., Findenegg, G. H., Soft
Matter, 2012, 8, 2573. Copyright 2014. The Royal Society of Chemistry.

B. Bharti, Adsorption, Aggregation and Structure Formation in Systems 103
of Charged Particles, Springer Theses, DOI: 10.1007/978-3-319-07737-6_7,
© Springer International Publishing Switzerland 2014
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dimension increases with the ionic strength. Long range repulsive forces are therefore,
a key feature in tuning the colloidal floccs structure. In our previous study [16] we
have reported the bridging hetero-aggregation of silica nanoparticles by lysozyme. The
pH responsive aggregation phenomenon was studied in association with the binding
affinity of lysozyme molecules to the silica surface. The aggregation behavior proved
to be completely switchable with pH. In this work, we dig deeper to have a better
understanding of the electrostatically driven heteroaggregation process of protein with
nanoparticles.

In the present study, we explore the effects of dispersion salinity on the
lysozyme binding to silica surface within a wide pH regime (3-11). We use
adsorption measurements to characterize the amount of protein bound to the
silica at a given pH and salinity condition. The nature of protein induced silica
aggregation was strongly dependent on the dispersion salinity. The protein/silica
composite aggregates formed were characterized by turbidity, Small Angle X-ray
Scattering (SAXS) and analytical centrifugation measurements. We interpret the
results on the basis of different forces involved in the adsorption and aggrega-
tion process. In Sect. 7.2 we present the results obtained by studying the silica/
lysozyme system at various pH/salinity and protein concentration. In Sect. 7.3, we
try to explain the observed behavior and compare our results with some previously
reported theoretical and experimental work.

7.2 Results

7.2.1 Adsorption Isotherms

The effect of ionic strength on the binding affinity of lysozyme to silica nanoparti-
cles was investigated by adsorption isotherms. The details for the adsorption isotherm
measurements are given elsewhere [16]. Protein-nanoparticle binding was studied at
pH = 8.3 in bicine buffer, over a wide NaCl concentration (cnacy) range (Table 7.1).
Figure 7.1a shows such adsorption isotherms at ionic strengths varying from 0 to
100 mM. In the figure, the amount of lysozyme bound to silica is expressed as mil-
ligrams of protein adsorbed per unit surface area of silica nanoparticles (I') as a func-
tion of unbound or free protein in the dispersion. The lines in Fig. 7.1a are the fits to
the experimental data by Langmuir adsorption model, I' = I',Kc/(1 + Kc), where, ¢ is
the free protein concentration in solution, I'y, is the maximum surface excess concentra-
tion, and the parameter K is the binding constant. At constant temperature, the value of
K increases with the increase in binding energy of adsorption. The isotherms at all the
salinities show a rather rapid accumulation of the protein on the surface of nanoparti-
cles which is followed by the plateau, where no more lysozyme is further adsorbed. The
plateau values at different ionic strengths were obtained by fitting the individual data
set to the Langmuir adsorption model. Figure 7.1b represents the plot of I'y, (best fit
values) as a function of cnac). Here the Iy, (triangles) shows a sudden decrease with the
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Table 7.1 Langmuir-adsorption-model fit parameters for adsorption isotherms with increasing
dispersion salinities (Fig. 7.1)

CNaCl ' K Am
0 1.84 760 13
10 1.52 427 16
25 1.34 353 18
50 1.28 80 19
100 1.17 32 20

cNqci 18 the concentration of salt in millimoles per litre, [, is the maximum surface excess con-
centration (mg/m?), K is the Langmuir adsorption constant and A,, is the nominal surface area per
lysozyme adsorbed

increasing cNycy i.e. the maximum protein (in mg/mz) that can be loaded on the silica
nanoparticles decreases over 30 % as the amount of salt in dispersion was increased
from 0 to 100 mM. This finding is in agreement with the recent ellipsometry and neu-
tron reflection study of salinity effect on the lysozyme adsorption to a flat hydrophilic
silica surface [17, 18]. Figure 7.1b also shows the dependence of nominal surface area
occupied per lysozyme (Ay,) on the silica surface (squares) as the function of NaCl con-
centration. Clearly, increase in the salinity results in the decrease of protein crowding on
the silica surface.



106 7 Effect of pH and Salinity on Silica-Lysozyme Hetero-Aggregation
7.2.2 pH Driven Lysozyme Binding

The tedious task of understanding the role of electrostatic interactions in protein
adsorption onto silica nanoparticles and thus induced aggregation of silica parti-
cles was achieved by the detour of pH titrations. The pH titrations were carried out
at fixed amounts of silica (1 wt%) and lysozyme. The concentration of lysozyme
used in the pH titrations corresponds to the surface coverage of 0.65 mg/m? which
estimates to be 40 lysozyme molecules adsorbed per silica particle (y). pH change
of a silica/lysozyme dispersion results in the variation of surface charges both on
silica as well as on lysozyme. In order to manipulate the electrostatic interactions at
fixed silica and lysozyme surface charges (fixed pH), a 1:1 monovalent electrolyte
NaCl was added which results in the screening of charges and suppresses the active
electrostatic forces between all existing inter- and intra-particle charged species. The
amount of salt in the dispersion determines the extent of screening of electrostatic
interactions. For manipulating the electrostatic interactions over a large scale, up to
100 mM NaCl was added to the pH titrations dispersions keeping a fixed silica and
protein concentration. The experimental results of such protein binding experiments
(T vs. pH) at different medium salinities are presented in Fig. 7.2a. The protein bind-
ing behavior at low ionic strengths is similar to our previously reported data of pH
titration [16]. The momentous increase in the binding capacity of protein on silica
particles above pH 4 was attributed to the rapid increase of surface charge on sil-
ica. The monotonous behavior observed above pH 7 was explained by the fact that
beyond this pH, whole protein has been locked at the silica surface and the medium
is deprived of any protein. As can be seen in Fig. 7.2a, the curves for 3 different
ionic strengths of solutions are alike and pose no major variations. The observation
can be correlated with the adsorption isotherms in Fig. 7.1, since the concentration
of lysozyme used in the experiments was 1.2 mg/ml, which corresponds to a surface
excess of 0.65 mg/m?, this value is below the I'y, for all salinities. Hence up to this
surface loading of lysozyme, the binding affinity and the adsorption behavior of the
protein is independent of pH, i.e. a sharp increase in adsorption at pH > 4 followed
by the flat region at pH > 7 where all protein is in bound state.

7.2.3 Aggregation of Protein/Silica Core-Shell Composite

7.2.3.1 Turbidity

The adsorption of lysozyme was accompanied by the aggregation of silica
nanoparticles. The observed aggregation was quantified by monitoring the
changes in the turbidity values of the samples at different ionic strengths and pH
values. Turbidity of the samples were estimated by the transmittance values (Ty)
at 800 nm wavelength by the relation, Turbidity = —(log;oT;)/Icsi, where [ is the
optical path length of the transmitted beam and c; is the concentration of silica
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in the dispersion. The turbidity values obtained at different pH for solutions hav-
ing different amounts of NaCl are given in Fig. 7.2b. No change in turbidity was
observed for the pH titration of only silica dispersion. However, for the samples
with added protein at low salinities i.e. no externally added NaCl, there was an
increase in the turbidity when the pH > 4, which passes through the maximum and
goes to lower values at pH > 9. The increase in turbidity at intermediate pH regime
was the signature of lysozyme mediated aggregation [16, 19]. In the presence of
10 mM NaCl, although the qualitative behavior of the sample during the course of
pH change remains the same, but the absolute magnitude of turbidity increases in
comparison to the sample with no added salt. The increase in the absolute value of
turbidity at a constant silica and protein concentration is the indicative of the for-
mation of larger aggregates. Despite of the similar aggregation behavior at pH < 9,
the aggregation response with pH > 9 at higher salinities is far different. For the
samples above pH 9 at a 50 and 100 mM NaCl dispersion concentration, instead of
decrease in turbidity (as is the case with lower salt concentrations), it increases for
rest of the studied pH range. The plausible implications of the observed behavior
of the dispersion salinity are discussed in the Sect. 7.3.2.
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Fig. 7.3 a Cumulative size distribution for silica-lysozyme aggregates at four different salinities
indicating the increase in average flocc size with NaCl concentration. b and ¢ The packing den-
sity of the silica/lysozyme aggregates at different dispersion salinities deduced by the sedimenta-
tion kinetics measured at 36 g and 2,300 g respectively

Table 7.2 Statistical size distribution of the aggregates formed at pH ~11 at different salinities

eNaCl 9 ® <10 % <50 % <90 %
10 37 4 33 36 42
25 350 99 243 377 510
50 1,056 282 712 1,245 1,440
100 1,167 289 828 1,362 1,547

cnact 18 the concentration of NaCl used (mM), 0 is the mean cluster size (nm) and w is the stand-
ard deviation (nm) of the distribution from the mean size

7.2.3.2 Analytic Centrifuge

The silica/lysozyme aggregate structure and their size distribution was obtained by
analytical ultra-centrifugation technique (LUM GmbH, Berlin Germany) [20, 21].
The particle size distribution was determined by time evolution of transmission at
fixed sample height as explained elsewhere [22]. Figure 7.3a represents the cumu-
lative volume weighted size distributions obtained for the samples at pH ~ 11 at
four dispersion ionic concentrations. At low salinities (10 mM), narrow aggregate
size distribution between 30 and 40 nm was obtained with a small fraction of par-
ticles upto 80 nm. On increasing the salt concentration, the cumulative size dis-
tributions are shifted to larger values. Increase in the salt concentration from 50
to 100 mM leads to only a small increase in size of the aggregate. Table 7.2 sum-
marizes the percentage of cluster size distribution in different length scales. A ten-
fold increase in the dispersion salinity (10 — 100 mM) resulted in the increase
of aggregate size by a factor 40. Growth of the aggregate with ionic strength is in
complete agreement with the observed increase in turbidity values at correspond-
ing salinities (Fig. 7.2b).

Sedimentation kinetics of the silica/lysozyme aggregates at pH 11 was used to
estimate the fractional volume occupied by the floccs (so called the “packing den-
sity”). During the process of centrifugation, the intensity of transmitted light over
the whole sample length was monitored as a function of time. Sedimentation
experiments performed at different salt concentrations (at pH 11) demarcates the



7.2 Results 109

lysozyme/silica aggregates from the dispersion medium (75 % limiting transmission
value) by a phase boundary. The evolution and the shifts in the phase boundaries at
36 and 2,300 g of centrifugal force were obtained as the function of elapsed time
(not shown). Average packing density (dg,) of the aggregates at two centrifuga-
tion speeds was estimated from the total mass of silica (m) in the sample by the
relation [23].

m

dagg = (7.1)

Pmass Vsed

where a5 18 the difference in the mass densities of silica and water and Vg4
is the sediment volume estimated from sedimentation experiments. Here, for the
simplicity reasons, we assume that upon the phase separation whole silica exists
as aggregate i.e. it is present only in the denser phase Fig 7.3b and ¢ show the
calculated packing densities of silica/lysozyme composites at pH 11 at differ-
ent NaCl concentration. Since the silica/lysozyme dispersion at 10 mM NaCl
and pH 11 was stable (no phase separation), sedimentation kinetics study of the
same was not performed. The packing density profiles of aggregates obtained for
25, 50 and 100 mM NaCl at 36 g centrifugal force is depicted in Fig. 7.3b. As
can be observed from the figure, at constant stress of 36 g, the packing density
increases steeply over time for dispersions at high salt concentrations whereas, at
25 mM NaCl the packing density remains low at prolonged exposure to the con-
stant compressive stress. Higher packing density of the dispersion at constant
silica concentration is the indicative of larger and compact aggregates at higher
salt concentrations. Interestingly, the limiting packing density at 50 and 100 mM
was observed to be 0.14 and 0.16, respectively and this value is attained rapidly
whereas, for 25 mM no sharp boundary in the separation existed even after a pro-
longed centrifugation time. This result reconfirms the particle size distribution
presented in Fig. 7.3a. The samples were also subjected to extended compression
stress of 2,300 g leading to the higher packing density of the floccs. Here again
the limiting packing density of 0.4 and 0.34 for 50 and 100 mM NaCl respec-
tively was attained but in the experimental time scale this limiting value was never
achieved for dispersions at 25 mM NaCl. Here we would like to point out that
because of the weaker aggregation the error in the determination of the phase
boundary and thus packing density for aggregate at 25 mM is higher than in the
case of strongly aggregated dispersions (50 and 100 mM).

7.2.3.3 Small Angle X-ray Scattering

To relate the protein-induced silica nanoparticle aggregation with the interaction
potential between silica nanoparticles, Small Angle X-ray Scattering (SAXS)
measurements were performed for the pH titration at different ionic strengths.
Typical scattering profiles of the samples containing 10 and 100 mM NaCl are
shown in Fig. 7.4a, b respectively. The scattering intensity is plotted as the func-
tion of scattering vector q, given by (4m/\)sinf; where ) is the wavelength of
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X-ray beam and 26 is the scattering angle. In the case of X-ray scattering, it needs
to be kept in mind that the scattering solely arises from silica nanoparticles and its
aggregate structure and the contribution of the lysozyme towards the overall scat-
tering is negligible. The oscillation appearing in the scattering curves (Fig. 7.4a, b)
is the signature of spherical shaped silica nanoparticles. The scattering curves in
Figs. 7.4a, b are identical at q > 0.3 nm~! (on a non-shifted scale; not shown),
indicating the absence of any change in the local spherical structure (shape) of the
silica nanoparticles during the aggregation process. However, an increase in the
intensity can be observed in low-q regions of the scattering profiles, which is typi-
cal for the aggregating nanoparticle systems [16]. In the case of 10 mM NaCl pH
titration (Fig. 7.4a), the SAXS profile at pH 3.5 represents the flattening of the
profile in low-q Guinier regime, characteristic of the stable silica dispersion and
is analogous to the profile of bare silica nanoparticle. Because of the lack of any
attractive electrostatic interaction between protein and silica surface at this pH, no
protein molecule binds to the silica particle and the silica dispersion remains sta-
ble against aggregation. As the pH is increased, the charge on the silica surface
increases resulting into an attractive interaction between silica and protein, and
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at pH > 4, lysozyme binds to silica surface and initiates the aggregation process,
resulting into an increase of scattering intensity in Guinier regime which in turn
originates from the large aggregate structure evolved during the aggregation
process.

The samples at low pH and 100 mM added NaCl (Fig. 7.4b) show similar
behavior to 10 mM pH titration set. However, as pH is increased to 9 and beyond,
SAXS profiles show significant difference from the aggregates at 10 mM NaCl.
At 100 mM electrolyte concentration, instead of disappearance of the rise in
low-q intensity, a steep increase in the slopes at higher salinity can be noticed. At
100 mM ionic strength, the slope of low-q intensity for pH ~ 10 varies as q >~
compared to q~ ! for 10 mM sample at corresponding pH. Silica/lysozyme aggre-
gates with no externally added salt redisperses itself at pH > 9.8, whereas, the
floces formed at 50 and 100 mM salt remain densely aggregated at the higher end
of the experimental pH region (10.5). At pH 10.1 with 100 mM NacCl, the SAXS
intensity profile at q < 0.2 nm~! (Fig. 7.4b) indicates a decrease in the intensity
slope in comparison to pH 9.9. This observation can be attributed to the fact that at
this pH the mean aggregate size increases to an extent that a small fraction of the
flocc separates from the incident x-ray beam.

For accessing the finer details and quantitative information about the aggrega-
tion phenomena, structure factors (S(q)) for the samples at different salinities were
extracted. Figure 7.5a shows the typical S(q) obtained as a function of scattering
vector q for different salt concentration (cnac1) at pH & 10. For better visualiza-
tion, curves have been shifted upwards by the factor 1. The S(q) obtained at all
ionic strengths has the primary peak at q = 0.35 nm~! and a secondary oscillation
at ¢ = 0.65 nm~!. Both the observed oscillations are well reproduced by Sticky-
Hard-Sphere (SHS) model [24]. The lack of agreement between the experimen-
tal data and the fit for ¢ = 0.42-0.6 nm~! is due to the lack of precision in the
determination of absolute value of polydispersity for bare silica nanoparticles
[16]. It can be perceived from the plots that the absolute magnitude of the pri-
mary oscillation increases with increase in cn,c] from 0 to 100 mM. The increase
in the absolute magnitude of the primary oscillation corresponded to the higher
coordination number of silica in the aggregate itself, thus compact aggregation.
The number of nearest neighbors and particle density of an aggregate is related to
overall attraction between two interacting bodies (silica spheres) by a parameter
called stickiness (1/t). SHS model is congruent to the square-well potential model
with the constraint that the well depth (u) tends to infinity and the well width (A)
is significantly smaller than the diameter of the particle. 1/t obtained by fitting the
structure factor of the SAXS measurements is related to u and A by the following
equation

12A Wk
1/t=(D+A>e/T (7.2)

where, D is the diameter of silica nanoparticles, k is the Boltzmann constant
and T is the temperature. Figure 7.5b shows the variation of stickiness param-
eter obtained by the best fit to experimental S(q) by SHS model. According to
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Fig. 7.5 a The structure factor S(q) extracted from the scattering intensity profiles at pH 10 with
0-100 mM externally added NaCl. The scattered points are the extracted S(q) and the solid lines
are the best fits obtained by sticky-hard-sphere (SHS) at a given salt concentration. b Stickiness
values (Eq. 7.2) obtained by fitting S(q) by SHS model for pH titration with known amounts of
added NaCl. The horizontal line marks the phase boundary predicted by SHS model. ¢ and d are
the well-width and the well-depth respectively for the SHS square-well inter-particle interaction
potential for samples represented in (b)

the SHS model, the horizontal line drawn in the Fig. 7.5b is the phase boundary
(1/T = 10.2) between single and dual phase regions, i.e. the samples with sticki-
ness parameter below the phase boundary (1/t < 10.2) remain dispersed (sta-
ble), whereas for 1/t > 10.2, they exist as suspended aggregates (unstable) [25].
Stickiness values obtained as the function of pH at different amounts of added
salts are shown in Fig. 7.5b. Initial rise in stickiness with the increase in pH from
3 to 4 for all salinities can be observed. The stickiness of silica nanoparticles
remains constant in the region pH 6-9 for low ionic strengths. These observa-
tions are in agreement with our previously reported stickiness (1/t) values [16] for
silica/lysozyme aggregates in the absence of any externally added electrolyte. But
for 100 mM sample there is a sudden increase in stickiness at pH ~ 4, with higher
degree of silica aggregation at this pH. A pronounced salinity dependent aggre-
gation was observed at pH > 9, and a rapid increase in the stickiness values was
detected for high ionic strengths. The observed high stickiness values for 100 mM
ionic strength are in agreement with the high turbidity observed for corresponding
floccs. Figure 7.5¢, d show the obtained values of u and A respectively. As can
be observed from the plots, there is a gradual increase in A with the increase in
pH regardless of the ionic strength of the dispersion. However, the magnitude of
attractive interaction potential (u) shows larger values for aggregated samples than
for the dispersed ones. The lysozyme induced attractive pair potential (u) for high
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Fig. 7.6 a SAXS intensity I(q) versus q profile is plotted on a log-log scale, for a silica disper-
sion having increasing salt concentration having same amount of protein (y = 10) at pH 8.3. Here
the number shown next to the curves indicates slope of scattering intensity in the Guinier regime
(low-q region) at four different salinities. b Extracted structure factor S(q) from the intensity pro-
files in (a) and their corresponding fits according to SHS model

salinities are higher in magnitude in comparison to the samples at low salinities
(at comparable pH), indicating that binding force between the silica particles is
larger for higher salinities. In the acidic range (pH < 4) a significant amount of
lysozyme remains in the unbound state (Fig. 7.2a) and hence protein mediated
aggregation is less and the SHS is strictly not valid, which results into significant
errors in the estimation of SHS model parameters.

7.2.3.4 Aggregation of Patchy Nano-Silica (y = 10)

Until this point, we have presented the effects of dispersion salinity at a fixed but
relatively high surface loading of protein (y = 40) per silica particle. With the
aim to study the effect of salt at low lysozyme concentration (y = 10), samples
at pH 8.3 with 10-100 mM NaCl concentrations were prepared using organic
buffer (bicine). The change in the aggregation behavior was monitored by SAXS.
Fig. 7.6a, b present the SAXS profiles and thus extracted structure factors S(q)
for different salinities at pH 8.3. The numbers given next to the SAXS curves in
Fig. 7.6a are the low-q (0.07-0.15 nm™") slopes (1) of scattering intensity, varying
proportional to q~". As indicated by the values of n for y = 10, the magnitude of
the slopes increased from n ~ 0 to 2.5, when the ionic strength was varied from 0
to 100 mM. As mentioned earlier, this increase in low-q intensity is the signature
of the aggregation of scattering entities i.e. silica nanoparticles. Structure factors
extracted from the scattering curves and their corresponding fits from SHS model
are given in Fig. 7.5b. The fitting parameters obtained and the turbidity values for
the aggregates are given in Table 7.3. Low turbidity values for the samples with 0
and 10 mM salt, indicate the absence of any observable aggregation of silica nano-
particles i.e. lysozyme is not able to glue the silica particles at y = 10 and at low
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Table 7.3 Turbidity and S(g) fit parameters stickiness (1/7), volume fraction (¢), well width
(A), well depth () at surface concentration of 10 protein molecules per silica (y) with increasing
NaCl concentration cNa(]

CNaCl Turbidity 1/t [0} A u

0 1 54 0.08 1.2 —2.1
10 4 6.5 0.09 1.5 —2.1
50 163 9.7 0.16 1.3 2.7
100 183 10.2 0.15 1.7 2.5

All measurements were carried out at 25 °C

ionic strengths and nanoparticles remain in dispersed form. As the ionic strength
is raised to 50 and 100 mM the turbidity increases to 163 and 183 cm?/g respec-
tively. The increase in turbidity values is complemented by the high stickiness val-
ues given by SHS fit to the S(q).

7.3 Discussion

As presented in the previous section, adsorption of lysozyme and the induced
aggregation of silica nanoparticles is highly dependent on pH and the ionic
strength of the dispersion. Here we account for the observed differences in adsorp-
tion and aggregation behaviour on the basis of the complex interactions between
hydrophilic silica particles and lysozyme.

7.3.1 Role of Electrostatic Interactions

In our previous study of the interaction of silica nanoparticles with lysozyme we
presented evidence for the important role of electrostatic interactions in this sys-
tem, based on the pH dependence of the lysozyme adsorption at the silica particles
and the lysozyme-induced flocculation [16]. Following up this work we have now
focused on the combined influence of pH and salinity on the adsorption and aggre-
gation behaviors. The screening of electrostatic interactions between all pairs of
charged species, i.e., protein-silica, particle-particle and protein-protein, causes a
decrease of the maximum protein adsorption at the silica particles (Fig. 7.1). The
decrease in the surface crowding of protein molecules at the silica surface is an
indication that the protein-particle attractive pair interactions, although screened,
are still dominating over the protein-protein repulsive interaction. These results
are in agreement with the previously reported reduction in lysozyme binding to
silica nanoparticles [14, 15, 26]. Lundin et al. [17] have studied the adsorption of
lysozyme at pH 8.5 on the flat silica surface by QCM and ellipsometry and have
found a pronounced dependence of adsorption on the concentration of added salt.
The generic behavior of the protein adsorption is the same with the decrease of
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the bound protein by the factor of ~ 1.3 from 10 — 100 mM NaCl. However,
the differences in the absolute amounts of bound protein can be attributed to the
probable dissimilarity in the surface charge density between our aqueous silica
nanoparticle dispersion and the flat surface used by Lundin et al.

7.3.2 Protein Induced Silica Aggregation

As shown in Fig. 7.2a, b, in the course of pH change the adsorption of protein is
accompanied by aggregation of the silica particles. Although, the binding behavior
of the protein to silica remains similar at different tested salinities, significant differ-
ences can be observed in the corresponding sample turbidities. The increase in the
concentration of monovalent salt from 1 to 100 mM decreases the Debye length
of colloidal silica from about 10 to about 1 nm. The Debye length determines the
length scale at which electrostatic interactions between the silica nanoparticles are
screened, and therefore is of immediate relevance for the structuring and stability
of the dispersion [27]. For low dispersion salinities (large Debye lengths) the dis-
persion remains stable against aggregation due to electrostatic inter-particle repul-
sions. In the presence of lysozyme higher turbidity is solely due to the formation
of protein-bridged-silica aggregates. In the absence of any externally added salt at
pH < 4, the silica surface is weakly charged and proteins remains unadsorbed and
hence the silica nanoparticles remain in completely dispersed form. At the intermedi-
ate pH regime, silica-lysozyme forms oppositely charged pair and form hetero-aggre-
gates. Whereas, in the weak protein binding regime pH 4-5, SAXS structure factor
fits show a high stickiness (Fig. 7.5b), which can be explained by the following two
cooperative effects (i) lack of silica dispersion stability because of vicinity of its IEP
and high ionic strength, [28] and (ii) effective gluing of silica nanoparticles by pro-
tein molecules. Too high value of stickiness parameter is obtained at 100 mM NaCl
(Fig. 7.5b), which is due to the reduction in the screening length of the particles.

At intermediate pH 5-9, the aggregation is the typical hetero-aggregation
between highly charged silica and lysozyme molecules, resulting into the forma-
tion of less dense flocculated networks [16]. The aggregation occurring in this pH
range is independent of the dispersion salinity, the possible reason for this observa-
tion is discussed later in this section. For the pH > 9, the positive charge density
on the lysozyme surface decreases because of its approaching IEP (pH 11) result-
ing in the weaker bridging capability of lysozyme and hence weaker aggregation. At
this point we should also keep in mind that with the increase in salinity, there is an
increase in the screening of charged entities i.e. the local charges both on lysozyme
and silica. At pH > 9, at a known NaCl concentration, the surface charge of silica
particles remains constant and highly negative [16]. The changes occurring in the
silica/lysozyme composite system are solely because of the change in the surface
charge density of the protein. As the IEP of lysozyme is approached, the charge on
the surface of protein diminishes resulting into the release of bound counter ions
(C1™ from NaCl) on the surface. As a result, the surface of the protein is dehydrated
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leading to the increase in attractive Hamaker dispersion forces (salting out). The
aggregation of lysozyme itself has been reported earlier in various theoretical and
experimental studies [29, 30]. In their work, Velev et al. [30] have found that for
lysozyme increasing salt concentration results in the decrease in the second virial
coefficient. The net positive charge on protein decreases with increasing pH and the
repulsive-attractive interactions approach a balance at pH ~ 9 for lysozyme increas-
ing the importance of van der Waals forces [30]. For our silica-lysozyme composite,
on addition of monovalent 1:1 electrolyte (NaCl) the turbidity (Fig. 7.2b) as well as
stickiness (Fig. 7.5b) show a sudden increase. Tentatively, we attribute the increase
in turbidity at higher pH and salinity samples to the decrease in the Debye length of
the silica dispersion and with the approaching IEP of lysozyme, the net charge on
lysozyme approaches zero, but there exist local charges on the surface of proteins,
which are further screened by high salt concentrations. Under these screened charge
interactions, the hydrophobic groups on the surface of protein molecules tend to lose
their water of hydration, in order to gain entropy in the form of released water mol-
ecules. Dehydration results in the exposure of hydrophobic surface patches of the
protein to the solution which then tend to precipitate out by attaching to the protein
molecule sitting on the surface of another silica nanoparticle. Hence, strong hydro-
phobic protein-protein interactions now drive aggregation phenomenon. This behav-
ior is similar to the salting-out effect of only protein dispersions. In the present case,
we can say that the salting-out phenomenon for protein is taking place which incor-
porates the silica nanoparticles into the phase separating domain. These effects get
stronger with the increase in the NaCl concentration resulting in the increase in the
mean aggregate size and decrease in the packing density of the flocc (Fig. 7.3).

7.3.3 Lysozyme/Silica Patchy Particles

At low protein concentration, only a small fraction of the silica surface is occupied
by the protein, i.e. the silica surface has only a handful patched of lysozyme adhering
to the surface by electrostatic attraction. At this low surface coverage with protein
the silica/protein dispersions showed a pronounced salinity-dependent aggregation.
The volume fraction of silica in the floccs obtained by SHS model fitting shows an
increase of around 80 % with the increase in cnyc) from O to 100 mM (Fig. 7.6). The
jump in the turbidity values for the aggregated solution at y = 10 was also observed
(not shown) and was proportional to the concentrations of NaCl. Analytic centrifuga-
tion also shows an increase in aggregate size with salinity. This increase in the aggre-
gation is again attributed to the collaborative function of suppression of silica-silica
repulsions and increase in protein-protein hydrophobic attractions. The reason of
the present effect gets pronounced only at low surface which is discussed here. High
protein concentration at pH 8.3 results into a larger number of bridges between the
silica particles resulting into a high aggregation in the system. However, when the
protein concentration is sufficiently lower at the same pH, there are not enough num-
ber of lysozyme molecules available to form the junction between silica nanoparti-
cles. The decrease in the Debye length by the adding salt results into a less repulsive
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interaction between silica/protein patchy particle and now, in the screened interacting
system smaller number of bonds are actually capable of gluing the silica particles
together. Here we just presented the effects, more systematic studies are needed to
quantify the results in terms of the minimum number of protein particles necessary to
aggregate the silica dispersion at a given pH.

7.4 Conclusions

In this work we have demonstrated the importance of dispersion salinity and
pH on the binding affinity of lysozyme to silica nanoparticles. Increase in ionic
strength of dispersion at pH 8.3 results in a gradual decrease in the maximum sur-
face excess of lysozyme adsorption onto silica nanoparticles. In the set of experi-
ments at a constant ratio of silica and protein and fixed values of salinity we have
studied the turbidity of the samples as a function of pH. These measurements
show that an increase in salinity does not have a very pronounced effect on the
turbidity for pH <9, i.e., at pH values well below the isoelectric point of lysozyme.
However, a further increase in the pH results in a very pronounced increase in
turbidity, indicating a strong increase of the aggregate size. SAXS measurements
show an increase of the scattering intensity in the low-q regime, indicating the
presence of silica aggregates. From measured SAXS data, the structure factor
of aggregates could be determined. As before, [16] we have analyzed the struc-
ture factor data on the basis of the sticky-hard sphere model. A strong increase
in stickiness of the silica beads with increasing salinity was observed at pH > 9,
in accordance with the high turbidity values in this regime. The high stickiness
of the beads was attributed to the presence of dominant hydrophobic interactions
between the protein molecules attached to different silica particles. Furthermore,
we have found that salinity also changes the aggregation behavior of protein with
the silica particles at very low protein loadings (10 lysozyme per silica). All the
studies prove that salinity and pH play a major role in the lysozyme-induced
aggregation of the silica particles. The interactions can be tuned by adjusting
the charges on the individual particles by changing pH, and the charges can be
screened by addition of salt to the dispersion. Above some limiting value of salin-
ity the hydrophobic interactions between lysozyme molecules become a domi-
nant factor. Hence, we conclude that depending upon the extent of surface charge
screening, the aggregation behavior is governed either by the electrostatic interac-
tions or by short-range hydrophobic interactions between the protein molecules.
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Chapter 8
Protein-Specific Effects of Binding
to Silica Nanoparticles

8.1 Introduction

In the past decades, promising new applications of nanoscience in the biomedical
field have emerged, including drug delivery, imaging and biosensing [1, 2]. Since a
wide variety of materials have been considered for such applications, a basic under-
standing of their interactions with biomolecules is imperative. The interaction of
proteins with hydrophobic or hydrophilic surfaces has been studied extensively in
the past and giving evidence of the complexity of the phenomena involved [3-5].
Here we present some results of a comparative study of the interaction of two small
globular proteins lysozyme and cytochrome C with silica nanoparticles of 22 nm
diameter in an aqueous environment. The study focuses on the adsorption of proteins
at the silica particles and the hetero-flocculation of the silica particles induced by
the adsorption of the protein. Turbidity and Small Angle X-ray Scattering (SAXS)
has been used for studying the hetero-aggregates formed in different pH regimes
between the isoelectric point of the silica particles and of the protein.

8.2 Results

8.2.1 Characterization of Proteins

The globular proteins used in the present study belong to the class of hard pro-
teins. They have similar molar mass, a similar radius of gyration [6, 7] and also
a similar isoelectric point (IEP). However, the two proteins differ with regard
to their surface charge distribution and, as a consequence, the magnitude of the
permanent dipole moments of the two proteins is quite different, cytochrome C
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Fig. 8.1 Characterization of the proteins cytochrome C and lysozyme. a Calculated net charge
per molecule (Q) as a function of pH; the dotted lines are inactive for IEP’s for two proteins.
b Structure of the two proteins (basic residues in blue, acidic residues in red, neutral residues in
yellow); the arrows indicate the direction and magnitude of the net dipole moment of the mol-
ecules. ¢ Four-sided schematic representation of the surface electrostatic potential of the two pro-
teins (positive potential in blue, negative potential in red)

(185D) has a much higher value than lysozyme (94D) [8]. The net charge Q of the
two proteins as a function of pH was calculated by Eq. 8.1, [9]

—1 -1
—(pH—pK, (A —(pH—pK, (B
QZE nA<1+10 (PH—p ())) +§ nA<1+10 (pH—p ())) 8.1)
A B

where nq and np represent the numbers of acidic and basic residues in the pep-
tide chain, while pK,(A) and pKy(B) relate to the acid dissociation constants of the
acidic and basic residues, respectively.

The resulting dependence of the net charge on pH is shown in Fig. 8.1a. It can be
seen that the curves are quite similar in the acidic and neutral pH range, but at higher
pH, the net charge of cytochrome C tends to negative values more steeply and has a
somewhat lower IEP than lysozyme. Figure 8.1b shows the structure of two proteins
along with the direction of the resulting dipole moment (vertical arrows) at neutral
pH. Basic residues (+) are indicated in blue, acidic residues (—) in red, and neutral
residues in yellow color. The structures and resulting dipole moment presented in
Fig. 8.1b were obtained by using the protein data bank lysozyme (PDB: 2LYZ) and
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cytochrome C (PDB: 1HRC) structures. The calculations were done by online protein
dipole moment server [10]. Only the non-hydrogen atoms of the standard amino acids
of the protein itself were included in the dipole moment calculations. The exact elec-
trostatic potentials and its distribution at the surfaces of the two proteins as calculated
by the CCP4MG [11] software package are shown in Fig. 8.1c. The images show the
four faces of the protein corresponding to a rotation of the molecule in steps of 90° as
indicated in the figure. For lysozyme molecule, the partial areas of positive and nega-
tive potential are similar on the four faces, a more dissimilar distribution is observed
for cytochrome C, in agreement with the higher dipole moment of the cytochrome C.
We have studied the effect of this difference in charge distribution on the adsorp-
tion of the proteins at silica nanoparticles and the protein-induced flocculation of the
silica.

Silica nanoparticles used in this study were synthesized by the method of Davis
et al. [12], using lysine as the basic catalyst for the hydrolysis of the silica precursor,
and characterized by SAXS and nitrogen adsorption. They had a mean diameter of
22 nm (polydispersity 10 %), a specific surface area of 180 m?%/g, and an isoelectric
point near 3 (somewhat higher than the pure silica surface, presumably due to the
adsorption of lysine [13]). Accordingly, in a wide pH range between the isoelectric
points of silica and the protein, the silica particles are negatively charged while the
protein molecules carry a positive net charge. As was shown earlier for the case of
lysozyme, this opposite charge dominates the adsorption behavior of the protein and
the hetero-flocculation behavior of the silica nanoparticles [14].

8.2.2 Protein-Binding to Silica Surface

In order to investigate the effects of dissimilar dipole moment of two proteins,
pH titrations experiments were carried out for protein/silica dispersions of fixed
concentration of silica (1 wt%) and protein (1 mg/mL, corresponding to a sur-
face concentration of 0.6 mg/m? in the complete adsorption regime). Details of
the experiments are given elsewhere [14]. A comparison of the results obtained
for the two proteins under these experimental conditions is shown in Fig. 8.2. In
both cases the fraction of adsorbed protein increases with pH and reaches a pla-
teau, corresponding to (almost) complete adsorption at about pH 7 (Fig. 8.2a).
At pH 4 and below we find effectively no adsorption of lysozyme, but a nonzero
and pH independent level of adsorption of cytochrome C. Over a wide pH regime
the observed adsorption behavior of the proteins can be rationalized by a domi-
nant role of attractive electrostatic interactions between the negative silica surface
and the positively charged protein molecules, as discussed in the previous work
[14]. The persistence of high adsorption level near the IEP of the proteins can be
attributed to the interaction of remaining positively charged patches of the protein
surface with the strongly negative silica surface, and the diminished electrostatic
repulsion between adsorbed protein molecules and increasing role of hydrophobic
interactions between adsorbed protein.
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Fig. 8.2 Behavior of the " : ' -

proteins, lysozyme and -8~ cytochrome C @)1
cytochrome C with silica 0.6 { @ lysozyme
nanoparticles. a The amount
of protein bound in mg/m? of
silica surface as the function
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silica dispersion containing
fixed amount of protein over
a wide pH range. Also shown
is the photograph of the
silica/cytochrome C binary
dispersion at different pH
values (indicated above each
sample)
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8.2.2.1 Protein-Induced Silica Aggregation

The turbidity of the protein/silica dispersions and its dependence on pH (Fig. 8.2b)
can attributed to silica aggregation due to adsorbed protein. At pH 3 when little or
no protein is adsorbed, only weak aggregation of the silica particle occurs due to
the missing charge stabilization. The sharp increase in turbidity from pH 3 to 4 and
the further increase up to pH 7 is attributed to the protein mediated bridging of sil-
ica nanoparticles [14]. The low turbidity of the systems in the pH region near the
IEP of the protein can be attributed to charge stabilization of the strongly negatively
charged silica particles coated with a layer of nearly uncharged protein. Interestingly,
significant differences in the pH-dependence of the turbidity are found in the pH
range 7-10. For the dispersion with cytochrome C, the strong decrease in turbid-
ity occurs at a significantly lower pH than for the dispersion with lysozyme. This
shows that cytochrome C although being strongly adsorbed as lysozyme has a signif-
icantly lower ability to induce aggregation of the silica particles in this pH regime. It
is also of interest to note that at low pH some cytochrome C remains adsorbed at the
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Fig. 8.3 SAXS profiles for silica dispersion (1 wt%) with cytochrome C (1.0 mg/mL) at differ-
ent pH values. Experimental data and fits with the sticky hard sphere structure factor

silica particles but here too this does not lead to enhanced aggregation of the silica
nanoparticles. We return to this point later.

The aggregate structure of the silica hetero-flocculate with cytochrome C was
characterized by SAXS. Figure 8.3 shows SAXS profile where the radially aver-
aged scattering intensity, I(q) is plotted as a function of momentum transfer q. It
needs to be kept in mind that the proteins due to their low electron density remain
effectively invisible to the X-ray beam. The profiles were obtained for a 1 wt%
silica dispersion containing on average 50 cytochrome C molecules per silica par-
ticle. The profiles for pH 5.8 and 7.0 exhibit a pronounced increase in I(q) in the
low-q region (Guinier regime), which is missing or much weaker in the profiles
for pH 9.2 and 2.8. The increase in scattering intensity in the Guinier regime is a
signature of strong particle aggregation [15, 16]. The scattering profiles were ana-
lyzed in terms of the relation

I(q) = NAp*P()S(q) (8.2)

where N represents the number density of the scattering particles, Ap their
scattering contrast against the aqueous phase, P(q) the form factor of the par-
ticles, and S(g) the inter-particle structure factor. The form factor of the silica
nanoparticles was determined from a dilute dispersion of the plain particles
without protein and was then used in the evaluation of the structure factor. The
structure factor data were analysed with the sticky hard sphere (SHS) model
[17, 18] which is based on a square-well pair potential in the limit of large well
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Table 8.1 Stickiness S No. Cytochrome C Lysozyme
parqmeter c.haracte.r 12Ing pH Stickiness pH Stickiness
the interaction of silica
nanoparticles in the presence 1 3.6 6.6 35 8.5
of a proteins in a wide range 2 4.5 10.3 4.7 10.1
of pH 3 5.8 10.3 5.9 10.3
4 7.0 10.3 7.2 104
5 8.1 10.1 8.9 10.5
6 9.2 0.2 9.8 11.0
7 10.0 0.2 10.4 4.6

depth and small well width. Fitting the scattering curves to the SHS model
with the form factor of polydisperse spheres yields the stickiness parameter

expressed as
_ 1 ( u ) A
Tz P\ FT oA (8.3)

where o is the silica hard sphere radius, A is the width of square-well potential,
1/t is the stickiness of the protein decorated silica bead, k is the Boltzmann con-
stant, T is the temperature and u is the well depth of the pair potential. The solid
lines in Fig. 8.3 represent the fit of the SHS model (with the form factor of silica)
to the experimental data. The resulting values of the stickiness parameter of the
silica particles in the presence of protein are given in Table 8.1. According to the
SHS model, a system of sticky hard spheres will separate in a dilute and a dense
phase when the stickiness parameter exceeds a value of about 10. We find that in
the present case, the condition is satisfied by the dispersions in a pH range from
4 to 8 (for cytochrome C) and from 4 to 10 (for lysozyme), i.e. in the given pH
ranges the silica particles are forming large floccs, in agreement with the results of
turbidity measurements.

8.3 Discussion

Turbidity and SAXS measurements are both highlighting the similarities and
differences in the aggregation behavior of silica nanoparticles in the presence
of cytochrome C and lysozyme. In the pH range 4-7, the two proteins behave
similar by inducing strong hetero-aggregation with the negatively charged sil-
ica nanoparticles (Figs. 8.2b and 8.3). At high pH (above the IEP of the pro-
tein), absence of aggregation can be attributed to a low bridging ability of the
(net uncharged) protein and the concomitant increase of the repulsive electro-
static interaction between the protein-decorated silica. Since the IEP of the two
proteins differs by less than 1 pH unit, one would expect that dispersions with
the two proteins behave similar up to nearly the IEP of cytochrome C. However,
redispersion of the system with cytochrome C has already occurred below
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Fig. 8.4 Schematic representation of the proposed mode of adsorption of lysozyme and
cytochrome C (small ellipsoids) on silica particles (big hemi-spheres). Positive and negative
surface patches of the protein are indicated by blue and red color, respectively

pH 8.0, as is to be seen from Figs. 8.2b and 8.3. This shift in the redispersing pH
value is one of the remarkable finding of this work and indicates that the high
dipole moment, resulting from the non-uniformity of surface charge distribution
on cytochrome C may play a vital role in the aggregation process. Whereas for
lysozyme, the patches of positive and negative charge are distributed more or
less uniformly on its surface (low dipole moment), the higher dipole moment
of cytochrome C implies a bipolar distribution of the charge. Hence there will
be a tendency for the cytochrome C molecules to adsorb in an orientation with
the positive charge pointing toward the negatively charged silica surface and the
negative charge pointing outwards (Fig. 8.4).

In this orientation the protein molecules have lost their ability to bridge two
negatively charged silica particles. This effect may explain the lack of hetero-
aggregation for cytochrome C at pH 8 and greater. The effect becomes rel-
evant only in the regime close to the IEP and can be attributed to the fact that,
at lower pH, the positive net charge density of the protein becomes higher and
attractive bridging of the negatively charged silica particle can occur in many
orientations of the adsorbed protein. Another interesting point concerns the
difference in adsorption affinity of the two proteins at the silica particles at
pH < 6 (Fig. 8.2b). For lysozyme the fraction of adsorbed protein falls off
steeply below pH 7 and no adsorption is detectable below pH 3. This is strong
evidence that electrostatic interactions between oppositely charged parti-
cles represent the main driving force of adsorption. For cytochrome C, on the
other hand, a certain level of adsorption prevails down to the lowest experi-
mental pH, where the silica surface is uncharged or even positively charged.
Hence, non-electrostatic interactions must play a role in the adsorption of
cytochrome C to the silica nanoparticles in this acidic pH regime. However,
the silica aggregation is still governed by the electrostatic effects of the
hetero-aggregating system.
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8.4 Conclusions

In summary, these findings indicate that the adsorption behavior of lysozyme
on the silica particles is dominated by electrostatic interactions while for
cytochrome C non-coulombic contributions (presumably hydrophobic interac-
tions) also play a role. In the hetero-aggregation of silica with proteins, it is the
distribution of positively and negatively charged patches over the surface of the
protein that tunes the aggregation behavior. Because of the bipolar distribution
of surface charge at cytochrome C, this molecule is less effective to induce het-
ero-aggregation with silica particles in the pH regime approaching the IEP of the
protein.
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Part IV
Field Directed Assembly

of Hetero-Aggregating Microparticles

Part IV of the thesis reports the formation of permanent long chains made up of
positively and negatively charged latex particles. In Chap. 9 we demonstrate how
the heteroaggregation phenomenon and DEP can be combined to assemble per-
manent linear structures. We provide a complete characterization of the chains
formed for two different particle size ratios and different number of ratios of the
positive and negative particles. We also present an analysis of the data according to
a new statistical model.


http://dx.doi.org/10.1007/978-3-319-07737-6_9

Chapter 9
Permanent Supracolloidal Biparticle
Assembly Triggered by an Electric Field

9.1 Introduction

The colloidal assembly is a major route to making materials with tailored
functionality resulting from the organization of the particles [1-3]. While much atten-
tion has been focused on colloidal crystals with potential photonics applications [4],
permanently bound linear structures are a somewhat overlooked material with a
broad range of applications. For example, linear arrays of magnetic nanoparticles
can be used as flexible artificial flagellum [5], whereas linear chains of polystyrene
nanoparticles in polymer solution can cause interesting viscosity anomalies [6]. In
addition, the linear arrays of colloidal particles could find applications in structures
for single-nanowire light emitting diodes [7], single electron transistors [8] and in
microfluidics [9]. Colloidal assembly can be achieved by internal fields (induced by
surfactants [10] and by dynamic self-assembly [11]) or by applying an external field
(e.g., magnetic [12], or electric [13], or light [14]). DEP induces a long-range dipolar
interaction between randomly distributed particles [10, 15, 16] which forces them to
align into long chains along the direction of the applied field [17]. This effect has
been used for one-dimensional [18] or two-dimensional [19] assembly, as well as
for particle (or cell) capturing [20]. However, DEP-induced structures formed from
a single type of particles will disassemble by thermal motion as soon as the field is
switched off, due to the repulsive interaction caused by the surface charges.

We report here a facile, in-situ single-step, method of assembling permanent
chains of micron-sized particles by applying AC electric fields to dispersions
containing positive and negative particles. In contrast to biparticle assembly into
crystalline arrays [21, 22], where the charge on the particles has to be tuned to
low values to avoid irreversible aggregation, we use highly charged particles of
opposite charge, with attractive interaction energies well in excess of the thermal
energy, so that the particles stick irreversibly when they come in contact. The

Modified from the article: Bharti, B., Findenegg, G. H., Velev, O. D., Sci. Rep., 2012, 2, 1004.
Copyright 2012 Nature Publishing Group.
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hetero-aggregation between positive and negative particles in water is governed by
short range attractive electrostatic interactions [23, 24]. The aggregation kinetics
are commonly driven by Brownian dynamics and result in disordered, fractal like
clumps of particles. The added deployment of an external electric field enables us
to align the particles to chains by the long-range induced polarization interaction.
By combining the hetero-aggregation with DEP we achieve the formation of lin-
ear structures of unprecedented length and order. We characterize the permanent
chaining tendency of biparticle systems composed of particles of equal size as
well as different sizes, we propose an explanation for the pronounced effects of
different particle size and number ratio of the particles, and formulate assembly
rules for tailoring the length of permanent chains formed.

9.2 Methods

The polystyrene particles used in this study were washed with milli-Q water
several times in order to minimize the ionic strength of the dispersion and to avoid
any trace of surfactant. pH of the dispersions was adjusted to 3.0 using 0.01 M
HCI. The biparticle dispersion was prepared by mixing pre-sonicated aliquots
of the constituent single-particle dispersions in a vial; it was then rapidly trans-
ferred into the hydrophobically sealed chamber (<10 s) and the electric field was
employed instantaneously. The particle dispersion was subjected to a square wave
AC electric field (40 V/mm, 10 kHz), using parallel electrodes. The assembly pro-
cess of colloidal particles was observed using an Olympus BX-61 microscope both
in bright-field and fluorescence mode. Several images of the linear chain structures
were taken for further analysis. The chain length of a linear aggregate was defined
by counting the number of constituent particles of a given chain. The chain length
distribution was determined by analyzing at least 5 microscope images for given
values of Dgma/Diarge and 7.

9.3 Results and Discussion

The on-chip setup used for assembling microparticles in the presence of electric field
is shown in Fig. 9.1a. It consists of coplanar gold electrodes 2 mm apart connected
to a function generator and an amplifier. The water-borne biparticle dispersion is
placed in a microchamber (of thickness 100 um) over the electrodes. The assembly
patterns of two pairs of latex microparticles of opposite surface charge were inves-
tigated by bright-field and fluorescence microscopy. Their sizes, surface functional
groups, fluorescence absorption and emission, and zeta potential (at pH 3) are given
in Table 9.1. The charge of the particles at a particular pH is dependent on the nature
of their surface functional groups. The zeta potential (¢) provided in Table 9.1 is a
proxy of the charge on the aqueous latex colloid’s surface.
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Fig. 9.1 Experimental setup and microscope images of assembled arrays. a Schematic repre-
sentation of the setup used in the DEP experiments; b bright-field image of composite structures
formed between 4 pm and 0.9 um latex particles of system 2 (Table 9.1) upon application of a
45V, 10 kHz AC electric field; ¢ the same composite structures viewed in the fluorescence mode,
showing the location of 0.9 pm particles (green) in the assembled structures

Table 9.1 Physical and surface chemical properties of the latex particles used in the study

System Diameter (um)  Surface groups cat pH 3 (mV) Fluorescence (hgp, hem)
Systeml A 2.0 Sulfate (-SO4) —40 (660 nm, 690 nm)-red

B 22 Amidine (=NR) +50 (494 nm, 521 nm)-green
System2 A 4.0 Sulfate (-SOy4) —-35 Insensitive

B 09 Amine (-NH») +10 (494 nm, 521 nm)-green

The particle suspensions were mixed rapidly and immediately subjected to the
unidirectional electric field, leading to induced dipole chaining. Figure 9.1b, ¢ show
the bright field and fluorescence images of long chains formed from the mixture of
4 wm and 0.9 pm latexes in the presence of a field. While the 4 pum latex particles
were not fluorescencent, the 0.9 wm particles appeared green when observed in flu-
orescence mode of the microscope. Some rearrangements in the linear directional
structures were observed with the removal of AC-field after its initial application for
1 min. However, the structures didn’t disintegrate completely, but a fraction of parti-
cles remained glued as chains of specific lengths.
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Fig. 9.2 Microscope images and chain length distribution for System 1 (Dsman/Diarge = 0.91).
a Fluorescence images of the permanent structures formed by initial application of DEP field on
the suspension containing 2.2 pum positive latex (green) and 2.0 um negative latex (red) particles
at r = 1; insets show specific aggregates at higher magnification. b Fractions of n-mer aggregates
X, as a function of n. ¢ The same results expressed by the fractions of particles existing in form
of n-mers, ®,. In (b) and (c) the points represent the experimental data, the lines represent the
statistical model fit. In (b) the error bars are no larger than the symbols

We measured the distribution of chain lengths as a function of two parameters,
viz., the particle size ratio, Dsma1/Diarge, and the particle number ratio 7 = Nyman/Marge-
Examples of permanent structures formed in System 1 (Dsma/Diarge = 0.91) for
equal numbers of positive and negative particles (r = 1) are shown in the fluores-
cence microscope images in Fig. 9.2. Since the long-range drag experienced by the
particles in the electric field is dependent of the particle size (Fpgp =~ D3) [25] and
the size of positive and negative particles is similar, all particles experience nearly
the same DEP force and could be dragged with equal probability into any position
in the chains. Accordingly, we observed a random sequence of negative (A-type) and
positive (B-type) particles in these chains. When the field was switched off, contacts
between equally charged (repelling) neighboring particles (A—A and B-B) disinte-
grated. Accordingly, the predominantly observed entities were monomers and short
linear aggregates (chains) of alternating positive (green) and negative (red) particles.
Results of a quantitative analysis of aggregate sizes are also shown in Fig. 9.2, where
X, =N, / (N4 + Np) represents the number of linear clusters consisting of n parti-
cles, normalized to the total number of A and B particles (Fig. 9.2b), and ®,, = nX,
gives the fraction of A and B particles contained in aggregates of length n (Fig. 9.2¢).
Experiments with an excess of either types of particles (r = 1) yield assemblies with
even shorter chain lengths (not shown).

In System 2 (Dsman/Diarge = 0.225) the larger particles are of nearly two orders
of magnitude greater volume than that of the small ones. Hence a much greater
DEP force is exerted on the large particles in the electric field and only these
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(A-type) particles participate in the rapid primary field-induced chain formation
step. In a slower secondary process, the small (B-type) particles are captured, pre-
dominantly into the contact regions between large particles because of the high
field intensity in those regions. This observation is in correlation with the results
of Gupta et al. [26] on DEP chaining of yeast cells in the presence of (smaller)
latex particles. Because in the present case A and B type particles carry opposite
charges, the small particles trapped in the junctions can form a link between neigh-
boring large particles. Accordingly, when the field is switched off the chain will
break only at A—A contacts where no B particle was captured at the junction points.

DEP co-assembly in System 2 was studied for particle number ratios » = Np/Ny
ranging from 1 to 24. The results of the chain length analysis are presented in
Fig. 9.3. For this System we define chain length n as the number of large (A type)
particles in the aggregates, and the respective number of chains, N, is normalized
as X, = Nn/NA. The microscope images for r = 1, 2.5, 12 and 24 (Fig. 9.3a—d)
indicate that, on average, longer chains are formed when a higher excess of B par-
ticles was present. This is most pronounced for the highest number ratio (r = 24)
for which a distribution including very long chains was found, with some chains
extending over the entire length of the microscope image. Closer inspection of the
enlarged bright-field images (insets Fig. 9.3) of individual permanent chains and
the respective fluorescence images (where only the small B particles are visible)
indicates that several small particles may be captured in the gap between two large
particles. The images also reveal that not all B particles are captured but some
remain free, especially in samples with a high excess of B particles.

The trends in chain length distribution observed in the two systems can be
explained by a combinatorial probabilistic model. For system 1 (Dsman/Diarge = 0.91),
in the processes of random chain formation of A and B particles the probability of
finding a chain of n particles in alternating sequence of A and B depends on the num-
ber fractions x and 1 — x and is proportional to x™ (1 — x)"~"™, where m = (n £ 1)/2
(forn=1,3,5...) and m = n/2 (for n = 2, 4...). For a stoichiometric composition of
A and B particles (x = %) this combinatorial mathematics approach yields normalized
numbers of n-mer chains as

X N, 1/1\"

"T Na+Np 2<2) oD
and fraction of particles in n-mer chains @, = nX,, is in fair agreement with the
experimental findings (Fig. 9.2b, ¢). When the particle number ratio r in Eq. 9.1
was treated as an adjustable parameter, the best fit of the experimental X,, data
was obtained for 7,4 = 0.93. This deviation is within the error limits of the image
analysis. From Eq. 9.1 the mean chain length for this number ratio is n = 2.3.

To model the assembly process and the resulting chain length distribution for
System 2 (Dsmai/Diarge = 0.225), we evaluate the probability that a smaller particle
of opposite charge will be captured in the junction between the large particles and
serve as a “link” for the chain will depend on the ratio r. The model is based on the
assumption that each contact point in the chain of large particles (A) formed in the
primary DEP process serves as a binding site for the positively charged small particles
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Fig. 9.3 Microscope images for System 2 (Dsmai/Diarge = 0.225). a—d Bright-field microscope
images of permanent structures for » = 1, 2.5, 12 and 24, respectively. The insets are the magni-
fied images of chain structures in bright field and fluorescence mode, indicating the location of
the binding sites of small particles in the aggregates. The chain length increases with r and chains
longer than the length of the microscope field of imaging were obtained at r = 24

(B), which form the permanent bond between the two A particles. If S-Sy out of the
S binding sites in the primary chain of A particles are occupied by B particles and
Sp sites remain vacant, the primary chain will break up into Sy + 1 fragments when
the field is switched off. The resulting distribution of fragment chain lengths X,, can
be expressed generally by the fraction of vacant sites in the primary chain, S / S. To
account for the observation that more than one B particle can be accommodated per
binding site, we adapted a model of sequential binding equilibria that relates the frac-
tions of binding sites occupied by m — 1 and m particles. This leads to the following

distribution function
< = Nn B 1 2 N n—1
"N \o+1) \rr1 ©-2)
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Fig. 9.4 Chain length distributions for system 2 Dsmai/Diarge = 0.225). a Fraction of n-mers or
particle number fraction X,, of chain aggregates containing n large particles as a function of n for
different r. The points represent the experimental data as derived from the bright-field images,
the solid lines show fits by the proposed model, the values of r and r.y given in the plots repre-
sent the experimental and the model best-fit particle ratio. b Fraction of A-type particles ®,, that
exists in form of n-mer chains. The values of r and corresponding r, are given in the plot. The
figure illustrates the pronounced shift in the distribution to larger n values as the particle number
ratio rpy increases. ¢ Mean chain lengths 7 plotted as the function of the experimental particle
number ratio 7. d Mean chain length as a function of the effective particle number ratio 7.4

(see Sect. 3.2.3.2). When comparing the predicted chain length distribution with
the experimental findings one has to take into account that not all B particles are
incorporated in the chains. We used Eq. 9.2 to determine the effective particle ratio
T in the chains from the experimental chain length distribution. With these effec-
tive r values, Eq. 9.2 gives a good representation of the experimental chain length
distribution X,, for particle number ratios up to » = 12, as shown in Fig. 9.4a.
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At higher number ratios the data analysis is unreliable because the resulting
assemblies are just a few chains extending over the whole length of the micro-
scope field. Figure 9.4b illustrates the effect of increasing particle number ratio
r on the fraction of A particles contained in chains of n segments, @, = nX,. For
equal numbers of A and B particles and for moderate excess of B (r = 2.5) we
find that r,pis close to or even somewhat less than the experimental . For a larger
excess of B, however, 7, becomes much smaller than 7, indicating that a decreas-
ing fraction of B particles is incorporated in the chains (less than 50 % for r = 24).
The increase of the mean chain length n with the effective particle number ratio is
shown in Fig. 9.4c. Interestingly, we find a linear increase of 7 with 7,4 (Fig. 9.4d).

The above results are unusual in the use of combinatorial mathematics and
reaction kinetics rules to predict results of particle structuring in external fields.
Two important assembly rules emerge on this basis: Permanent chains of signifi-
cant length are obtained only if (1) the positive and negative particles have differ-
ent sizes; (2) the small particles have to be present in excess. The importance of
using particles of different sizes is underscored by the fact that for equally sized
particles an excess of positive or negative particles leads not to an increase but a
decrease of the mean chain length. In both cases, however, the opposite charge
of the two types of particles leads to the formation of permanent chains. In this
respect our work differs from earlier studies of particle pattern formation in AC
electric fields, including the work on sterically stabilized binary suspensions of
oppositely charged microparticles by Vissers et al. [27] in which the lanes formed
upon the application of external field were temporary and disappeared on remov-
ing the electric field.

The present findings open up a new field of studies in AC-field induced supra-
colloidal permanent assembly. They show a promising way of directed assembly
of permanent structures organized on large scales in a single-step, rapid and con-
trollable manner. The statistical interpretation developed can provide guidance for
the synthesis of linear clusters and chains of controlled lengths, which can be tuned
experimentally by using the model-predicted particle sizes and ratios. This perma-
nent chaining of polymer particles can find application in gels and fluids with unu-
sual directional rheology response. In addition, the linear chain structures formed
will show anisotropy in heat and electrical conductance that leads to their potential
use in microdevice cooling and wiring. The permanent chains of well-defined length
and morphology can also be used in tissue engineering as matrices for bio-scaffolds.
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Part V
Summary and Outlook

To conclude, a short summary of the work is given which indicates how the
different projects studied address and contribute to the better understanding of
the colloidal interactions. We also propose an outlook of the projects to highlight
the possible extension and applications of the studied projects.



Chapter 10
Summary and Outlook

The main goal of this Ph.D. research was to get a better understanding of adsorp-
tion and aggregation processes occurring in colloidal dispersions in the presence
of soft matter. Specifically, the adsorption of nonionic surfactants and of globular
proteins onto hydrophilic silica nanoparticles was studied. For the proteins studied
in the present work their adsorption onto silica nanoparticles caused hetero-floc-
culation in a wide pH range, which was also studied by a combination of differ-
ent experimental techniques. In addition, the aggregation of microparticles was
investigated with the aim to produce permanent aggregate structure on a supra-
colloidal length scale. In this work, we not only studied the colloidal systems by
various experimental techniques, but also accounted for the resulting structures on
the basis of different theoretical models. This section of the thesis summarizes the
outcome of the studied topics and their impacts on the field of colloid science.

10.1 Interaction Between Hydrophilic Silica
and a Nonionic Surfactant

Adsorption of surfactant onto silica surfaces is an important process that plays a
vital role in the dispersion stability and governs its other physical properties. We
studied the factors affecting adsorption of the nonionic surfactant C12E5 onto silica
nanoparticles and in the pores of mesoporous SBA-15 silica. From our adsorption
isotherm studies we proved that the limiting surface excess of surfactant is a func-
tion of surface curvature and the maximum amount which can be loaded per unit
area of particle surface decreases by a factor 3 when the particle size was reduced
from 42 to 13 nm. Another important factor that influenced the adsorption phe-
nomenon was the surface chemistry of the silica. We altered the surface chemistry
of the silica by addition of the basic amino acid lysine. Lysine showed preferen-
tial adsorption over Ci2Es molecules and was able to displace the pre-adsorbed
C12E5 molecules from silica surface. The displacement of surfactant from silica
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nanoparticles was also studied by small-angle neutron scattering (SANS) in silica
contrast match conditions. SANS profiles in the absence of surface modifier were
fitted by micelles-decorated bead model indicating that the surfactant is adsorbed
on the surface of silica in the form of discrete surface aggregates. Gradual addition
of lysine to the dispersion leads to a decrease in the surface concentration of sur-
factant aggregates. The SANS study showed that the surfactant desorbed from the
silica surface formed wormlike micelles in the bulk and lead to a phase separation
of the water-C,E5 system at elevated temperatures.

The effect of surface modifier on the adsorption of Cj>E5 on silica was also
studied in the nanopores of SBA-15 silica. A similar lysine-induced surfactant-
desorption effect was observed as on the silica nanoparticles. Here again the
transitions occurring in the surfactant aggregate morphology at a fixed Cj;Es
loading with increasing lysine concentration were traced by SANS. By analyz-
ing the SANS profile on the basis of Treubner-Strey model, we established that
in the absence of lysine, Cj»E5 forms discrete bilayer patches at the pore walls,
which then transforms to elongated wormlike structures still adhering to the pore
walls at intermediate lysine concentrations. A further addition of surface modifier
then results in a complete desorption of the surfactant from the pores, which then
forms cylindrical micelles in the exterior of SBA-15 pores as in the case of silica
nanoparticles.

By studying the adsorption of surfactant onto nanoparticles and in the nano-
pores, we affirm that there are two important factors governing the aggregative
adsorption of these molecules: (1) surface curvature and (2) surface chemistry.
Surface curvature can be altered by changing the size of adsorbent particle and
surface chemistry can be tempered by the addition of some more strongly adsorb-
ing molecules. These established facts can play an important role in the formula-
tion of dispersions for various biological and industrial applications. On the other
hand, our study leaves open questions that need further attention, such as What is
the influence of increasing binding strength of surfactant head group (CiE;) to the
silica surface on the desorption effect of lysine? What other modifiers are capable
of delivering a similar effect?

10.2 Protein-Nanoparticle Interactions

The interaction of 20 nm silica nanoparticles with two globular proteins, viz.
lysozyme and cytochrome C, was studied in an extensive way. In the case of
lysozyme, our systematic study of adsorption isotherm proved that the maximum
amount of protein per unit area is highly pH responsive. It increases steeply with
increasing pH indicating that the electrostatic interaction represents the main
driving force. To prove this conjuncture the ionic strength of the dispersion was
increased by adding NaCl. Presence of salt in dispersion screens the electrostatic
interactions between the constituent charged species, i.e. silica nanoparticles and
protein molecules, resulting in a decrease of the adsorbed protein amount with the
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increasing salinity. This effect of salinity is taken as evidence for the dominance
of charge-charge interactions between protein and silica particles. The binding of
a positive protein to a negatively charged silica nanoparticle dispersion resulted
in the formation of protein-nanoparticle heteroaggregates. The protein-particle
composite showed striking pH responsiveness. The aggregates exist in a pH range
from 4 to 10 and completely dissolved both at pH < 4 and at pH > 10. At pH < 4
the silica is only weakly charged, leading to the lack of protein adsorption and
hence the lack of silica aggregation. On the other hand, at pH > 10, lysozyme is
feebly charged (isoelectric point (IEP) = 11.0) and is unable to glue the negatively
charged silica particles together. A pH-dependent study of aggregate morphology
by SAXS and analytic centrifugation proved that, at pH 4—6 compact aggregates
are formed whereas in the pH range 6-10 the aggregates were loosely packed and
of fractal dimension. In addition, the structure factors obtained by the SAXS pro-
files could be represented by the Sticky-hard-sphere model. This model charac-
terizes the system in terms of a short-range attractive potential between the silica
particles. High values of the stickiness parameter in the intermediate pH regime
give direct evidence of the role of the protein as ‘glue’ between the negatively
charged silica particles.

The protein-induced aggregation of silica nanoparticles observed with
lysozyme was compared with corresponding effects with cytochrome C. These
two proteins are similar in terms of their sizes, IEP and net surface charge; but dif-
fer in their net dipole moments. Aggregation of 22 nm silica particles induced by
cytochrome C was observed in the range from pH 4-8, whereas the aggregating
regime for lysozyme was pH 4—10. For cytochrome C, the shift in the pH values
where silica aggregates re-dissolve was attributed to the two factors (1) lower IEP
of cytochrome C, and (2) non-uniform distribution of surface charge.

The Thesis addressed several of the fundamental questions about the protein
adsorption and induced aggregation with silica nanoparticles. However, some
important open questions that arise from the performed work are: What is the mor-
phology and the extent of denaturation of the adsorbed protein? In pH titrations,
when a protein desorbs from silica nanoparticle by the change in pH, does it fully
regains its native conformations? Can the surface chemistry of the silica parti-
cles be altered, such that the tendency of protein adsorption remains high with no
aggregation of nanoparticles?

10.3 Supra-Colloidal Permanent Assembly
of Microparticles

The heteroaggregation of protein and silica nanoparticles was found to be almost
completely random, only a slight alteration in the aggregate morphology was pos-
sible by changing the pH. In order to achieve highly ordered system, dielectro-
phoresis (DEP) was used as an external force directing the aggregate morphology.
DEP has been widely used for assembling dielectric particles into linear chains
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and 2D arrays. However, the assembly formed is temporary and exists only as
long as the field is present. The ordered structure completely disassembles, when
the field is switched off. In the present work micron sized latex particles of oppo-
site charges were mixed and an immediate application of AC electric field to the
biparticle dispersion forces the particles to arrange into linear chains. Since the
heteroaggregation of the oppositely charged particles is irreversible, the chains
assembled retain their linear structure even after removal of external AC-field. We
developed a new model for predicting the distribution of chain lengths of the per-
manent chains at a given positive-to-negative particle number ratio and size ratio.
The model gives an excellent account for the obtained experimental chain lengths.
Based on the proposed statistical model and its experimental proof, we proposed
the assembly rules for harvesting such chain structures: (1) Long chains can be
assembled only if the ratio of the sizes (Dsnai/Diarge) is less than 0.25; (2) Chain
length increases with the increase in particle number ratio (Nguai/Niarge > 1).

The method adopted here for making permanent structures is a novel approach
and was only used to get permanent chains. Such assembled system can find their
applications in field responsive gels and dispersions with impeccable rheological
properties. The study is the first of its kind and generates several questions, which
should be addressed in further studies. Some of them are: Is it possible to fabricate
2D and 3D structures by using biparticle dispersion? How to achieve the DEP
directed biparticle assembly at nanoscale? What is the effect of surface charge
density of particles on the assembled structures?



Appendix

A.1 Materials

C,E5 (Sigma-Aldrich, >98 %), 2,6-diaminohexanoic acid (lysine) (Fluka, purity
>98 %), tetraethyl orthosilicate (TEOS) (ABCR GmbH, purity >98 %), D,O
(Eurisotop, 99.9 %), ninhydrin reagent (Sigma, 2 % solution) Lysozyme from
chicken egg white (Sigma-Aldrich, 69,000 units/mg protein, lot no. 019k1320,
purity >90 %), cytochrome C from equine heart (Sigma-Aldrich, lot no.
070M7031v, purity >95 %), organic buffers N,N-Bis(2-hydroxyethyl) glycine
(BICINE) (Sigma-Aldrich, purity >99 %) and 2-(N-morpholino)-ethanesulfonic
acid (MES) (Sigma-Aldrich, purity >99 %). Pierce® bicinchoninic acid (BCA)
purchased from Pierce Biotechnology, Inc. (Rockford, IL) were used without
further purification. Polystyrene microspheres of sizes 0.90, 4.0 2.0 and 2.2 pm
were supplied by invitrogen. Water was purified by a Milli-Q water from MilliPore
QPAK®(2) unit.

A.2 Mesoporous SBA-15 Silica Characterization

See Fig. A.1.
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Fig. A.1 Characterization of the SBA-15 silica material a SAXS intensity profile I(g) as a
function of scattering vector ¢, the number indicated are the miller indices of the Bragg’s reflec-
tion from the ordered mesopore; b BET plot of the Nitrogen adsorption isotherm along with its
linear fit. Complete N, adsorption-desorption isotherm is shown in the inset
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Fig. A.2 Chain length distribution obtained by the arranging two types of balls in a complete
random manner into a linear array. The model mimics the chaining scenario for the equal sized
particles with equal number ratio. The obtained distribution is in agreement with the experimen-
tal results (Chap. 9). The details of the simulations are given in Sect. 3.2.2.1

A.3 Permanent Chaining: Characterizing the Chains Structures

A.3.1 Numerical Simulations

A.3.1.1 Equal-Size Particles

See Fig. A.2.
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Fig. A.3 Simulation results for unequal sized particles (see Sect. 3.2.2.2) with increasing small-
to-large particle number ratio. Simple model of throwing balls-in-boxes reproduces the essence
of the experimentally observed increase in chain length with increase in number of small to large
particles (Chap. 9)

A.3.1.2 Differently-Sized Particles

See Fig. A.3.

A.3.2 Radial Distribution of Particles

See Fig. A4.
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Fig. A.4 Experimental radial and angular distribution obtained by the microscope image analy-
sis for permanent chains formed by 4.0 and 1.0 pwm latex particles at increasing particle num-
ber ratios ‘r’ (Chap. 9). a The normalized radial distribution function ‘g(r)’ is represented as the
function of distance in the units of diameter of the larger latex particle. An increase in the integral
intensity of first oscillation of g(r) with particle ratio indicates higher degree of ordering in the
system. b The angular distribution of each pair of larger microspheres is represented as a func-
tion of angle with respect to the initially applied electric field. The distribution intensifies along
the angle 0° with increasing r, indicating the lack of free movement of the longer chains formed
(For details see Chap. 9)
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