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SYNOPSIS OF Ph. D. THESIS 

 

SYNOPSIS 

 Soft matter comprises an important class of materials which are commonly used in a wide 

range of technological applications [1]. These materials are easily deformed by thermal 

fluctuations and external forces. The structures of interest in these materials are much larger than 

the microscopic scale (atoms and molecules), and yet much smaller than the macroscopic scale 

(bulk) of material. The properties and interactions of these so called mesoscopic structures 

determine the macroscopic behavior of the material [2]. Everyday examples include detergents 

and cosmetics, paints, food additives, lubricants and fuel additives, rubbers etc. In addition          

a number of biological materials (blood, muscle, milk, yogurt, jelly) are classifiable as soft 

matter. Biological materials as soft matter provide a different perspective for understanding their 

structure [3]. Proteins are essential biomolecules of organisms and participate in virtually every 

process within cells. Proteins do structural or mechanical functions as well as many proteins are 
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enzymes that catalyze biochemical reactions and are vital to metabolism. Most proteins fold into 

unique three-dimensional structures. The shape into which a protein folds is known as its native 

conformation. Protein-surfactant complexes are widely studied to understand the stability and 

structural changes in protein. The self-assembly property of surfactants that leads to the micelle 

formation makes the protein-surfactant interaction more complex and effective towards 

applications [4]. They are regularly used in biochemical laboratories for protein molecular 

weight determination, membrane protein solubilisation, etc. It is believed that electrostatic and 

hydrophobic interactions play an important role in the formation of protein-surfactant complexes. 

In this thesis, interplay of these interactions (electrostatic and hydrophobic) has been investigated 

using model protein with different ionic and nonionic surfactants. These protein-surfactant 

complexes are further examined in the presence of charged nanoparticles. Nanoparticles due to 

their small size and large surface-to-volume ratio possess unique and distinct properties which 

are useful for their numerous applications [5]. Many of these applications require the interaction 

of nanoparticles with macromolecules such as proteins and micelles [6]. The interaction and 

resultant structure of nanoparticles with protein-surfactant complexes are reported in this thesis. 

These systems are mainly characterized by small-angle neutron scattering (SANS), which is an 

ideal technique to study such multi-component systems [7]. 

  The thesis consists of seven chapters. The chapter 1 gives an introduction to the structure 

and function of proteins, self-assembly of surfactants and characteristics of nanoparticles.              

The interest in protein-surfactant complexes, their usefulness in presence of nanoparticles and 

objective of thesis are also discussed. The different experimental techniques for probing structure 

and interaction of such systems are described in chapter 2. The details of SANS are also 

discussed. The results of thesis are given in chapters 3 to 6. The structure and interaction of 

protein-surfactant complexes under different solution conditions are presented in chapter 3.           
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The nanoparticles effect on protein-surfactant complexes with different surfactants are discussed 

in chapters 4-6. The results of anionic nanoparticles on anionic protein-anionic surfactant 

complexes (all the components are similarly charged) are discussed in chapter 4. The study on 

nanoparticle effect on protein-surfactant complexes using cationic surfactant and their 

comparison with anionic surfactant (chapter 4) are reported in chapter 5. The nanoparticle effect 

on protein-surfactant complexes using nonionic surfactant and tuning by nonionic-ionic mixed 

surfactants is studied in chapter 6. Chapter 7 gives the summary of the thesis. 

 Proteins are the polymers of amino acids with a specific three-dimensional shape and 

charge on them [8]. Surfactants are amphiphilic molecules and can self-assemble to different 

structures [9]. Nanoparticles are particles between 1 and 100 nm in size [10]. A general 

introduction to theses systems (proteins, surfactants, nanoparticles) is given in chapter 1.              

The structures of proteins, interactions in protein solutions and types of proteins are discussed in 

details. Proteins have four different levels of structure - primary, secondary, tertiary and 

quaternary. The protein molecules in the solution are stabilized due to the repulsive (electrostatic 

and/or steric) interaction overcomes the attractive (van der Waals and/or hydrophobic effects) 

interactions between them [11]. These different interactions between the protein molecules can 

be suitably tuned to obtain their different phases leading to crystallization, denaturation, gelation 

etc. There are two more general types of protein molecules: globular proteins and fibrous 

proteins. Globular proteins are generally compact, soluble and spherical in shape.                   

Fibrous proteins are typically elongated and insoluble. In this thesis, globular protein bovine 

serum albumin (BSA) has been used as a model system. BSA has a molecular weight of 66.4 

kDa and its isoelectric point is at pH=4.7. About the surfactant molecules, their classification, 

micelle formation and different structures of micelles are discussed. Surfactants are amphiphilic 

molecules which above a threshold concentration known as critical micelle concentration (cmc) 

self assemble to form micelles. These are classified as ionic and nonionic on the basis of charge 
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on their head groups. The surfactant aggregates formed are of various types, shapes, sizes such as 

spherical or ellipsoidal, cylindrical or thread-like, disk-like micelles, membrane and vesicle. The 

three different surfactants [anionic sodium dodecyl sulphate (SDS), cationic dodecyl 

trimethylammoniumbromide (DTAB) and nonionic polyoxyethylene 10 lauryl ether (C12E10)] 

have been used in this thesis. Protein and surfactant together show rich phase behavior because 

of their common amphiphilic nature. The surfactant molecules are known to interact via 

electrostatic binding at low concentrations and cooperative binding at high concentrations. 

Tuning of the interaction between protein and surfactant by different means lead to a wide range 

of applications of their complexes from cosmetics to pharmaceuticals to protein separation. 

Some of these issues of interest are discussed in chapter 1. The characteristics of nanoparticles, 

synthesis methods and some important applications requiring their conjugation with                 

protein-surfactant are also discussed. Charge-stabilized silica nanoparticles have been used in the 

present thesis because of their easy preparation, high stability, low toxicity and ability to be 

functionalized with a range of macromolecules. A layout of thesis is discussed in the end of this 

chapter. 

 The experimental techniques for the characterization of soft matter are described in 

chapter 2. In particular, SANS as mostly used in this thesis work is discussed in details.              

SANS is a diffraction experiment, which involves scattering of a monochromatic beam of 

neutrons from the sample and measuring the scattered neutron intensity as a function of wave 

vector transfer Q (=4sin/, where  is the incident neutron wavelength and 2 is the scattering 

angle). In SANS experiment, one measures the scattered intensity as given by                                             

I(Q) ~ (p - s)
2 
 P(Q)  S(Q), where P(Q) is the intraparticle structure factor and S(Q) is  the 

interparticle  structure  factor [7]. P(Q) is the square of particle form factor and decided by the 

shape and size of the particle. S(Q) depends on the spatial arrangement of particles and is thereby 

sensitive to interparticle interactions. The magnitude of the scattered neutron intensity in the 
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SANS experiments depends on contrast factor [(p - s)
2
], the square of the difference between 

the average scattering length densities of the particle and the medium. Due to the fact that               

the scattering length is negative (= -0.372  10
-12

 cm) for hydrogen and positive                                

(= 0.667  10
-12

 cm) for deuterium, SANS is ideally suited for studying the structural aspects in 

hydrogenous materials. Deuterating either the particle or the medium can easily enhance the 

contrast between the particle and the medium. Further the multi-components systems can be 

simplified to study them by selectively contrast matching the components with the partial 

deuteration of the components. In addition to SANS, dynamic light scattering (DLS) is used 

wherever required to compliment the SANS results [12]. This technique is also described in 

chapter 2.  

 The structure and interaction of anionic BSA protein with anionic SDS, cationic DTAB 

and nonionic C12E10 surfactants have been studied in chapter 3 [13-15]. The interaction of 

protein with these different surfactants is examined with varying concentration of surfactant, 

ionic strength and mixture of surfactants. The protein-surfactant interaction is maximum when 

the two components are oppositely charged, followed by components having similarly charged 

through the site-specific binding, and no interaction in the case of nonionic surfactant.                 

This interaction of protein with ionic surfactants is characterized by the fractal structure 

representing bead-necklace structure of micelle-like clusters adsorbed along the unfolded protein 

chain [16, 17]. The interaction is enhanced with ionic strength only in the case of                          

site-specific binding of anionic surfactant with anionic protein, whereas it is almost unchanged 

for other complexes of cationic and nonionic surfactants with anionic protein. Interestingly, the 

interaction of BSA protein with ionic surfactants is significantly suppressed in presence of 

nonionic surfactant. These results with mixed surfactants are thus used to fold back the unfolded 

protein as well as to prevent the surfactant-induced protein unfolding. For different solution 



xix 
 

conditions, the results are interpreted in terms of change in the fractal dimension, overall size of 

the protein-surfactant complex and number of micelles attached to the protein. The interplay of 

electrostatic and hydrophobic interaction is found to govern the resultant structure of the 

complexes. 

 The effect of anionic silica nanoparticles with anionic BSA protein and anionic SDS 

surfactant has been examined in chapter 4 [18-20]. Although all the components are similarly 

charged, strong structural evolutions amongst them have been observed. The complexes                 

of different components in pairs (nanoparticle-protein, nanoparticle-surfactant and                      

protein-surfactant) have been examined to correlate the role of each component in the                    

three-component nanoparticle-protein-surfactant system. The nanoparticle-protein system shows 

depletion interaction induced aggregation of nanoparticles in the presence of protein [21]. Both 

the nanoparticle and the surfactant coexist individually in nanoparticle-surfactant system.               

The bead-necklace structure is formed in protein-surfactant system (chapter 3). The nanoparticle 

effect in protein-surfactant system is found to be governed by the synergetic effect of 

nanoparticle-protein and protein-surfactant interactions. The nanoparticle aggregates                  

coexist with the structures of protein-surfactant complex in the three-component                                     

nanoparticle-protein-surfactant system. Both of these structures are characterized by mass 

fractals at different length scales. By applying selective contrast-matching of the components, it 

has also been observed that the nanoparticle aggregation as well as unfolding of protein is 

enhanced in this system as compared to the corresponding two-component systems. 

 Chapter 5 provides modifications in the structure and interaction of cationic DTAB vs. 

anionic SDS surfactant for nanoparticle effect in protein-surfactant systems [22, 23].                           

In both the cases (DTAB and SDS), the structure of nanoparticles in                                                                     

protein-surfactant systems is predominantly determined by the interactions of individual two 

components. The nanoparticle-surfactant and protein-surfactant interactions for DTAB, whereas               
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nanoparticle-protein and protein-surfactant for SDS, are found to be responsible for the resultant 

structure of nanoparticle-protein-surfactant complexes. Irrespective of the charge on the 

surfactant, both of them form the similar kind of bead-necklace structure with the protein 

(chapter 3). The adsorption of these protein-surfactant complexes for DTAB on oppositely 

charged nanoparticles gives rise to the protein-surfactant complex mediated aggregation of 

nanoparticles (similar to that as observed with DTAB surfactant) [24]. It is unlike to that of 

depletion induced aggregation of nanoparticles with non-adsorption of protein-surfactant 

complexes for SDS in similarly charged nanoparticle systems (similar to that of protein alone). 

The micelles are found to be rearranging on adsorption of protein-surfactant complex on the 

nanoparticles in leading to their (nanoparticle) aggregation. On the other hand, the unfolding of 

protein in free protein-surfactant complex is found to be significantly enhanced with respect to 

without the presence of nanoparticles. 

The effect of nanoparticles on protein-surfactant systems with nonionic C12E10 and mixed 

nonionic-ionic (C12E10-SDS and C12E10-DTAB) surfactants are reported in chapter 6 [25]. 

The interactions in three-component system with nonionic surfactant are interpreted in terms of 

competition of two-component nanoparticle-protein and nanoparticle-surfactant interactions. The 

non-adsorption of both anionic BSA protein and nonionic C12E10 surfactants show depletion 

force induced aggregation in two-component nanoparticle-protein and nanoparticle-surfactant 

systems [26]. The morphology of nanoparticle aggregates is surface fractal with more close 

packing for nonionic C12E10 and mass fractal for anionic BSA protein mediated nanoparticle 

aggregates. BSA protein and nonionic C12E10 surfactants remains independently in solution.         

In the ternary nanoparticle-protein-surfactant system, the strong depletion force of nonionic 

C12E10 micelles dominates over that of anionic BSA protein to aggregate nanoparticles with 

morphology similar to nanoparticle-surfactant system coexisting with free BSA protein and 

nonionic C12E10 surfactants in solution. In the case of C12E10-SDS mixed surfactants,                
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the mixed micelles behave very similar to nonionic C12E10 surfactant to produce depletion force 

induced nanoparticle aggregates and for the case of C12E10-DTAB mixed surfactants behave 

similar to cationic DTAB surfactant to produce adsorption-mediated nanoparticle aggregates in 

solution. For the case of C12E10-DTAB mixed surfactants the aggregates are mediated by 

adsorption of cationic DTAB micelles instead of DTAB/C12E10 mixed micelles in solution.           

In all these systems, BSA protein remains unaffected and resultant structures are driven by the 

interaction of surfactant micelles with nanoparticles. 

Chapter 7 summarizes the findings of the thesis. The thesis presents the structure and 

interaction in protein-surfactant complexes with varying surfactant and effect of nanoparticles in 

these systems. SANS has been used as a main technique to characterize these systems. The main 

results of the thesis are: 

i) The protein (anionic BSA) interacts very differently with ionic and nonionic surfactants. Ionic 

surfactants, irrespective of their charge (anionic or cationic) strongly bind to protein to form a 

bead-necklace structure whereas no binding is found for nonionic surfactant with protein. This 

difference in interaction behavior of ionic and nonionic surfactants is used to refold the unfolded 

protein as well as to prevent the unfolding of protein through the mixed ionic-nonionic 

surfactants in these systems. The results are explained in terms of interplay of electrostatic and 

hydrophobic interactions. 

ii) Nanoparticle effect in BSA protein-SDS surfactant systems is decided by the two-component 

interactions of protein-surfactant and nanoparticle-protein systems. Protein-induced nanoparticle 

aggregates coexists with the protein-surfactant complexes in the resultant system.                         

Both the nanoparticle aggregation and protein unfolding are found to be enhanced                                        

in the resultant (nanoparticle-protein-surfactant) system as compared to the two-component                    

(nanoparticle-protein and protein-surfactant) systems. 
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iii) The effect of nanoparticles in protein-surfactant system with cationic DTAB surfactant is 

found to be quite different than that with anionic SDS surfactant. For DTAB, two-component 

protein-surfactant and nanoparticle-surfactant interactions decide the resultant structure of the 

system. The surfactant micelles-mediated fractal aggregates of nanoparticles coexist with free 

protein-surfactant system. The micelles are adsorbed through the protein-surfactant complex. 

Both the adsorbed and non-adsorbed protein-surfactant complexes on nanoparticles are modified. 

iv) The differences observed in the interaction of protein with ionic and nonionic surfactants are 

also observed in the presence of nanoparticles. The interaction of protein with nonionic 

surfactant remains unaltered whereas nanoparticle aggregation is solely governed by the 

depletion interaction of surfactant micelles. Further, the mixed micelles of nonionic-ionic 

surfactants are used for tuning the interaction and structure of nanoparticle-protein-surfactant 

systems.  

 To conclude, protein-surfactant systems under varying solution conditions have been 

investigated. In particular, the structure and interaction of BSA protein with ionic                        

(anionic SDS and cationic DTAB) and nonionic C12E10 surfactants are found to very different. 

The ionic surfactants strongly bind to the protein and form bead-necklace structure, whereas 

protein does not show any change with the nonionic surfactant. In each of these surfactants, 

silica nanoparticle effect on protein-surfactant systems has been examined. The                  

surfactant-dependent different microstructures of nanoparticle aggregates (mass and surface 

fractals) are formed along with enhanced protein-surfactant interactions in the resultant                      

nanoparticle-protein-surfactant systems. The interactions in these systems are governed by the 

competition of electrostatic (repulsive and/or attractive) and attractive depletion interaction. This 

work can be utilized in nanoparticle applications of drug delivery, phase separation processes 

and synthesis of functional materials. 
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Chapter 1 

Introduction to Nanoparticles, Proteins and Surfactants  

1.1.  Introduction 

The term soft matter comprises a broad class of physical states that are easily deformed 

by thermal fluctuations and external stresses [1]. The properties of these systems are intermediate 

to those of solids and liquids [2-5]. For example, the shear deformation in soft matter systems is 

resisted by both elastic and viscous behavior, which collectively is called viscoelastic property of 

soft mater systems. In such systems under the influence of shear force, the elastic properties 

dominate up to a particular time scale and the system maintains its shape, whereas flow like a 

liquid under the influence of viscosity above the particular time scale. The characteristic time 

scale of transformation from solid to liquid depends on many factors including size, shape and 

different interactions governing them. Many of the soft matter systems include liquid crystals 

show ordering intermediate to crystalline solids and liquids. 

There are plenty of examples of soft materials in our everyday life such as the food that 

we eat which includes milk, butter, yogurt, mayonnaise, chocolate, ice cream etc [6-7]. The 

personal-care products used in our daily life such as toothpastes, shampoos, skin creams, lotions 

and conditioners are soft matter. The mechanical properties of these soft matter systems are 

tailored for specific applications. For example, the flow behavior and appearance are controlled 

by the use of high-molecular weight polymers and the presence of surfactants. The complex 

mixture of proteins and surfactants are used for the stability of gels, foams and emulsions used in 

cosmetics and food products [8-9]. The liquid crystal displays as used in display screens in 
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televisions, gaming devices, clocks, watches, calculators, and telephones are based on liquid 

crystal, which is a soft matter. The different optical properties of different orientationally ordered 

phases of liquid crystals are utilized in LCD displays [10]. 

DNA

liquid

crystal

nanoparticles

proteins

block

copolymers

polymers

polymers

colloids amphiphiles

micelles

 

Figure 1.1. Different constituents of soft matter systems. 

The common feature in all the soft matter systems discussed above is the constituents of 

these systems such as colloids, self-assemblies of amphiphiles and polymers have particle size in 

mesoscopic length scale (1-1000 nm), which is intermediate to atomic and macroscopic length 

scales (Figure 1.1) [11]. The soft matter systems have typically 10-12 orders of magnitude lower 

shear modulus as compared to hard matter systems. This large difference of shear modulus has    

a significant contribution from the length scales involved in soft matter systems                      

[shear modulus (1/L)
3
]. Thus, this mesoscopic length scale of the constituent units contributes 

to the softness of soft matter materials. The particle size in mesoscopic length governs most of 
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the properties of soft matter systems. The chemical details and composition of soft matter 

systems have very limited influence on the properties of these systems. For example, the 

Brownian motion of colloidal particles, the self-assembly of surfactants and the flow behavior of 

polymers are all in large governed by their sizes and extension in three dimensional space. The 

Brownian motion of particles depends on their size, the self-assembly of surfactants is described 

by the area covered by truncated cone of suitable shape and the flow properties of polymers are 

described by its topology and extension in three dimensional space. 

The properties of soft matter systems are governed by complex interactions among its 

constituent colloids in solution [12-14]. The stability of these systems is governed by interplay of 

attractive and repulsive interactions among the constituents (Figure 1.2). The                  

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory with van der Waals attractive term and 

screened Coulomb repulsive term is the simplest theory used to describe the stability of such 

systems [1,15-16]. The range and strength of these interactions depend on characteristics of 

constituents and solution conditions [1]. Other than these DLVO interactions, there are many 

non-DLVO interactions which play important role in deciding the phase behavior of soft matter 

[17-18]. The hydrophobic interactions, hydrogen bonding, steric repulsion, depletion interactions 

are some important non-DLVO interactions for soft matter systems. Hydrophobic interaction is 

entropy driven attraction among the hydrophobic patches in solution [17,19]. The presence of 

hydrophobic patches orders the water molecules around it and consequently decreases entropy of 

the solution. The aggregation of hydrophobic patches reduces the number of ordered water 

molecules and consequently increases the entropy of solution. The hydrogen bond is a weak 

dipole-dipole interaction between the hydrogen atom bounded to electronegative atom with lone 

pair of electrons [20-22]. The steric repulsion is the effective repulsions among the hydrocarbon 
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chains approaching each other [18,23]. This repulsion arises from the unfavourable entropy 

associated with the confinement of the polymer chains in solution. The depletion force is again 

entropy driven force, where the larger particles feel attraction in solution in the presence of non 

adsorbing smaller particles [24-26]. The applicability of these interactions is very diverse [27]. 

The hydrophobic effect is major contributor to the self-assembly of surfactants to form micelles 

and to stabilize the folded three dimensional structure of protein. The hydrogen bonding 

stabilizes the α-helix and β-sheet structure of proteins. The non-ionic micelles are formed by 

competition of hydrophobic interaction of micelle core and steric repulsion of hydrophilic head 

groups. In many cases, nanoparticles are stabilized by polymer adsorption through steric 

repulsions. The depletion force can destabilize the larger size particles in the presence of non-

adsorbing smaller size particles. 
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Figure 1.2. Typical interactions in soft matter systems. 
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Soft matter problems present significant challenges due to their many-body interactions 

at multiple length and time scales, the existence of metastable states and their often complex 

geometry and topology [28-30]. The applications of soft matter systems are diverse from our 

daily life products to biology to industrial applications. Biology has mastered the soft matter 

interactions. The function of a cell, to the working of blood and antibodies and enzymes are in 

large governed by soft complex interactions [2,31]. Even though the situation is different under 

living conditions where the biological molecules are out of equilibrium and simple laws of 

statistics cannot be applied. But the understanding of these interactions and possibility to tune 

them on demand is required to enhance our understanding of these systems for various potential 

applications [30,32]. 

Nanoparticles, proteins and surfactants are three major components of soft matter with 

numerous applications of each individual component. For example, proteins are essential 

biomolecules of organisms and participate in virtually every process within the cells. The unique 

three-dimensional structure of proteins is crucial for controlling their functionality in these 

systems. The self-assembly property of surfactants has applications in detergency and cosmetic 

industry [33]. Nanoparticles due to their small size and large surface-to-volume ratio possess 

unique and distinct properties which are useful for their applications in nanobiotechnology and 

drug delivery [34-35]. The conjugation of these components together enhances the system 

properties or generates new properties for different applications. For example, the self-assembly 

property of surfactants makes the protein-surfactant interaction more complex and effective 

towards applications [33,36]. These complexes are regularly used in biochemical laboratories for 

protein molecular weight determination, membrane protein solubilization, etc [37]. The 

nanoparticles interaction with macromolecules such as proteins, surfactants and their complexes 
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generates synergistic properties, which cannot be achieved through individual components     

[38-39]. These systems have the potential to improve the biocompatibility of nanoparticles for 

drug delivery applications, to enhance colloid stability, etc [40-42]. The interaction and resultant 

structure of nanoparticles with protein-surfactant complexes are investigated in the thesis. The 

important characteristics of individual components (proteins, surfactants and nanoparticles) are 

discussed in this chapter. The layout of the thesis is discussed at end of this chapter.  

1.2.  Structure of proteins 

Proteins are the most abundant biological macromolecules of living organisms. They are 

unique amongst the biological macromolecules in underpinning almost every reaction in 

biological systems [4,43]. For example, antibodies and enzymes are proteins; skin and muscles 

are composed of proteins; some hormones are proteins; and some proteins are involved with 

digestion, respiration, reproduction are just to mention a few. The diverse functional proteins are 

simply the polymers of amino acids folded in a specific three dimensional shape with charged 

patches on their surface. It is the shape and charge of protein which is essential for controlling 

and regulating the stability and biological functionality of proteins. The shape and charge of 

protein depends on the different type of amino acids, the sequence and three dimensional 

arrangements of these amino acids in the protein. These molecules in aqueous solution are 

known to undergo different interactions (electrostatic, hydrophobic, hydrogen bonding, van der 

Waals, etc.) in aqueous solution [44-47]. The interplay of these interactions controls the structure 

of proteins as well as their stability.  

1.2.1.  Different structures of proteins 

Proteins are the polymers of twenty different amino acids arranged in a linear chain and 

joined together by peptide bonds. Each amino acid consists of a central carbon atom Cα attached 
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to an amine (–NH2), a carboxyl group (–COOH), an alkyl group (–R) and a hydrogen atom (–H). 

These twenty amino acids differ in the type of alkyl group (R) attached to the amino acids [43]. 

These different R groups result in different size, shape, charge, polarity, hydrophobicity and 

aromaticity of the amino acids. The polar amino acids have an oxygen atom or nitrogen atom in 

their side chain (R group) that can participate in hydrogen bonding within a protein or with the 

solvent molecules. These amino acids tend to form hydrogen bond with the solvent molecules 

and thus preferentially arrange themselves on the surface of protein. The hydrophobic amino 

acids are mostly comprised of carbon atoms and hydrogen atoms in their side chains. These 

amino acids avoid the surface exposure and tend to sequester themselves in the interior of 

protein. There are aromatic amino acids with aromatic hydrocarbon ring in their R group. These 

amino acids are joined together by peptide bonds to form polypeptide chain of protein.                  

The folding of polypeptide chain of amino acids results in three dimensional structure of protein. 

The three dimensional structure of protein is described by the four level of organization as 

primary, secondary, tertiary and quaternary structure (Figure 1.3). 

Primary structure: The primary structure is the linear chain arises from covalent linkage of 

individual amino acids via peptide bonds. The peptide bond is the covalent bond associating the 

carboxylic acid of the previous amino acid to the amino group of the next amino acid. Thus the 

primary structure gives us the information about the sequence of amino acids attached in the 

polypeptide chain of protein. This sequence is unique to the protein and is always given starting 

with N-terminal and ending with the C terminal amino acids. This N to C is the order in which 

amino acids are added during the synthesis of protein in the cell.  

Secondary structure: The secondary structure refers to the formation of twists or kinks of 

primary structure of amino acids. The secondary structure is stabilized by the hydrogen bond 
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formation between the atoms of the amino acid backbones of the polypeptide chain. The two 

most common secondary structures are α-helix and β-plated sheet. The α-helix is the structural 

motif in proteins and over 30% of residues are found in helices for globular proteins. Atoms in   

α-helix arrange themselves in a helical pattern which has about 3.6 residues per turn and each 

residue offset from the proceeding residue by 0.15 nm. The hydrogen bond occurs in the peptide 

carboxyl oxygen of one residue and peptide amide nitrogen of a residue four places ahead in 

polypeptide chain. The hydrogen bonds from oxygen to nitrogen atoms are linear and parallel to 

the axis of α-helix. In α-helix structure the first four NH groups and last four CO groups 

normally lack backbone hydrogen bonds. This lack of hydrogen bonds results in distortion of           

α-helix structure for shorter polypeptide chain of amino acids.  

The β-sheet is the second unit of secondary structure. It is an extremely elongated form of 

helical arrangement with two residues per turn and a translation distance of 0.34 nm between 

similar atoms in neighboring residues. These β-sheets are stabilized by backbone hydrogen 

bonds between adjacent residues from adjacent sheets that may be widely separated in the 

primary sequence.  

Tertiary structure: The tertiary structure represents the folding of secondary structure elements in 

a compact unit arising from linking of different secondary structures. The tertiary structure can 

also be defined as the spatial three dimensional arrangements of amino acid residues in a protein.  

The different elements of secondary structure interact via hydrogen bonds, disulfide bridges, 

electrostatic interactions, van der Waals interactions, hydrophobic interactions etc. Many 

proteins consist of several domains, which are often connected only by a single segment of 

polypeptide chain. The proteins folded state is known to be marginal stable over the unfolded 
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state and the differences in stability are governed by non-covalent interactions governing the 

protein folding [45,48]. 

Quaternary structure: The proteins with more than one polypeptide chain exhibit the quaternary 

structure. The condition arises for proteins with number of amino acids larger than 150 residues. 

The different tertiary structures of polypeptide chains are called domains. The different domains 

of a protein interact among themselves with fewer interactions than the secondary structural 

elements within each domain. The nature of interactions (hydrogen bonds, disulfide bridges, 

electrostatic interactions, van der Waals interactions, hydrophobic interactions) among different 

domains of protein is same as those within a single domain.  

primary

structure
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structure

tertiary
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amino

acids
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bonds
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Figure 1.3. Different levels of protein structures. 

1.2.2.  Classification of proteins 

 Based on the three-dimensional structure and their physical properties, proteins have been 

divided into three classes as globular, fibrous and membrane proteins. 

Globular protein: Globular proteins have a compact folded tertiary or quaternary structure of 

protein. The compact structure of protein is water soluble as the polar groups of atoms reside on 



Chapter 1: Introduction to nanoparticles, proteins and surfactants 

10 
 

the protein‟s surface. The water solubility of globular proteins allows them to exist in biological 

fluids as individual molecules or in small clusters and to accomplish a wide range of functions 

[45,49]. Some of the examples of globular proteins are lysozyme, myoglobin, hemoglobin, 

bovine serum albumin (BSA), lactoglobulin and ovalbumin etc. 

Fibrous protein: Fibrous proteins were named so because they are the constituents of most of the 

„fibers‟ found in the body. These proteins generally form elongated structures and interactions 

are confined to local residues only. They are generally water insoluble and are found as an 

aggregate due to hydrophobic groups of amino acids that stick out of the molecule. These 

proteins have a common role in conferring strength and rigidity to these structures as well as 

physically holding them together. Three major groups of fibrous proteins are the collagens, 

keratins and silk fibroins. 

Membrane protein: The membrane protein is a protein that is attached or associated with the 

membrane of a cell or an organelle. These proteins are difficult to isolate from the embedded 

lipid bilayers and are classified in two groups based on their strength of association with the lipid 

bilayers. Integral membrane proteins are the proteins remain firmly embedded within the 

hydrophobic bilayer and removal from this environment frequently results in a loss of structure 

and function. On the other hand, peripheral membrane proteins are temporarily attached either to 

the lipid bilayer or to integral proteins by a combination of hydrophobic, electrostatic and other 

non-covalent interactions. Peripheral proteins dissociate on treatment with a polar reagent.  

A globular bovine serum albumin (BSA) protein has been used in this thesis. This protein 

functions biologically as a carrier for fatty acids, anions and other simple amphiphiles in the 

bloodstream [50]. It has a molecular weight of 66.4 kDa and consists of 583 amino acids in a 

single polypeptide chain. The protein contains 17 disulfide bridges. The isoelectric point is at  



Chapter 1: Introduction to nanoparticles, proteins and surfactants 

11 
 

pH 4.7. The helical content is high 68%, and the content of -sheet is 18%. The tertiary structure 

of BSA comprises three very similar domains. Figure 1.4 displays the structure of a BSA protein 

molecule. 

 

Figure 1.4. Structure of a BSA protein molecule. 

1.2.3.  Stability of proteins 

 The three dimensional structure of protein has different levels as primary, secondary, 

tertiary and quaternary structures. Except the primary structure which is stabilized by covalent 

and peptide bonds, the higher levels of structures (secondary, tertiary and quaternary) are 

stabilized by relatively weak non-covalent interactions and disulphide bridges [45,48].              

The disruption of structure at any level results in loss of biological functionality of protein from 

its native structure. The different processes that can destabilize the proteins are denaturing 

additives surfactants, urea, guanidium chlorides or the change in solution conditions pH, 

temperature and pressures etc [36,51-56]. In general, quaternary, tertiary and secondary 

structures are disruptsed in destabilizing the protein. The denaturation of protein in each of these 

processes has its own technological advantages and used in different scientific and industrial 

applications. The protein unfolding and refolding is an important issue that can be addressed 

using different mechanisms [54]. Some of the protein unfolding processes can be revert back to 

refold the unfolded protein [57-59]. But there are chances of proteins to be misfolded [45,60-61]. 
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The important parameters which influence the protein stability and follow various routes in the 

protein denaturation are: 

Effect of solution conditions: The increase in temperature results in weakening and breaking of 

non-covalent bonds such as hydrogen bonding, van der Waals interactions in the protein 

macromolecule [55-56,62]. The disruption of these bonds leads to exposure of hydrophobic 

groups hidden in the protein core to the solvent and aggregation of protein. 

 The increased pressure on the protein solution forces the transfer of solvent to the 

hydrophobic core of the protein molecule, there by breaking of weak bonds and unfolding of the 

protein [55-56]. 

 The change in pH of protein solution protonate or deprotonate the amino acid side groups 

of the protein [63]. The hydrogen bonding and salt bridge interactions are altered and may result 

in denaturation of the protein. 

Effect of denaturating additives: The presence of urea strengthens the hydrogen bonding between 

the water molecules and correspondingly increases the ordering of water molecules. The 

enhanced ordering of water molecules help to dissolve the protein hydrophobic groups in the 

solution. The improved solvation of the protein hydrophobic groups in the solution unfolds the 

protein [51-52,64].  

 The surfactants bind to proteins through the multistep binding under the influence of both 

electrostatic and hydrophobic interactions [36,65-66]. Surfactants interact with protein through 

site-specific electrostatic binding at low concentrations and cooperative binding via hydrophobic 

interactions at higher concentrations. The proteins are unfolded in cooperative binding region. 
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1.3.  Self-assembly of surfactants 

Surfactants are the surface active agents which tend to adsorb on surfaces and interfaces. 

They are amphiphilic molecules usually consist of a non-polar hydrophobic portion attached to a 

polar hydrophilic portion. The adsorption of surfactants on the surfaces and interfaces reduce the 

surface tension of solution [13,67-68]. The reduction in surface tension of solution by surfactant 

adsorption is the effect of low surface tension of hydrocarbons than water. The increase in 

surfactant concentration increases the surfactant adsorption at interface and reduces the surface 

tension of solution. As the surfactant concentration increases above a particular value called the 

critical micellar concentration (CMC), all the surface is fully occupied by the surfactant 

molecules. The surface tension of solution saturates to its minimum value at its critical micelle 

concentration. Beyond the CMC, the surfactant molecules self assemble to create supramolecular 

structures. The simplest possible surfactant self-assembly is the micelle, which is a cluster of 

surfactants in water (Figure 1.5). The micelle formation depends on the characteristics of 

surfactant and solution conditions. 
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Figure 1.5. Schematic of micelle formation in the surfactant solution. 
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1.3.1.  Classification of surfactants 

The surfactants are commonly classified based on the nature of their hydrophilic head 

groups. They are classified as anionic, cationic, nonionic and zwitterionic surfactants.          

These different surfactants are distinguished by the charge on their head group. If the charge is 

negative, the surfactant is called anionic and if the charge is positive, it is called cationic.            

A nonionic surfactant does not have any charge on its head group. If a surfactant contains a head 

with two oppositely charged groups, it is termed zwitterionic. The surfactants can also be 

classified based on different tail lengths as well as in terms of number of tails. For example, the 

surfactants with twin tails are called gemini surfactants. The anionic sodium doecyl sulphate, 

cationic dodecyl trimethyl ammonium bromide and nonionic polyoxyethylene 10 lauryl ether 

surfactants are used in this thesis. The chemical structures of the surfactant are given in       

Figure 1.6. These surfactants have the same C12 carbon chain.  The same chain length helps to 

study the role of head group interactions [electrostatic or steric] in deciding the properties of 

different systems.  

(i) Anionic surfactant: sodium dodecyl sulphate (C12H25SO4
- 
Na

+
) 

 

(ii) Cationic surfactant: dodecyltrimethyl ammonium bromide [C12H25N(CH3)3
+
 Br

-
] 
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(iii) Non-ionic surfactant: decaoxyethylene n-dodecylether [CH3(CH2)11 (CH2CH2O)10 OH] 

 

Figure 1.6. Chemical structures of anionic, cationic and nonionic surfactants. 

1.3.2.  Micelle formation 

The surfactant molecules self assemble to form micellar aggregates in solution                

[13,67-69]. In this process of micelle formation, the hydrophobic tails sequester themselves 

inside aggregates and hydrophilic polar head groups orient themselves towards the aqueous 

phase in solution. The self-assembly of surfactant molecules to form micelles is                                       

a physiochemical process, where the surfactant molecules are associated via weak physical 

interactions and not strong chemical bonds. This self-assembly is governed by interplay of three 

major terms such as hydrophobic term, surface term and packing term. The hydrophobic term 

will sequester the hydrophobic chains inside interior of micelles. The surface term is usually 

governed by electrostatic or steric repulsions among charged or polar head groups of surfactants. 

The packing term restricts the geometrically accessible forms of surfactant aggregates so that 

head groups and water are excluded from core of surfactant aggregates. For the known shape and 

size of surfactant molecules the structure of self assembled surfactant aggregates can be 

predicted in terms of packing parameter p=v/al, where v is the volume of surfactant molecule,            

a is the area of the surfactant head group and l is the length of surfactant molecule. The various 

structures formed in solution depend on the packing parameter. The spherical micelles are 
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formed for the p  , cylindrical or rod like for   and vesicles or bilayer for  and 

inverted micelles for  (Figure 1.7). 

The micelles formed by self-assembly of surfactants are in dynamic equilibrium with 

those in solution. The average residence time for a monomer in micelle may vary by orders of 

magnitude depending on the structure of surfactant molecules and typically ranges from 10
-6 

s for 

short chain surfactants and 10
-3

 s for long chain surfactants. 
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Figure 1.7. Different self-assembled structures in surfactant solutions. 

1.3.3.  Tuning of micellar structure 

The self-assembly of surfactants is governed by hydrophobic term, surface term and 

packing term. The tuning of each of these terms can alter the morphology of self-assembled 

structures or micelles formed in solution [68,70-72]. For example, the hydrophobic interaction 
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can be simply varied by hydrocarbon tails with different chain lengths. The increase in chain 

length increases the hydrophobic interaction and consequently resulting in formation of larger 

structures with higher aggregation numbers. The surface term can be modified using different 

cationic, anionic or nonionic head group of surfactants, which tune the electrostatic or steric 

repulsion between the surfactant head groups in micelles. The packing term can be modified 

using bulky groups in hydrocarbon tail or bulky hydrophilic head groups [70]. Other than these 

parameters, the structure of self-assembled aggregates in solution can be modified by tuning the 

solution parameters such as concentration, ionic strength, pH, temperature etc [73-75]. At higher 

surfactant concentrations, the micellar aggregates in particular those of ionic surfactants 

transform to large non-spherical (e.g. ellipsoidal, rodlike and dislike) micelles. The change in pH 

and ionic strength influences the electrostatic repulsions among the surfactant head group for 

ionic surfactants. As a result the effective head group area and consequently packing parameter 

is affected. The ionic and nonionic surfactants are affected by temperature in different manners. 

The use of mixed micelles where more than two different kinds of surfactant molecules are used 

is one of the interesting systems to tune the micellar structure [76]. In many cases, even a small 

addition of second component (cationic-anionic mixed surfactants) can change the micellization 

process dramatically [77]. In some other cases, the structure of micellar aggregates can be tuned 

between the structures of individual components (e.g. mixed ionic-nonionic surfactants and 

surfactants with different tail lengths) [78-79]. 

The addition of components such as polymers, proteins and nanoparticles can also 

influence the micellization process of surfactants. For example, the addition of proteins in 

surfactant solution results in unfolding of protein along with formation of clusters of surfactants 

along the unfolded protein chain [80]. These clusters of protein-surfactant complexes have 



Chapter 1: Introduction to nanoparticles, proteins and surfactants 

18 
 

different properties than the pure micelles in solution [66]. The surfactant addition in 

nanoparticles results in their adsorption on nanoparticle surface. These surfactants can form 

different structures as spherical or elongated micelles or bilayer on nanoparticle surface [81-82].  

1.4. Interest in protein-surfactant complexes 

Proteins and surfactants share the common property of being amphiphilic in nature 

resulting in strong interactions and hence diverse phase behavior of their complexes [36]. These 

complexes are used in many applications from cosmetics to pharmaceutical to protein separation 

process etc [37,58,83-84]. The interaction of surfactants with protein depends on many factors 

including the type of surfactant used (cationic, anionic or nonionic), type of protein, solution 

conditions (pH, ionic strength, temperature) etc. These different interactions result in different 

regimes of protein-surfactant interaction and different models have been proposed for the 

structure of protein-surfactant complexes. 

1.4.1.  Different regimes of protein-surfactant interaction 

The surfactant binding to globular proteins is known to be accompanied by                          

four characteristic regions as (i) specific binding, (ii) non-cooperative binding,                                

(iii) cooperative binding and (iv) saturation region [80,85]. The binding isotherm of a typical 

protein-surfactant system is shown in Figure 1.8. At very low concentration of surfactants, the 

surfactants bind to proteins predominantly through specific binding, which is electrostatic in 

nature. In the specific binding surfactant head groups bind to the oppositely charged patches on 

protein. The specific binding region as governed by electrostatic interaction show significant 

dependence on type of surfactant and solution condition. For example the cationic and anionic 

surfactants show specific binding up to significantly high concentration range, whereas non ionic 
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surfactants lack any specific binding with protein [86]. The solution pH decides the effective 

charge as well as different charged patches of protein and influence the specific binding of 

surfactants with protein [87-89]. As the surfactant concentration is further increased, the non-

cooperative binding or plateau region is followed (Figure 1.8). In the plateau region most of the 

ionic binding sites on protein are already occupied and additional surfactants remain 

independently in solution. The further addition of surfactants results in the cooperative binding 

region. In the cooperative binding regime, the binding affinity increases as more surfactant 

bound to protein. The cooperative binding region is governed by hydrophobic interactions, where 

the surfactants form micelle-like clusters along the unfolded protein chain (similar to 

micellization in water) [66,80,90]. The protein is believed to be unfolded in the cooperative 

binding region. The cooperative binding region follows steeper rise than specific binding region 

and a large concentration of surfactant bind to protein in this region. The cooperative binding 

region is followed by saturation region. In this region, surfactant binding to protein is saturated 

and additional surfactants form micelles which coexist with protein-surfactant complexes. The 

saturation binding concentration is believed to be controlled by the hydrophobic interactions or 

cooperative binding of surfactant with protein. Thus is believed to be independent of the charge 

head group of surfactants [90-91]. In terms of protein, different variety of proteins as globular, 

membrane and fibrous proteins show identical amount of anionic Sodium dodecyl sulphate 

surfactant (SDS) binding to the proteins (1.4 g of SDS per gram of protein) [92-94]. This fact is 

also responsible for the use of SDS in SDS-PAGE to find the molecular weight of unknown 

proteins and their separation [94]. 
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Figure 1.8. Typical binding isotherm of protein-surfactant systems. 

1.4.2.  Models of protein-surfactant complexes 

The structure of protein-surfactant complexes have been characterized by different 

techniques including viscometric measurements, theoretical models, free-boundary 

electrophoresis, SANS, fluorescence, electron spin resonance (ESR) and nuclear magnetic 

resonance (NMR) etc. In general, the structure of protein-surfactant could be quite complex as 

well as diverse depending on the protein and surfactant used [36]. The BSA protein-SDS 

surfactant complex has been widely studied as model system. The structures of BSA-SDS 

complex is described by the following three models [80,95]. 

 (i) Rod-like particle model: The rod-like particle model describe the complex as a rod like shape 

with cross sectional radius of about 18 Å (corresponding to surfactant tail length) and length 

proportional to the molecular weight of protein. The model was proposed on the basis of 

viscosimetric measurements. 
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(ii) Flexible helix model: The flexible helix model assumes a flexible cylindrical micelle formed 

by the SDS molecules with the hydrophilic segments of protein bound on its surface. The model 

was proposed based on the theoretical studies. 

(iii) Bead-necklace model: In the bead-necklace model, the micelle-like clusters of surfactants 

adsorb along the unfolded polypeptide chain of protein as shown in Figure 1.9. The model was 

proposed based on the results of free-boundary electrophoresis technique [96]. SANS                       

(small angle neutron scattering) studies have further concluded that the structure of protein-

surfactant complexes can be described as bead-necklace model as compared to rod like or 

flexible helix model [97-98]. The viscometry, nuclear magnetic resonance and electron spin 

resonance studies have also supported this model [80]. 

 

Figure 1.9. Representation of bead-necklace structure of protein-surfactant complexes.  

1.4.3. Applications of protein-surfactant complexes 

Tuning of the interaction between protein and surfactant by different means leads to a 

wide range of applications of their complexes from cosmetics to pharmaceuticals to protein 

separation process [37,40,58,83-84,99-100]. For example, in the protein separation process of 

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis), the interaction of 
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surfactant with protein is used to unfold the protein through the formation of protein-surfactant 

complexes. Unfolded proteins are separated based on their mobility in polyacrylamide gel 

electrophoresis, which is directly dependent on the molecular weight of the protein [37,101].  

The protein-surfactant complexes are also utilized in membrane protein solubilisation in the 

protein purification process [84,93]. In the cosmetics and pharmaceutical industry, the 

surfactants are also known to modify the properties of their products in terms of rheology, 

appearance and taste [83,102-103]. The tuning of concentration ratio of protein to surfactant as 

well as charge of surfactants can effectively tune these properties as per the requirement. In the 

detergent industry, proteins like enzymes are regularly used with mixture of surfactants in 

detergents [104]. Other than these, the coating of surfactant-induced unfolded protein can 

enhance the biocompatibility of nanoparticles for drug delivery applications [105]. The protein 

unfolded by ionic surfactants can be refolded back using different additives such as          

cyclodextrin [57-58]. This unfolding and refolding process can also be utilized to understand the 

mechanism of protein folding [100]. 

1.5.  Characteristics of nanoparticles 

Nanoparticles are the most widespread current form of nanomaterials with all the three 

dimensions in nanometer length scales (1-100 nm). These particles, due to their small size and 

large surface to volume ratio possess distinct fascinating properties (surface plasmon resonance, 

high electron mobility, superparamagnetism, giant magnetoresistance etc.) compared to their 

bulk counterparts [106-108]. These specific features of nanoparticles are utilized in variety of 

applications from medicine to electronics to catalysis to functional materials and many more 

[109-111]. Many of these applications require the conjugation of different macromolecules with 

nanoparticles to enhance the system properties or generate new properties for specific 
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applications [34,82,112]. Different macromolecules such as polymers, proteins, surfactants and 

block copolymers are utilized for different requirements of specific applications. The research 

interests on nanoparticles include from synthesis to understanding their unique properties to 

various applications.   

1.5.1.  Synthesis of nanoparticles 

Nanoparticles have been synthesized and used for centuries. But recently reliable 

methods have been developed to manufacture nanoparticles with different sizes, shapes and 

polydispersity. Since the properties of nanoparticles show significant dependence on their size 

and shape, thus controlled synthesis is an important issue of consideration. The bottom up and 

top down are two broadly used approaches in synthesis of nanoparticles [108,113]. 

Top-down approach: Top-down approach relies on removal of bulk material to make 

nanomaterials. This approach uses division of bulk material or miniaturization of bulk 

fabrication process to produce the desired shape and properties. The milling, lithography and 

machining are commonly used top down methods. In general top-down approaches are less 

expensive, but have less control over the size distribution. These approaches could be destructive 

and can cause significant crystallographic damage to the resultant structures. Surface 

imperfections are more pronounced in top-down approaches. 

Bottom up approaches: Bottom-up approach is a controlled additive process, where atoms, 

molecules and even nanoparticles are used as the building blocks for construction of complex 

materials. The controlled size, type and organization of the building blocks are utilized to 

generate the functional nanostructured materials. This is a highly controlled process. The 

nanomaterials obtained by this method have less defects and more homogenous chemical 

compositions. The vapour phase deposition, sol gel method and chemical reduction method are 
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commonly used bottom up approach. This approach is suitable for controlling monodispersity of 

the nanoparticles. Thus with lots of advantages the bottom-up approach is the most common 

route for nanomaterial production including nanoparticles. 

Silica nanoparticles are used as model nanoparticles in this thesis. These nanoparticles 

are one of the most studied nanoparticles, because of their easy preparation, high stability, low 

toxicity and ability to be functionalized with a range of macromolecules [114-115]. These are 

usually electrostatically stabilized suspensions of amorphous, nonporous particles in a liquid 

phase. The usual particle size range is in between 10 to 100 nm in diameter as the smaller and 

larger particles are more unstable. Silica nanoparticles are synthesized usually in two ways: 

vapour phase deposition and sol-gel process. In vapour phase deposition, chemical vapour 

deposition (CVD) method is used for silica nanoparticle synthesis. Silica nanoparticles are 

produced through high temperature flame decomposition of precursors such as silicon tetra 

chloride (SiCl4) with hydrogen and oxygen in CVD method. This method has difficulty in 

controlling the particle size, morphology, and phase composition, but is efficiently used for 

commercial synthesis of silica nanoparticles in powder form. The sol-gel method is a multi-step 

process where hydrolysis and condensation of metal alkoxides [Si(OR)4] such as 

tetraethylorthosilicate [TEOS, Si(OC2H5)4] or inorganic salts such as sodium silicate [Na2SiO3] 

is carried out in the presence of mineral acid (e.g. HCl) or base (e.g. NH3) as catalyst [116].           

The hydrolysis of silicon compound (TEOS) molecules forms silanol (Si–O–H) groups.               

The condensation/polymerization between the silanol groups creates siloxane bridges (Si–O–Si) 

that form entire silica structure in colloidal form. A general flow chart summarizing the silica 

nanoparticle synthesis by sol-gel process is shown in Figure 1.10 (a).  In aqueous solution, the 

hydrogen ions from the surface of colloidal silica tend to dissociate, yielding an overall high 
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negative charge [Figure 1.10 (b)]. The colloidal suspension is first stabilized by adjusting the pH 

of the solution and then concentrated, usually by evaporation. The maximum concentration 

obtainable depends on the particle size, such as 50 nm particles can be concentrated to greater 

than 50 wt% solids, while 10 nm particles can only be concentrated to approximately                      

30 wt% solids, before the suspension becomes unstable. The Ludox HS40 silica nanoparticles 

used in this thesis are electrostatically stabilized 40 wt% concentrated amorphous, non porous 

solid suspensions of silica nanoparticles synthesized by sol-gel process. 

(a)   (b)  

Figure 1.10. (a) Layout of sol-gel process for synthesis of colloidal silica nanoparticles and (b) schematic 

of charge stabilized silica nanoparticles. 

1.5.2.  Properties of nanoparticles 

Nanoparticles have unique physical, chemical, optical, electrical, and magnetic properties 

as compared to their bulk counterparts [38,106,109,117-118]. Most of these properties can be 

controlled by tuning of the size and shape of nanoparticles. These distinct properties of particles 

at nanometer length scales can be described in terms of two kinds of effects called quantum size 

effect and surface atom effect.  
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The quantum size effect arises from the two processes, (i) confinement of electronic wave 

function to the smaller size particles (quantum confinement) and (ii) surface plasmon resonance 

(SPR) of conduction electrons [108-109,119]. The confinement of electronic wave function 

discretizes the electronic energy levels similar to the case of particle in a box. SPR is based on 

the collective oscillation of conduction electrons of the metal nanoparticle surface under the 

influence of electromagnetic field with characteristic frequency of incident light. The frequency 

of these oscillations depends on the size and shape of nanoparticles, free electron density as well 

as surrounding dielectric medium. The optical, electronic and magnetic properties of 

nanoparticles are affected by the quantum size effect. 

The origin of surface atom effect is the lower coordination or unsaturated bonds of the 

surface atoms as compared to bulk atoms [108-109,119]. The unsaturated bonds of surface atom 

result in dangling bonds therefore surface atoms are more active than bulk. The number of 

surface atoms or specific surface area in a sample increases with decreasing size of its particles. 

For example, as the diameter of a spherical particle reduces from 1 mm to 1 nm, the available 

specific surface area (m
2
/g) increases from 0.003 to 300, respectively. The surface-to-volume 

ratio scales with the inverse of particle size, and therefore the properties affected by surface atom 

effect follow the same scaling law. The catalytic properties, mechanical properties and 

thermodynamic properties of materials are modified by surface atom effects at nanometer length 

scales. 

The quantum size effects are significant at very small size of nanoparticle usually less 

than 10 nm. The overall properties of nanoparticles are governed by both surface atom and 

quantum size effects, where the quantum effect is superimposed over the continuous function of 
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scalable surface atom effect [119]. The different nanoparticle properties affected by these effects 

are discussed in this section. 

Optical properties: The optical properties of nanoparticles are governed by discretization of 

energy spectrum for semiconductor nanoparticles and surface plasmon resonance for noble metal 

nanoparticles. The smaller-sized nanoparticles have the bigger band gap and consequently 

optical adsorption of light can be tuned simply by change in nanoparticle size [119].                        

The semiconductor particles show blue shift in the light absorption with reduction in size as the 

band gap is increased. The noble metal nanoparticles have SPR in the visible and near-infrared 

region of the electromagnetic spectrum. The brilliant colors of gold nanoparticles, the possibility 

of tuning these colors with varying size, shape or via adsorption of macromolecules on 

nanoparticle surface are examples of surface plasmon effect [109]. 

Electronic properties: The electronic properties of nanoparticles are affected by quantum size 

effects as the band gap increases with reduction in nanoparticle size [108,119]. In the case of 

noble metal nanoparticles (gold, platinum, silver etc.), the conductive properties of nanoparticles 

transits from metallic to semiconductor to insulator properties with the decreasing nanoparticle 

size. Thus the nanoparticle electronic properties can be tuned conveniently via controlling the 

size of nanoparticles. 

Magnetic properties: Superparamagnetism behavior is shown by ferromagnetic nanoparticles 

with decreasing particle size [107,111,120]. The ferromagnetic particles behave as paramagnetic 

as the nanoparticle size is of the order of a single domain. The coercively and saturation 

magnetization of nanoparticles is increased with superparamagnetic effects. The magnetic 

properties are also affected by uncompensated surface spins at nanoscale. The uncompensated 
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surface spins leads to high magnetic moment even for small nanoparticles of non-magnetic          

(Pd, Au and Pt) materials [106]. 

Catalytic properties: The active surface atoms of nanoparticles participate in a variety of 

catalytic reactions (such as hydrogenation, halogenations, oxidation, reduction, decomposition 

etc.) to improve their efficiency [108,119]. The use of smaller size nanoparticles as compared to 

larger sized catalyst increase the available surface area for the reaction to takes place. The active 

surface atoms of nanoparticles also make the surface functionalization process easier and provide 

the routes for on demand modulation of nanoparticle properties [115]. 

Mechanical properties: The mechanical properties of the nanoparticles are orders of magnitude 

higher than that found in bulk materials. The mechanical properties are improved by two factors 

at nanometer length scales (i) strong surface forces of surface active atoms and (ii) reduced 

probability of defects like dislocations, impurities etc [108,119]. The mechanical properties 

(adhesion, hardness, elastic modulus, scratch resistance etc.) at nanometer length scales are 

significantly improved as compared to bulk materials [121]. 

Thermodynamic properties: The melting and boiling temperature of bulk materials lowers with 

reducing particle size to nanometer length scales. This effect is explained by the fact that surface 

energy increases with increase in surface area and decrease in particle size [119,122]. 

Nanoparticles also show intrinsic thermodynamic self-purification, which means that the 

impurities diffuses from the bulk of nanoparticles to its surface under the heat treatment.              

The purification also improves the chemical and physical properties of the nanoparticles. 

1.5.3.  Applications of nanoparticles 

Under the influence of quantum size and surface atom effects, the nanoparticles have 

numerous applications diverging in different fields from medicine to photonics to electronics to 
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food materials etc. Each unique property of nanoparticles is utilized in these applications. For 

example, the optical properties of nanoparticles are used in photonics, solar cell and sensor 

applications [109,117,123]. The unique electronic properties of nanoparticles result in 

applications under the field of nanoelectronics etc [107,117,124]. The superparamagnetism 

property of magnetic nanoparticles has applications in memory devices, batteries, magnetic 

resonance imaging (MRI) etc [107,111,125]. The catalytic properties of nanoparticles are utilized 

in improving the reaction rates for various chemical reactions [126-128]. The enhanced 

mechanical properties of nanoparticles result in application in formation of high tensile materials 

such as scratch resistance materials, cutting tools, aircraft components that require high fatigue 

strength and textile fibers [121,129]. The unique thermodynamic properties of nanoparticles are 

utilized in applications like generating nanometric heat sources, probing local temperature 

variations and treating cancer through photo-thermal therapy [109,122]. 

In addition to applications of individual nanoparticles, there are many applications where 

conjugation of nanoparticles with different macromolecules results in synergistically improved 

system properties as compared to individual components [34,39,130]. For example,   

nanoparticle-polymer composites have attracted attention for engineering flexible materials with 

improved sustainability and multi-functionality [112,121,131]. Nanoparticle interaction with 

protein enhances the biocompatibility of nanoparticles, which enables them to be used in the 

areas of nanobiotechnology and drug delivery [38,131]. Nanoparticle interaction with surfactant 

gives enhanced colloidal stability having applications in detergent industry, cosmetic industry 

and design of functional materials [132-133]. Thus, the presence of nanoparticles with                

protein-surfactant complexes can be utilized to generate new functional materials for different 

potential applications.  
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1.6  Layout of thesis 

 Protein-surfactant complexes are widely studied to understand the stability and structural 

changes in protein. The self-assembly property of surfactants that leads to the micelle formation 

makes the protein-surfactant interaction more complex and effective towards applications.                  

It is believed that electrostatic and hydrophobic interactions play an important role in the 

formation of protein-surfactant complexes. In this thesis, interplay of these interactions 

(electrostatic and hydrophobic) has been investigated using model protein with different ionic 

and nonionic surfactants. These protein-surfactant complexes are further examined in the 

presence of charged nanoparticles. The interaction and resultant structure of nanoparticles with 

protein-surfactant complexes are reported in this thesis. The thesis consists of seven chapters.        

A general introduction to the structure and function of proteins, self-assembly of surfactants and 

characteristics of nanoparticles has already been discussed in this chapter. The different 

experimental techniques and in particular small-angle neutron scattering  and dynamic light 

scattering for probing structure and interaction of such systems are described in chapter 2.          

The results of thesis are given in chapters 3 to 6. The structure and interaction of                

protein-surfactant complexes under different solution conditions are presented in chapter 3.                        

The nanoparticles effect on protein-surfactant complexes with different surfactants are discussed 

in chapters 4-6. The results of anionic nanoparticles on anionic protein-anionic surfactant 

complexes (all the components are similarly charged) are discussed in chapter 4. The study on 

nanoparticle effect on protein-surfactant complexes using cationic surfactant and their 

comparison with anionic surfactant (chapter 4) are reported in chapter 5. The nanoparticle effect 

on protein-surfactant complexes using nonionic surfactant and tuning by nonionic-ionic mixed 

surfactants is studied in chapter 6. Chapter 7 gives the summary of the thesis. 
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Chapter 2 

Characterization Techniques 

2.1. Introduction 

In soft matter, the research interest lies in investigating the structure-property relationship 

of individual as well as multi-component systems. The multi-component systems can have the 

properties of its constituents or the synergistically improved system properties [40,110,134-135]. 

The specific behaviors of soft materials are highly dependent on size, shape and intermolecular 

interactions among its constituents [3,12,106,118]. Modifications of these parameters of the 

constituents can generate new properties for specific applications. The precise understanding of 

these microscopic properties of the constituents can provide better control and improved 

properties for different applications. The experimental techniques used for the characterization of 

materials are decided by the many parameters including the length scale of interest, requirement 

of the application, nature of the materials, accessibility and availability of the technique.               

The results of a specific technique depend on its sensitivity to measure a particular parameter. 

Thus the results from multiple techniques are required to be complemented in order to get 

reasonable understanding of the system. 

The various techniques used for the characterization of soft matter can be broadly 

classified as macroscopic, microscopic, spectroscopic, and scattering techniques [113,136]. 

Macroscopic techniques commonly used are rheology, viscosity, turbidity and conductivity etc. 

These techniques provide information about the bulk properties of the system and are                  

useful to study the role of one component in tuning the bulk behavior of the system.                                       
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For example, rheology and viscosity can provide the information about the flow behavior of 

protein under gelation [137]. The spectroscopic techniques mostly deal with structural transitions 

occurring at atomic and molecular level in macromolecules due to the presence of other 

components or varying solution conditions. The different properties of the system are extracted 

based on different interaction of radiation with matter. The most commonly used spectroscopy 

techniques are UV-visible spectroscopy, circular dichroism (CD), Raman spectroscopy, 

fluorescence spectroscopy, nuclear magnetic resonance (NMR) and electron paramagnetic 

resonance (EPR) spectroscopy. These diverse techniques are utilized to investigate the different 

aspects of the sample under different conditions. For example, the UV-visible spectroscopy is 

utilized to find the protein concentration in solution [138]. The circular dichroism (CD) and 

Raman spectroscopy are utilized to evaluate the extent of the protein unfolding under different 

solution conditions such as in the presence of surfactants and nanoparticles [53,57,100]. 

Fluorescence spectroscopy is used to investigate the self-assembly of the surfactants in 

individual as well as while adsorbed on the proteins [57,139]. Electron paramagnetic resonance 

(EPR) spectroscopy can be utilized to obtain insight into protein orientation on the nanoparticle 

surface [140]. 

 The microscopic techniques allow the direct visualization of the materials at mesoscopic 

length scales. The three broad class of microscopy techniques are optical microscopy,                

scanning probe microscopy and electron microscopy. The transmission electron microscopy, 

scanning electron microscopy, atomic force microscopy are commonly used microscopy 

techniques to study structures at these length scales. The transmission electron microscopy             

has been widely used to image a wide range of soft matter systems [141-142].                       

Scattering techniques can provide information about the structure as well as interaction among 

the particles under native conditions. The most commonly used scattering techniques are                  
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small-angle neutron scattering (SANS), small-angle X-ray scattering (SAXS), static light 

scattering (SLS) and dynamic light scattering (DLS). SANS, SAXS and SLS can be used to find 

the structure and interactions of the particles [143]. DLS is used to find the diffusion of particles 

in solution, which is related to its hydrodynamic size [144].  

 

Figure 2.1. Schematic representation of a scattering experiment. 

The basic principle governing different scattering techniques (SANS, SAXS and SLS) is 

same and can be described with minor adjustments for different type of radiations.                       

The schematic of a generalized scattering experiment is shown in Figure 2.1. Here the incident 

monochromatic beam with wave vector ki falls on the sample and the scattered beam kf is 

detected at detector at a particular scattering angle. The Q=kf – ki is called the momentum 

transfer. The choice of a scattering technique depends on the length scale to be probed.                

The smallest length scale probed by a scattering technique is of the order of wavelength of the 

radiation used. In SAXS and SANS, the nanometer length scales can easily be probed using the 

X-rays and neutrons with wavelength of a few Angstroms. In the case of SLS the larger 

wavelength ( 0.5 m) of laser light restricts the minimum length scale to be probed to hundreds 

of nanometers. In SANS, SAXS and SLS,  the radiation is elastically scattered by a sample and 
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the resulting scattering pattern is analyzed to provide information about the size, shape of the 

constituents as well as interactions governing the system behavior [143]. However, DLS works 

on different principle which measures the time dependent fluctuations in scattering light    

intensity [145]. It probes the particle size from the diffusion coefficient of particles by measuring 

the intensity autocorrelation function. The DLS can probe the length scales down to a few 

nanometers to as high as in micron range. The size range probed by SANS, SAXS, SLS, DLS are 

compared in Figure 2.2. The type of samples that can be studied by scattering techniques, the 

sample environment that can be applied, the actual length scale probed and the information that 

can be obtained, all depend on the nature of the radiation employed. For example, SANS with 

high penetration depth of neutrons can easily be applied to opaque samples which cannot be 

studied by DLS. SANS measures the actual size of the particle, whereas DLS measures the 

hydrodynamic size of the particle. DLS results are biased towards larger length scale present in 

the system, whereas SANS provides more statistical results. Thus to a large extent these 

techniques are complementary to each other, whilst sharing many similarities also. The scattering 

techniques SANS and DLS are used in this thesis and are described in detail in this chapter.  

SAXS
SLSSLS

SAXS

SANS

DLS

 

Figure 2.2. Overview of the measureable size range in different scattering techniques. 
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2.2. Small-angle neutron scattering (SANS) 

SANS is one of the useful probes for investigating large-scale structures in mesoscopic 

length scale [136,143,146-148]. It is a diffraction technique, which involves the scattering of         

a monochromatic beam of neutrons from the sample and the scattered neutron intensity is 

measuring as a function of the scattering angle. The scattering angle and wave vector transfer Q 

are related by relation 4 sinQ    , where 2 is the scattering angle and  is the mean 

wavelength of incident neutron beam. The wavelength of neutrons used for these experiments is 

usually in the range 4 to 10 Å. To characterize a typical length scale L in real space, one needs to 

do a scattering experiment around the Q = 2/L. Thus the characterization of larger structures 

requires the access to lower Q values and corresponding small scattering angles. The Q values 

covered in a typical SANS experiment are in the range of 0.001 Å
-1

 to 1 Å
-1

.  The length scales 

covered are 1 to 100 nm. Thus SANS is a low resolution technique used to study the structures of 

materials at larger length scales, unlike conventional diffraction experiments, where the 

structures of materials are examined at atomic resolution. 

2.2.1. Scattering cross section 

The incident beam of neutron from the source can be considered as a plane wave with 

incident wave vector ki. The interaction range of incident neutrons with nucleus is much smaller 

than the wavelength  of neutron, thus the scattered wave with wave vector kf is a spherical 

wave. The wave vectors of scattered wave from a nucleus at point r in the sample will thus be  

phase shifted with respect to that scattered at the origin by a phase factor e
-iQ.r

, where Q = kf - ki 

is the wave vector transferred in the scattering  process. The scattering cross section describing 

the flux scattered into the solid angle dΩ and normalized to the irradiated sample volume (VT) is 

called macroscopic differential scattering cross section. The macroscopic differential scattering 
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cross section for an assembly of scatterers in a macroscopic sample is expressed as 

[136,143,147-151] 
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where bj is the scattering length and rj is the position vector of j
th

 scatterer in a sample, and the 

bracket represents an average over all possible orientations. 

Since SANS deals with the study of large scale heterogeneities rather than studying 

location of individual scattering centers, the summation over bj can be replaced by a volume 

integral over scattering length density ρ(r) and equation 2.1 transforms to 
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The summation in the above equation extends over all the nuclei in the volume VT. 

In general, the particle could be heterogeneous in its composition and it may not have 

uniform scattering length density. However, to simplify the discussion, we have assumed that 

scattering length densities in the particle and the matrix are uniform and we can treat the sample 

as a two-component system. Let p and m are the scattering length densities of the particle and 

the solvent, respectively. The equation 2.2 can be written as 
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Here the first term in the integration is over the volume Vp occupied by all particles and the 

second term is over the volume Vm occupied by the matrix. We rewrite Equation 2.4 as 

2

( exp exp exp
1

( ) ) ( . ) ( . ) ( . )

p m p

p m m

T V V V

d

d
Q i d i d i d

V
  





  
       

  
  r r r r r rQ Q Q  

The uniform integration in the second term of the above equation behaves like a delta 

function as the size of medium is quite large and corresponding scattering contribution would be 

at Q value close to zero. This contribution may be neglected for all practical purposes with         

Q ≠ 0. After neglecting the second term, the above equation becomes 
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where (p - m )
2
 is  referred to as the contrast factor. 

The integration in equation 2.6 is over all the particles in sample. It may be mentioned 

that Vp=nVTV, where n is the number density of particles in the sample and V is the average 

volume of the single particle. 

In general, the above integration will contain spatial correlation between the particles and 

also the effects due to the size distributions. To simplify the above equation, one rewrites 

Equation 2.6 as 

2
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where Rk  is  the  position vector of the k
th 

particle and Fk(Q) is the form factor associated with 

the particle. F(Q) is defined as 
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and is normalized so that  |F(0)|
2
 = 1. 

For the monodisperse system, equation 2.7 can be written as  

22 2 *
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The summation in the second term extends over all the Np particles in the sample.  It is 

seen that the scattering cross section for a collection of particles consists of two terms, the first 

term depends on the intraparticle scattering and the second on interparticle scattering. 

The intraparticle scattering is the orientational average of the square of the particle form 

factor and is denoted by P(Q). This term depends on the shape and size of the particle and in 

principle can be calculated for any geometry. 

The interparticle interference term can be evaluated in a closed form only if certain 

assumptions are made about the correlation between the spacing of the particles and their sizes 

and orientations. The simplest assumption is that sample contains a monodispersed, spherical 

particles for which equation 2.9 can be simplified to the form 

2 2
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where P(Q) =  F(Q)
2
  is intraparticle structure factor and S(Q) is the interparticle structure 

factor. In equation 2.10, we confine to situations where particles are randomly oriented in the 

sample and the scattering is isotropic about the beam axis. S(Q) is given by                                                                                                           

'

1
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The typical functionality of P(Q), S(Q) and d/d(Q) as a function of Q are plotted in 

Figure 2.3. 

 (2.9) 

(2.10) 

(2.11) 
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Figure 2.3. Typical curves of P(Q), S(Q) and I(Q). 

2.2.2. Determination of intraparticle structure factor 

For some of the regular shapes, having an axis of symmetry, the analytical expressions 

for P(Q) are available in literature [151]. It is assumed that the particles are randomly oriented in 

the sample so that the theoretical form factors for anisotropic particles have to be averaged over 

orientation. P(Q) expressions for some standard shapes are given below: 

i) Spherical particle 

For spherical particle of radius R with uniform scattering length density the intraparticle 

structure factor is given as [136,143,147,150-151] 

 2
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  is first order spherical Bessel function. 

(2.12) 
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Figure 2.4. P(Q) plots for a sphere with varying radius. 

Figure 2.4 shows the functional form of P(Q) for spherical particles of radii 20, 40 and  

80 Å. It is observed that the width of distribution gets narrowed as the size of the particle 

increases. 

ii) Ellipsoidal particle 

The expression for intraparticle structure factor of ellipsoidal particles with its semi axes 

R and R, Pe(Q) can be written as [136,148,151] 

/ 2

0

( ) ( , )sine sP Q P Q r d



    

where 2 2 2sin cosr R      and β is the angle between semi-major axis and wave vector 

transfer. Here  < 1 for oblate ellipsoidal and  > 1 for prolate ellipsoidal shape of particles.  

Figure 2.5 shows the functional form of P(Q) for spherical, prolate ellipsoidal and oblate 

ellipsoidal shape of particles with same volume but different axial ratios. The differences in the 

plots suggest that the different shapes in samples can be determined. 

 

(2.13) 
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Figure 2.5. P(Q) plots for spherical, prolate ellipsoidal and oblate ellipsoidal shapes of particles having 

same volume. 

iii) Spherical shell (core-shell particle) 

The intraparticle structure factor for spherical shell with inner radius R and outer radius 

R+t, where t is thickness, can be obtained by subtracting the empty core of radius R from sphere 

of radius R+t with proper weighting by the volumes. Therefore,  SCSP Q  for spherical shell is 

written as [136,148,151] 

                      21 1
1 2

3 ( ) 3 [ ( )]
( ) [( ) ( ) ]

( )
SCS c shell shell m

j QR j Q R t
P Q V V

QR Q R t
   


    


 

where c, shell  and m are the scattering length densities of  core, shell and solvent, respectively. 

V1 and V2 are the volume of the sphere with radius R and R+t, respectively. 

Figure 2.6 shows the functional form of P(Q) for spherical shell with inner radius 40 Å 

and thickness 10 Å with contrast of shell greater than the contrast of core. The distribution for 

shell is compared with those with spherical particles of radii 40 and 50 Å. The particle with shell 

(2.14) 
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is found to have the lowest width and also show the oscillations of higher magnitude than those 

for spherical particles. 
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Figure 2.6. P(Q) plot for a spherical shell as compared with the spherical particles. 

iv) Ellipsoidal core-shell particle 

The expression for intraparticle structure factor of ellipsoidal core-shell particles ( )ecsP Q  

can be written as [136,148,151] 

/ 2

1 2

0

( ) ( , , )sinecs scsP Q P Q r r d



   
 

2

1 1 1 2
1 2 1 2

1 2

3 ( ) 3 ( )
( , , ) ( ) ( )scs c shell shell s

j Qr j Qr
P Q r r V V

Qr Qr
   

    
        

      

2 2 2

1 sin cosr R      

2 2 2

2 ( ) sin cosr R t       

(2.15) 
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where the dimensions R, R are the semi axes of ellipsoidal particle, and t is the thickness of the 

shell of the particle. V1 and V2 are volumes of core and core along with shell, respectively. The 

variable β is the angle between directions of semi-major axis and wave vector transfer. 

v) Rod-like particle 

The intraparticle structure factor of randomly oriented rod-like particles with the radius R 

and length L (=2l) is given by [136,148,151] 

/ 2 2 2

1

2 2 2 2 2

0

4 ( sin ) sin [( )cos ]
( ) sin

sin ( ) cos

j QR Ql
P Q d

Q R Ql


 

 
 

   

where  is the angle subtended by the principal axis of the rod with Q.  
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Figure 2.7. P(Q) for rod-like particles having different lengths and fixed radius. 

Figure 2.7 shows the functional form of P(Q) for rod-like particles of different lengths 

and a fixed radius 40 Å. As the length of the particle increases P(Q) on log-log scale shows a 

linear region in the intermediate Q range (1/l < Q < 1/R) with  slope -1 of the linear region. 

 

 

(2.19) 
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vi) Disc-like particle 

The small-angle scattering technique can differentiate between rod-like particles and 

disc-like particles. The intraparticle structure factor for a disc is given by the same equation as 

that for a rod (equation 2.19) with the diameter having much larger than the thickness. 
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Figure 2.8  P(Q) plots for disc-like particles having same thickness and varying radius. 

Figure 2.8 shows the functional form of P(Q) for disc like particles with same thickness 

and different radius. Unlike for a rod-like particle, P(Q) for a disc-like particle has a slope of -2 

in the intermediate Q range.  

2.2.3. Determination of interparticle structure factor 

The interparticle structure factor S(Q) contributes to the scattering intensity pattern above 

a particular concentration where the particles start interacting with each other. For these systems 

S(Q)  1 and is governed by correlation between the particles. The correlation depends on 

interaction between the particles and hence determines the properties of the concentrated system. 

For an isotropic system, S(Q) can  be written as [136,151] 

2sin
( ) 1 4 ( ( ) 1)

Qr
S Q n g r r dr

Qr
    (2.20) 
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where g(r) is the radial distribution function and n is the number density of the particles. The 

radial distribution function is the probability of finding another particle at a distance r from the 

reference particle centered at the origin. The details of g(r) depend on the interaction potential 

U(r) between the particles [152-155]. Thus the information about S(Q) can  be used  to  obtain  

information  about  the  interaction potential U(r).  

The colloidal solutions in soft matter are essentially macrofluid on the length scales 

probed in SANS. The g(r) or S(Q) for these solutions can be calculated using methods as 

developed for liquids. These colloid solutions are treated as single component model for 

statistical description of these solutions. The effect of different solution conditions (ionic 

strength, pH, temperature etc.) and the presence of other components is taken care via an 

effective interaction potential U(r) [156]. The U(r) could consist of several interaction terms 

such as screened Coulomb interaction, van der Waals interaction, depletion interactions etc. The 

g(r) is radial distribution function for a pair of scattering particles. There are two more important 

functions h(r) and C(r). The C(r) is the direct correlation function which accounts for the direct 

interactions between the pair of particles and h(r) is the total correlation function which accounts 

for the interactions through other particles. The functions g(r) and h(r) are related by the 

expression [157]: 

( ) 1 ( )g r h r   

Further, The Ornstein-Zernike Equation (OZE) relates the total correlation function h(r) 

by direct correlation function C(r) as 

   ' ' 3 '( ) ( )h r C r n C r h r r d r  
 

 

The OZE contains two unknowns [h(r) and C(r)] and requires an additional relation 

between h(r) and C(r) to solve the equation. This relation is called closure relation. Depending 

on the approximations involved, a variety of closure relations have been proposed in the 

literature. Some frequently used closure relations are as follows: 

(2.22) 

(2.21) 
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(i) Mean spherical approximation (MSA) gives [158] 

( ) ( ),C r U r r  >   

( ) 1,h r r     

where  = 1/kBT and  is the particle diameter. 

(ii) Percus-Yevick approximation (PYA) gives [152] 

 ( ) 1 exp ( )C r U r    

(iii) Hypernated chain approximation (HNCA) gives [159] 

 ( ) ( ) ( ) ln ( ) 1C r U r h r h r    
 

 

Figure 2.9. Radial distribution function g(r) and corresponding interparticle structure factor S(Q) for 

dilute, semi-dilute and concentrated systems. 

(2.23) 

(2.24) 

(2.25) 

(2.26) 
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Figure 2.9 shows the radial distribution function g(r) and corresponding interparticle 

structure factor S(Q) for dilute, semi-dilute and concentrated systems. The S(Q) for colloidal 

particles in solution as for semi dilute system shows several maxima and minima of decreasing  

amplitude. The first peak in S(Q) occurs at Qmax  2/d, where d is  the  average  distance  

between  the particles. 

S(Q) for hard sphere potential 

In the case of uncharged particles at higher concentrations, hard sphere potential is used 

which may be defined as 

( )      2

         0    2

HS

HS

U r r R

r R

  

 
 

where 2RHS is the hard sphere diameter. The analytic solution for the structure factor is obtained 

using Percus-Yevick approximation as given by [160]: 

1
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1 24 ( ) /( )HS HS

S Q
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In this equation, f(x) is defined as follows: 
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where η is particle volume fraction.  

 

(2.28) 

(2.29) 

(2.30) 

(2.27) 
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S(Q) for screened Coulomb potential 

In the case of charged particles, S(Q) is calculated under rescaled mean spherical 

approximation [156,158]. This method takes account of a screened Coulomb potential in addition 

to hard sphere potential between the particles. In the approximation the particle is assumed to be 

equivalent sphere of diameter   through a screened Coulomb potential, which is given by 

0

exp[ ( )]
( ) ,

r
U r U r

r

 
 

 
   

The contact potential U0 is given by 

2 2

0 2

0 (2 )

Z e
U

   



 

where  is the dielectric constant of the solvent medium, 0 is the permittivity of free space and e 

is the electronic charge. The effective charge on the particles (Z) is an additional parameter to fit 

S(Q) in analyzing the SANS data. The Debye-Hückel inverse screening length () is calculated 

by  

2/1
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2

10
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Tk

IeN
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where I is the ionic strength of the solution. 

S(Q) for Baxter’s sticky hard sphere potential 

The presence of a short-range attractive interaction between the particles is taken care of 

using Baxter‟s sticky hard sphere potential [161]. This potential assumes hard sphere repulsion 

along with the short-range attraction (represented by a thin attractive well). The sticky hard 

sphere interaction of particles of diameter  (2R) interacting via a thin attractive potential of 

width  is given by  

(2.31) 

(2.32) 

(2.33) 
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The expression of S(Q) for particles with volume fraction  is expressed as  
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and k = Q(σ+Δ). The parameter stickiness (η
-1

) provides the information about the strength of 

adhesion and is given as 

12

V
exp

kT




  
  

  
  

 Figure 2.10 represents the comparison of S(Q) for different interaction potentials of hard 

sphere, sticky hard sphere and screened coulomb potential for same effective size of particles. 

The simulated value of S(Q) for Q=0 show maxima for attraction (sticky hard sphere potential) 

between the particles and minima for repulsion (hard sphere and screened coulomb potential) 

(2.36) 

(2.39) 

(2.34) 

(2.35) 

(2.37) 

(2.38) 
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between the particles. The hight of maximum of S(Q=0) depends on stickiness (η
-1

) between the 

particles for the case of sticky hard sphere potential. The S(Q) for hard sphere and screened 

coulomb potential is same above a particular Q value. At lower Q values the screened coulomb 

potential shows higher depth of minima as Q approaches to zero. The reason of higher depth of 

minima is strong long range repulsion for the case of charged particles. The position of first 

correlation peak depends on the average interparticle distance. 
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Figure 2.10. Typical  S(Q) plots for sticky hard sphere, hard sphere and screened coulomb potentials. 

S(Q) for fractal structure 

The origin of the term fractal is due to the fact that some objects or some processes 

exhibit a self-similarity over a wide length scale and possess a characteristic fractional 

dimension. Many properties of the fractal systems can often be described by quantities, which 

are proportional to a power of another quantity. This relation is frequently called a power law. 

Usually this dependence of I(Q) and correspondingly S(Q) on power of Q is observed when the 

condition Q >>1 is satisfied, where  is the upper cut-off length, representing the characteristic 

distance above which the mass distribution in the system is no longer described by a fractal law. 
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For mass fractals, where the mass M(r) inside a spherical surface with radius r describing the 

structure is given by M(r)  r
d
, d ≤ 3 [97,162-164]. If the shape of the basic units of the fractals 

is approximated to be spherical with radius Rp, P(Q) is given by equation 2.12. S(Q) is the 

interparticle structure factor of the scattering centres and can be expressed as [97,163] 

1

2 [( 1) / 2]

1 ( 1)
( ) 1 sin[( 1) tan ( )]

( ) [1 ( ) ]
D Df

p

D D
S Q D Q

QR Q






 

 
   


 

where (x) is the gamma function of argument x. D and ξ are the fractal dimension and the 

correlation length of the fractal network, respectively.  

The expression of S(Q) for surface fractal structure is given by [165-166]  
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2 251 15 1 1
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sf s sS Q Q D Q sin D tan Q  
 

 
           

           (2.41) 

where Ds is the fractal dimension of surface fractal structure. It may be mentioned that the 

scattering intensity from both kind of fractal structures is governed by power law behavior in a 

definite Q range.
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   for mass fractals                      (2.42) 

                                            

 6 1
sDd

( Q ) ~ Q Q
d 

 



    for surface fractals                 (2.43)               

Figure 2.11 shows the fractal structure factor for various fractal dimension and fixed 

building block size (R=40 Å) and correlation length (=500 Å). The slope of curve increases 

with increasing fractal dimension. The higher and lower Q cut off of linearity is decided by the 

building block size and overall size of fractal in the range given by 2/ < Q < 1/R. 

 

(2.40) 
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Figure 2.11. S(Q) plots for fractal structures with varying fractal dimension. 

2.2.4. Concept of contrast in SANS 

The major advantage of SANS over SAXS comes from the possibility of contrast 

variation which comes from the fundamental difference between the interaction mechanism of 

neutrons and electromagnetic radiation with matter. The X-rays are scattered by electrons 

surrounding atomic nuclei, whereas neutrons are scattered by the nuclei. The X-ray scattering 

length increases whereas neutron scattering length varies in a random way with increasing 

atomic number of the atom (Figure 2.12). The random variation of neutron scattering length 

allows study of low atomic number elements like hydrogen as well as to distinguish close 

elements in periodic table having similar scattering length in case of X-rays. Even the two 

isotopes of same elements can have different neutron scattering lengths. For example the 

scattering length of hydrogen is negative (= - 0.3741 x 10
-12

cm) and that deuterium is positive                   

(= 0.6674 x 10
-12

cm). 



Chapter 2: Characterization techniques 

53 
 

0 50 100 150 200

-10

0

10

20

Neutron

Ni 
62

D

MnH

s
c
a

tt
e

ri
n

g
 l
e
n

g
th

 (
fm

)

atomic Mass

Ti

X-ray (=0O)

 

Figure 2.12. Scattering length variation for neutrons and X-rays as a function of atomic mass. 

This difference of scattering length between H and D is utilized to have a good contrast 

between the hydrogenous particle and the solvent by deuterating either the particle or the solvent. 

Further the scattering length density of solvent can be varied over a long range by using mixed 

hydrogenated and deuterated solvents. The variation of scattering length density of solvent can 

be used to contrast match the scattering length density of solvent to the particle. Thus for (p = 

m), the null scattering from that particle is obtained (equation 2.10). This fact is used to study 

the multi-component system in a solution, where the scattering contribution from the each 

component can be studied by contrast matching the other component. Various possibilities of 

contrast variation by mixed D2O and H2O as solvent are shown in Figure 2.13.  

Figure 2.13(a) shows a hydrogenous spherical particle suspended in H2O. Let the 

scattering length densities be p of the particle and H of the solvent. In this case p=H and thus 

the particle is not visible for neutrons. However, the solvent can be replaced with D2O, so the 

scattering length density of D2O is D which is different from p and thus the SANS scattering 

pattern is determined from the particle. A spherical core-shell particle is suspended in D2O as 
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shown in Figure 2.13(b). The constituents of the inner core are different from those of the outer 

shell of the particle. Let pc and ps be the scattering length densities of the core and shell. The 

solvent has a scattering length density m=D. This scattering length density of solvent can be 

varied by varying the relative amounts of H2O and D2O in the solvent. Thus m can be either 

matched with ps so that the SANS scattering pattern is determined by the core alone or m can be 

matched with pc so that the SANS scattering pattern is determined by shell alone. The core-shell 

structure can also be studied by deuterium labeling the particle core and placed in a D2O solvent. 

The deuterating of the core of the particle, vary the contrast of core pc equal to D, thus for 

neutrons only the shell is visible as shown in Figure 2.13(c). 

(a) (b) (c)D2O

H2O D2O

D2O + H2O

D2O

D2OD2O + H2O
 

Figure. 2.13. Various possible contrast variations in SANS experiments.  

2.2.5. Experimental aspects of small-angle neutron scattering 

In a small-angle neutron scattering experiment, the incident neutron beam from the 

source passes through four different regions (i) monochromator, (ii) collimator, (iii) sample and 

(iv) detector [146]. The neutron beam from source is first monochromatized using a suitable 

monochromator (e.g. velocity selector) and is then collimated with a slit arrangement. This 

monochromatic beam of neutrons is scattered by the sample and the angular distribution of 
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scattered radiation is recorded using a position sensitive detector (He
3 

gas detector). Large 

distances between the monochromator to the sample and the sample to the detector are kept to 

ensure fine beam collimation (low /). It is desirable to use circular apertures for defining the 

incident beam. However, rectangular apertures (slit geometry) are used to gain in intensity. 

Resolution corrections are more important for slit-geometry as compared to those for pinhole 

geometry.  In a typical SANS instrument, / ~0.1 and thus it is not necessary to have a high 

wavelength resolution (/ ~ 10%). 

Velocity 
Selector

 

Figure 2.14. Schematic of SANS facility at BARC. 

The small-angle neutron scattering experiments presented in this thesis are performed at 

SANS diffractometer, Dhruva reactor, BARC [146], Swiss Spallation Neutron Source, SINQ, 

Paul Scherrer Institute, Switzerland [167] and Institut Laue Langevin, Grenoble, France [168]. 

Figure 2.14 shows the schematic of SANS diffractometer installed at the guide tube laboratory of 

Dhruva reactor. The neutron beam from the guide is monochromated using a velocity selector. 

The velocity selector selects the particular velocity neutrons using multi-sloted multi-discs 
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rotating at very high speed (rpm=4000-7000). The mean wavelength () and wavelength spread 

(/) of the monochromated beam can be varied in the range 4 to 10 Å and 10 to 20%, 

respectively. This beam passes through two slits S1 (2 cm × 3 cm) and S2 (1 cm × 1.5 cm) before 

it reaches the sample. Distance between S1 and S2 is 2 m and gives an angular divergence of 

+0.5º. The angular distribution of neutrons scattered by the sample is recorded using a one-

dimensional position sensitive detector. The sample to detector distance is 1.85 m. The Q range 

of the diffractometer is 0.015-0.35 Å
-1

. 

The SANS facilities at SINQ, PSI, Switzerland and ILL, France are 40 m long                         

state-of-art instruments [167-168]. These instruments make use of a cold neutron source to get 

sufficient flux at higher wavelengths. The two-dimensional (96 cm × 96 cm) detector and 

variable sample to detector distance (1 to 20 m) are used to obtain lower Q values and high 

signal to background ratio. Both the instruments can collect the data in the Q range of                 

0.001 to 1 Å
-1

. 

2.2.6. Data reduction and analysis 

In a SANS measurement from a sample in solution requires also evaluation of the 

scattered intensity contributions from the solvent Iso and the ambient background IB. The 

transmissions of the sample and the solvent should also be determined to correct for the 

attenuation of neutrons in traversing them. The transmission of the sample Ts should be kept high 

to minimize multiple scattering effects. The sample cells are usually flat quartz cells with path 

lengths of 1 to 10 mm. The measured intensity from the sample IS is corrected for the above 

various contributions [146-147]. 

The background is determined by blocking the beam using a cadmium sheet. The 

measured intensity IB(Q) consists of the two contributions, namely the room background 

[BKG(Q)] and the fast neutrons [IF(Q)] because cadmium does not block the fast neutrons. 
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( ) ( ) ( )B FI Q BKG Q I Q   

The measured intensity with solvent ISO consists of three terms: first from the fast 

neutrons [IF(Q)], second from the room background [BKG(Q)] and the third is unscattered 

transmitted intensity from the solvent IOTSO, where TSO is the transmission of the solvent and IO 

is the intensity of thermal neutrons in the beam. 

( ) ( ) ( )SO O SO FI Q I T BKG Q I Q    

When the scattered intensity (IS) with the sample is measured, we get 

( ) ( ) ( ) ( )S O S F cI Q I T BKG Q I Q I Q     

where TS is the transmission of the sample, IOTS is the unscattered transmission intensity from the 

sample and Ic(Q) is the scattered intensity of interest from the sample. The counting time for the 

experiment is controlled using the monitor detector, which is installed in the incident beam. 

Solving equations 2.44-2.46 for Ic(Q), we get 

( ) ( ) ( ) ( )
( ) S B SO B

c S

S SO

I Q I Q I Q I Q
I Q T

T T

  
  
 

 

In a SANS experiments, the sample is usually taken in a cell, so that it has uniform 

thickness over the beam area. If d/d(Q) is the differential scattering cross section per unit 

volume of the sample, the measured scattered neutron intensity is given by 

( ) ( )c S

d
I Q KT t Q

d





 

where t is the sample thickness, K is a constant, which depends on instrumental parameters such 

as incident neutron flux, detector efficiency, solid angle subtended by detector element at sample 

position etc. 

 By combining equations 2.47 and 2.48, we get the following expression for the scattering 

cross section of the sample 

(2.44) 

(2.45) 

(2.46) 

(2.47) 

(2.48) 



Chapter 2: Characterization techniques 

58 
 

1 ( ) ( ) ( ) ( )
( ) S B SO B

S SO

d I Q I Q I Q I Q
Q

d Kt T T

   
  

  
 

 The instrumental constant K is determined by recording the data from a standard sample 

(e.g. H2O, Vanadium, etc.), the measurement thus provides d/d (Q) in absolute units (cm
-1

). 

 In actual experiment the measured SANS data is a convolution of the theoretical      

d/d (Q) (equation 2.10) and the resolution function of the instrument. The instrument 

resolution effects have to be taken into account while comparing the calculated and the 

experimental distributions. In small angle scattering the model function can be written as 

   mI , ( )od d
Q R Q Q Q dQ

d




  

where R(<Q>,Q) is the instrument resolution function. There are three components responsible 

for the resolution function. These contributions arise from the finite collimation, the wavelength 

distribution and the spatial resolution of the detector.  

 The data are analyzed by fitting the calculated scattering intensity (equation 2.50) to that 

with measured scattered intensity (equation 2.10) using non-linear least square fitting programs. 

2.3. Dynamic light scattering (DLS) 

Light scattering experiments can be performed as a function of two variables: the 

scattering angle (θ) and the observation time (t). Thus there are two classes of light scattering 

techniques: (i) static (elastic) light scattering in which one measure the time averaged scattering 

intensity at various angles and (ii) dynamic (quasielastic) light scattering in which the time 

dependence of the intensity is measured. The static light scattering (SLS) yields information on 

the static properties of the scattering medium such as size and shape of the scatterers at a length 

scale of the order of wavelength of the light. In dynamic light scattering (DLS), hydrodynamic 

(2.49) 

(2.50) 
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size of the particle is measured from its diffusion motion in solution [144-145]. The suspended 

particles in solution move about or diffuse in a random walk fashion executing Brownian 

motion. The phases of the scattered waves arriving at the detector fluctuate randomly in time due 

to random fluctuations in the relative positions of the particles. These fluctuations in the phases 

of the scattered waves at detector generate random intensity fluctuations with time. These 

fluctuating bright and dark spots on the detector are called speckles. The information about the 

fluctuations in scattered light intensity with time is related to the diffusion coefficient of particles 

undergoing Brownian motion. Smaller particles diffuse with faster speeds and generate rapid 

fluctuations in scattering light intensities, whereas diffusion of larger particles is more sluggish 

and result in slowly fluctuating light intensities.  

2.3.1. Theory of dynamic light scattering 

In dynamic light scattering, the temporal fluctuations in the scattering light intensity are 

measured using a monochromatic light at a particular scattering angle [144-145]. The DLS 

technique is also called photon correlation spectroscopy as the technique measures the 

autocorrelation in scattering light intensity with time. Let I(t) and I(t+) be the scattered light 

intensity at an arbitrary time t and t+ at a particular scattering angle (2). The normalized 

intensity autocorrelation function can be written as [144-145] 

 
(2)

2

( )
( )

( )

I t I t
g

I t







 

The
(2)( )g   is related to the normalized field autocorrelation function 

(1)( )g   as 

2
(2) (1)( ) 1 ( )g g     

where β is the spatial coherence factor and depends on the instrument optics and defines the 

resolution of the measurement.   

(2.51) 

(2.52) 
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The spatial coherence factor (β) is defined as the ratio of aperture area of photodetector 

(Ad) to the coherence area (Ac). The area of a single speckle is known as coherence area (Ac) 

given by relation 
2 2 2

cA r x  , where   is wavelength of the laser beam used, r is particle to 

detector distance and x is the radius of the scattering volume. Thus to achieve a high coherence 

factor (β=Ad/Ac and 0<β<1) as well as better resolution, we require optimum aperture area and 

appropriate pin holes in front of the detector. 

The origin of light scattering is polarizability inhomogeneities in the sample. If   is the 

average polarizability of the sample, then the excess polarizability of the volume element of the 

sample at position r is related as ( ) ( )   r r . 

The excess polarizability ( ) r  can be approximate by the fluctuation in solute 

concentration  c  for smaller particle sizes (maximum dimension < Q
-1

) and in dilute solution. 

In that case, the scattered electric field at time t will be proportional to the fluctuations in 

solution concentration  c . The Brownian motion of the particles is responsible for the 

concentration fluctuations at any time t. The diffusion equation can be used for the temporal 

evolution of a concentration fluctuation in the case of monodisperse solutions as given by  

2( , )
( , )

c t
D c t

t





 



r
r

 

where D is the diffusion coefficient, expressing c(r, t) through a Fourier transform, 

3( , )  ( , )ic t d e c t 
r

r
Q

Q Q
 

we obtain  

3 2 3( , ) ( , )i id
d e c t D d e c t

dt
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and 

(2.53) 

(2.54) 

(2.55) 
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which has the solution 

2

( , ) ( , ) Dc t c t e      Q
Q Q  

For a system fluctuating around its equilibrium state, one does not know the initial 

condition of c(Q,t). However it can be calculated using suitable statistical averages. Multiplying 

both sides of equation 2.57 with δc(Q,t) and averaging yields, 

22( , ) ( , ) ( , ) D

t t
c t c t c t e       Q

Q Q Q
 

where <>t indicates the time average. Since the scattered field amplitude is proportional to the 

concentration fluctuation, we also have 
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Thus the electric field autocorrelation function decays exponentially with time, where the 

decay rate (=DQ
2
) is proportional to the diffusion coefficient (D) of particle for fixed 

momentum transfer Q. 

2.3.2. Determination of hydrodynamic size 

For a monodisperse system, combining the equation 2.52 and equation 2.59 gives 

2(2) 2( ) 1 Dg e     Q  

The experimental values of decay of intensity autocorrelation function are used to 

calculate the diffusion coefficient of particle from above equation. The Stokes-Einstein relation 

correlates the diffusion coefficient of particles to its hydrodynamic radius as given by [144-145] 

6

B
h

k T
R

D


 

(2.56) 

(2.58) 

(2.59) 

(2.57) 

(2.60) 

(2.61) 
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where kB is the Boltzmann‟s constant, η is the viscosity of the solvent, and T is absolute 

temperature. 

Intensity autocorrelation function for two different diffusion coefficients                        

(50 and 10 × 10
-8

 cm
2
/s) are shown in Figure 2.15. Small particles diffuse rapidly and yield fast 

intensity fluctuations and rapidly decreasing intensity auto correlation function, whereas larger 

particles generate slowly decreasing intensity auto correlation function. 
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Figure 2.15. Intensity autocorrelation function for particles with different diffusion coefficients. 

For a system of polydisperse particles 

(1) 2

0

( ) ( )exp( )g G D DQ dD 


   

where G(D) is the distribution of particles with different diffusion coefficients about the mean 

value. For the monomodal narrow distributation of diffucion coeffecients, the cumulant analysis 

method is used to calculate the mean value of diffusion coefficient (Dm) and polydispersity index 

(PI) [169-170]. In this analysis, the equation 2.59 is simplified to 

2
(1) 2 2( ) exp

2
mg D Q

 
 

 
   

 
 

(2.62) 

(2.63) 
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where PI is given by the ratio of variance (2) to the square of mean of the decay rate 

(m=DmQ
2
). 

 The intensity autocorrelation function and mean diffusion coefficient under the cumulant 

analysis approach [equation 2.52 and equation 2.63] are related by 

(2) 2 2

2( ) 1 exp 2 mg D Q           

The above equation is used to calculate the mean value of diffusion coefficient (Dm) and 

polydispersity index ( 2

2 mPI   ). 

2.3.3. Experimental aspects of dynamic light scattering 

The DLS experiments in this thesis have been carried out using SZ-100 particle size 

analyzer by Horiba, Japan. The DLS setup consists of 10 mW diode pumped solid state laser 

used to obtain a monochromatic beam of light with wavelength of 532 nm. The laser beam is 

converged at the sample using a lens. An ND filter is used in the path of the beam to control the 

incident intensity at sample and correspondingly optimizing the scattered intensity at the 

detector. The transmission of the sample is measured using a transmission detector after the 

sample and in line with the laser beam. The transmission of ND filter is controlled to obtain 

optimum value of transmission for that particular sample. The optimum transmission ensures the 

scattering intensity from the sample at the detector will be under the saturation of the detector. 

The incident laser beam is scattered from the sample at all the scattering angles. The present 

instrument provides the choice of scattering intensity detection at two scattering angles as 

perpendicular scattering (90
0
) and backscattering (173

0
) detection. The scattered light is focused 

on the detector using a lens. The detector comprises a photo-multiplier tube (PMT) to amplify 

the photon signal and a photon counter. The intensity fluctuations are converted into electrical 

pulses and fed into a digital correlator which generates the autocorrelation function. The 

schematic of DLS instrument is shown in Figure 2.16. 

(2.64) 
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Figure 2.16. Schematic of dynamic light scattering set up. 

2.4.  Usefulness of scattering techniques for studying multi-components systems  

SANS and DLS can be used for characterization of particles having sizes in a length scale   

(1 to 100 nm) where most of the constituents of soft matter such as protein, micelles, and 

nanoparticle exist. In particular, SANS is most suitable technique for studying multi-components 

systems. Usefulness of SANS in investigating multi-component system is multifold and some of 

the important advantages are:   

(i) SANS can probe both interaction and structure in the system [143]. The measured scattering 

intensity in SANS is the product of the intraparticle structure factor P(Q) and interparticle 

structure factor S(Q), where the P(Q)  provides information on the structure (shape and size) of 

particles and S(Q) depends on the interaction between particles.  

(ii) The unique advantage of SANS to study multi-components systems is easy possibility of 

contrast-variation in this technique. The scattering due to internal variation of scattering length 

density could be separately determined if the solvent scattering density is changed 

isomorphously. The scattering intensity depends on (p - s)
2
, which is square of the difference 

of scattering length densities of the particle and solvent. Due to large difference between neutron 

scattering amplitudes of hydrogen and deuterium, SANS is of considerable importance for multi-
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component systems unlike the complementary SAXS and light scattering techniques. The 

constituents of the multi-component systems usually have neutron scattering densities that are 

between those of H2O and D2O. These systems are selectively simplified by matching the 

scattering density of one of the components with the solvent.  

(iii) SANS measures the scattering intensity in the absolute scale and this fact can be used to 

obtain different levels of information such as particle concentration, internal structure of particle, 

formation of aggregates.  

(iv) In SANS, the measurements are done under native and in-situ conditions. The structures of 

such systems can be investigated by other techniques such as TEM or SEM. Even though these 

techniques provide a direct image of the system, they have disadvantage of requiring a frozen or 

dried sample. The actual structure in such case could be different from those in native solution 

conditions.  

In this thesis, SANS has been mostly used to probe the structure of different                     

protein-surfactant complexes and effect of addition of nanoparticles in these systems. The 

possibility of contrast-variation is utilized in order to simplify the system by contrast matching 

the individual components. The protein-surfactant complexes are investigated in chapter 3 under 

the contrast condition where both the components are visible. The effect of nanoparticles in 

different protein-surfactant complexes in chapters 3 - 6 are studied for contrast conditions where 

(i) all the three components are visible, (ii) nanoparticles are contrast-matched and (iii) 

surfactants are contrast-matched. DLS is used as a complementary technique wherever possible.
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Chapter 3 

Structure and Interaction of Protein-Surfactant Complexes 

3.1.  Introduction 

The surfactant molecules are known to interact with protein via electrostatic binding at 

low concentrations and cooperative binding at high surfactant concentrations [36,80,93,97-

98,171]. Tuning of the interaction between protein and surfactant by different means leads to a 

wide range of applications of their complexes [37,83-84,101]. The applications as well as 

scientific interest of protein-surfactant systems require a detailed understanding of the structure 

and interaction in these complexes. The interactions of globular proteins with surfactants have 

been widely reported in the literature [62,66,100,172-177]. Proteins are usually charge stabilized 

and therefore they have strong interactions with ionic surfactants. Both cationic and anionic 

surfactants can interact with proteins because of the site-specific interaction of surfactants on the 

oppositely charged patches of the protein [177-179]. On the other hand, nonionic surfactants, 

because of the absence of any electrostatic interaction, can have only the hydrophobic interaction 

with proteins [86,174,177]. The differences in the interaction behavior of ionic and nonionic 

surfactants suggest that the protein-surfactant interaction is primarily driven by their electrostatic 

interaction. At low concentrations, the surfactant molecules individually bind to the protein, 

resulting in the expansion of the folded protein [98,174]. The protein unfolds beyond a critical 

aggregation concentration of surfactant, where the micelle-like clusters of surfactants are formed 

around the hydrophobic patches of the protein. These complexes are referred as bead-necklace 

structures [80,97-98]. There is also interest in knowing innovative ways by virtue of which an 
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unfolded protein can fold back or prevent protein unfolding [57-59,62]. The competition of 

electrostatic and hydrophobic interactions plays an important role for this purpose [65,180]. This 

requires understanding of the role of each of these interactions. In this chapter, the tuning of the 

protein-surfactant interaction to modify the resultant structure has been examined by varying the 

surfactant type, ionic strength of the solution, and mixing surfactants. The model protein bovine 

serum albumin protein (BSA) with the surfactants anionic sodium dodecyl sulphate (SDS), 

cationic dodecyl trimethyammonium bromide (DTAB), and nonionic polyoxyethylene 10 lauryl 

ether (C12E10) has been used to study their complexes. The systems are characterized by SANS 

and DLS techniques. The protein-surfactant interaction and resultant structure are found to be 

very different for ionic and nonionic surfactants. The work has resulted in a useful method for 

the refolding of unfolded protein and prevention of surfactant-induced protein unfolding. 

3.2.  Experimental section 

Protein [BSA (catalogue no. A2153)] and surfactants [anionic SDS                                

(catalogue no. L4390), cationic DTAB (catalogue no. D5047) and nonionic C12E10 (catalogue 

no: P9769)] were purchased from Sigma-Aldrich. The stock solutions of protein (10 wt%) and 

surfactants (400 mM) were prepared by dissolving the required weighted amounts of components 

in  20 mM phosphate buffer at pH=7. All the protein-surfactant complexes under study were 

prepared from the dilution of these stock solutions and in presence of salt (NaCl). The addition of 

salt is used to reduce the electrostatic interaction between different components. The samples 

were prepared in D2O (99.9 atom% D), which provides better contrast for hydrogenous 

components (protein and surfactant) in neutron scattering experiments [98]. Small-angle neutron 

scattering experiments were performed using SANS facilities at the Dhruva reactor, Bhabha 

Atomic Research Centre, Mumbai [146] and SANS-I facility, Swiss Spallation Neutron Source 
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SINQ, Paul Scherrer Institut (PSI), Switzerland [167]. These two facilities together provide the 

data collection in a wide wave vector transfer (Q = 4πsin(θ/2)/λ, where θ is scattering angle) 

range of 0.004 to 0.30 Å
-1

 to probe different length scales of the system. The SANS facility at 

SINQ, PSI allows to achieve lower Q values by increasing the sample-to-detector distance. The 

measurements were carried out for the fixed concentration of protein (1 wt%) and varying 

concentration of surfactants in the range of 0 to 100 mM. The effect of ionic strength has been 

studied by varying the salt concentration up to 0.5 M NaCl. The interaction of protein with mixed 

ionic-nonionic surfactants (SDS-C12E10 and DTAB-C12E10) is examined for the different mole 

ratios of two surfactants. All the measured data were corrected and normalized to absolute unit of 

cross section using standard procedures [181]. DLS experiments were carried out using SZ-100 

particle size analyzer (Horiba, Japan) having 10 mW diode pumped solid state laser at 

wavelength of 532 nm. The scattering angle was kept fixed at 173
o
 during the measurements. The 

choice of backscatter detection minimizes any contamination from dust particles and multiple 

scattering from the sample. 

3.3.  Data analysis 

3.3.1. Small-angle neutron scattering 

The differential scattering cross section per unit volume (d/d) as a function of Q is 

measured in a SANS experiment. In the case of monodisperse interacting particles, d/d can be 

expressed as [147,182] 

 
2

2( ) ( ) ( )p s

d
Q nV P Q S Q B

d
 


  

       

where n is the particle number density and V is particle volume. ρp and ρs are scattering length 

densities of particles and solvent, respectively. P(Q) and S(Q) are intraparticle structure factor 

(3.1) 
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(3.2) 

and interparticle structure factor, respectively. B is the incoherent background arising mostly due 

to presence of hydrogen in the sample. The expressions of P(Q) for different shapes of the 

particles and S(Q) for interacting particles as used in modeling individual protein and surfactant 

systems are described in chapter 2. 

The protein-surfactant interaction has been modeled using the bead-necklace model, which 

is based on random distribution of micelle-like clusters of surfactant along the unfolded 

polypeptide chain of protein. These structures are usually characterized by mass fractals. The 

scattering cross section for such system can be expressed as [66,97] 

2
21( ) ( ) ( ) ( )m s m m f

p

d N
Q b V P Q S Q B

d N M


   


 

where Np and N1 are the number density of protein and number density of surfactant molecules 

that form protein-surfactant complexes. Vs is the volume of surfactant molecule and M is the 

number of micelle-like clusters attached to a polypeptide chain. The aggregation number of 

micelle-like clusters in the complex is given by N=N1/(NpM). The bm, ρm are the scattering length 

and scattering length density of surfactant molecule. Pm(Q) denotes the form factor of a single 

micelle-like cluster. Sf(Q) is the structure factor of a mass fractal as given in equation 2.40. 

 The data have been analyzed by comparing the calculated model scattering with the 

experimental data. The corrections for instrumental smearing were made throughout the data 

analysis. The modeled scattering profiles were smeared by the appropriate resolution function to 

compare with the measured data. The nonlinear least-square fitting program was used to optimize 

the fitted parameters in data analysis [151]. 
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(3.3) 

3.3.2. Dynamic light scattering 

In dynamic light scattering, the temporal intensity autocorrelation function g
2
() is 

measured using a monochromatic light at a particular scattering angle. It is related to the 

diffusion coefficient of particle through the relation [144] 

2
2 2( ) 1 exp( )g DQ      

where D is the diffusion coefficient of particle and β is the spatial coherence factor which 

depends on the instrument optics. The cumulant analysis method is used to calculate the mean 

value of diffusion coefficient and polydispersity index (equation 2.64). The structural 

information is obtained through the hydrodynamic radius (Rh) of particles from diffusion 

coefficient using Stokes-Einstein relation (equation 2.61).

 

3.4.  Results and discussion 

3.4.1.  Characterization of individual protein and surfactant systems 

The individual protein and surfactant systems are characterized using SANS. Data from 

individual components 1 wt% BSA protein and 40 mM surfactants (anionic SDS, cationic 

DTAB, and nonionic C12E10) are shown in Figure 3.1. The SANS data of BSA protein are 

similar to that of dilute system, S(Q) ~ 1. The data are therefore fitted with the model of P(Q) 

alone. It is found that BSA protein macromolecules are oblate ellipsoidal having semi-minor and 

semi-major axes of 13.6 Å and 42.3 Å, respectively [183]. In the case of micelles unlike protein, 

SANS data cannot be fitted by P(Q) only and require some contribution from S(Q). This could be 

because of the higher number density of micelles as compared to that of the protein in the 

respective systems. The data of ionic micelles (SDS and DTAB) are fitted with S(Q) of 

interacting charged particles through screened Coulomb interaction, whereas nonionic micelles  
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Figure 3.1. SANS data of 1 wt% BSA protein and 40 mM of surfactants (anionic SDS, cationic DTAB, 

and nonionic C12E10) at pH=7 and 0.2 M NaCl in D2O. 

Table 3.1. The fitted structural parameters of SANS data of individual components of (a) BSA protein 

and (b) surfactants (anionic SDS, cationic DTAB and nonionic C12E10) at pH=7 and 0.2 M NaCl in D2O. 

The aggregation number of micelles is calculated by dividing the micellar volume by the volume of 

surfactant molecule. 

(a) 1 wt% BSA protein  

Protein system Shape Structural dimensions 

BSA  

 

Oblate ellipsoidal              Semi-major axis 

R = 42.3±0.5 Å 

Semi-minor axis 

R = 13.6±0.2 Å 

Effective radius 

1/3
R = 29.0±0.4  Å 

 (b) 40 mM surfactants 

 

Surfactant 

system 

 

 

Shape 

Structural dimensions 

Semi-major 

axis 

εR (Å) 

Semi-minor 

axis 

R (Å) 

Shell 

thickness 

t (Å) 

Aggregation 

number 

N 

Charge 

 

Z (e.u.) 

SDS Prolate ellipsoidal  28.6±0.4  16.7±0.2  5.0 95 -23.8±2 

DTAB Prolate ellipsoidal  20.5±0.3  16.7±0.2  5.8 68 +19.7±2 

C12E10
 

Spherical 17.3±0.2 17.3±0.2  12.2* 62 0 

*Radius of gyration of hydrophilic chains 
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of C12E10 are fitted by the hard sphere interaction [158]. The fitted parameters of protein and 

different micelles are given in Table 3.1. The ionic micelles are found to have the                

prolate ellipsoidal core-shell structure with semi-minor axis, semi-major axis and shell thickness 

as 16.7 Å, 28.6 Å and 5.0 Å, respectively for SDS and 16.7 Å, 20.5 Å and 5.8 Å, respectively for 

DTAB [71]. The SDS and DTAB micelles have aggregation number of 95 and 68 with total 

charge on them -23.8 and +19.7 e.u., respectively. The lower effective size of the head group 

gives rise to higher value of aggregation for SDS than DTAB. The C12E10 micelles are fitted 

with P(Q) of spherical hydrophobic core and shell of hydrophilic Gaussian chains around the 

core. The radius of core is found to be 17.3 Å and radius of gyration of hydrophilic chain 12.2 Å 

[184]. The structural parameters of protein and micelles as obtained are in good agreement with 

the literature [71,185-186]. 
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Figure 3.2. DLS data of 1 wt% BSA protein and 40 mM of surfactants (anionic SDS, cationic DTAB, and 

nonionic C12E10) at pH=7 and 0.2 M NaCl in D2O. 

DLS has also been used to measure the individual protein and surfactants. The intensity 

autocorrelation function of individual protein (1 wt% BSA) and micelles (40 mM anionic SDS, 
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cationic DTAB, and nonionic C12E10) are shown in Figure 3.2. The differences in the decay of 

the intensity autocorrelation function g
2
(τ) correspond to the different values of diffusion 

coefficients in these systems [144]. The decay of intensity autocorrelation function of BSA 

protein is found to be slower than all the three different micelles. It follows the decreasing order 

of decay of intensity autocorrelation function DTAB>SDS>C12E10 for different micelles. The 

calculated diffusion coefficients and hydrodynamic radii for these systems are given in         

Table 3.2. It is observed that the hydrodynamic sizes from DLS are larger than the effective sizes 

of the individual components from SANS. This is consistent with the fact that proteins and 

micelles are fairly hydrated and thus higher values of the hydrodynamic sizes [187]. The three 

surfactants used have different charged head groups attached to the same hydrophobic chain, 

which in the present study allows examining the role of electrostatic vs. non-electrostatic 

interactions in the protein-surfactant complexes. 

Table 3.2. Fitted parameters of DLS data of individual components of BSA protein and surfactants 

(anionic SDS, cationic DTAB, and nonionic C12E10) at pH=7 and with 0.2 M NaCl in H2O. The results 

of DLS data (hydrodynamic radii) are also compared with that of the SANS data (effective radii). The 

numbers in the brackets of hydrodynamic radii are the values of polydispersity index of the systems. 

System Diffusion coefficient 

D (10
-8

 cm
-2

s
-1

) 

Hydrodynamic radius  

Rh(Å) 

Effective radius* 

(Å) 

40 mM SDS 81.2 26.5 (0.13) 25.1 

40 mM DTAB 86.1 25.0 (0.10) 23.1 

40 mM C12E10 56.6 38.0 (0.11) 29.5 

1 wt% BSA 53.8 40.0 (0.10) 29.0 

*obtained from the SANS data (Table 3.1) 



Chapter 3: Structure and interaction of protein-surfactant complexes 

74 
 

3.4.2.  Formation of protein-surfactant complexes 

The interaction of surfactant with protein results in the formation of protein-surfactant 

complexes. SANS data of 1 wt% BSA protein with 40 mM of anionic SDS, cationic DTAB and 

nonionic C12E10 surfactants in the presence of varying salt concentrations (0 to 0.5 M NaCl) is 

shown in Figure 3.3. The scattering profile of protein-surfactant complexes with anionic SDS 

surfactant show systematically decrease in the low Q scattering intensity at lower salt 

concentrations and in the absence of salt [Figure 3.3(a)]. The scattering depends on the form 

factor and structure factor contributions. The structure factor contribution can arise from the 

protein-protein, protein-micelle and micelle-micelle interactions [185,188]. The presence of salt 

can change both the form factor and structure factor contribution and hence the change in the 

scattering data. In the case of single-component system, the structure factor S(Q) can be 

calculated from dividing the scattering intensity by the form factor, where the form factor is 

determined separately under the solution conditions such that S(Q) ~ 1. However, the difficulty 

comes from to model the structure factor for multi-component system because of increased 

number of particle-particle correlations. The lower value of scattering in the low Q of SANS data 

in Figure 3.3(a) in the absence of salt suggests the contribution of structure factor in the data. 

Therefore, the presence of salt is used to minimize the contributions of structure factor these 

systems. The data of salt concentrations at 0.2 M NaCl and above almost become flat in the low 

Q region, where probably the structure factor contribution between protein-surfactant complexes 

has been suppressed. Therefore, the salt concentration of 0.2 M NaCl was fixed in all the 

experiments for examining the interaction of BSA protein with SDS surfactant. The effect of salt 

in the SANS data of 1 wt% BSA protein with 40 mM DTAB and 40 mM C12E10 are shown in 

Figures 3.3(b) and 3.3(c), respectively. These data unlike those of SDS do not show any 

significant changes in the scattering with the variation in salt concentration. In the case of BSA 

with DTAB, it could be because of the charge neutralization by the strong interaction of the two 

oppositely components in forming their complexes. On the other hand, for nonionic surfactant as 

expected no noticeable effect of salt is observed [86,139]. The interaction of protein with 
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different surfactants (SDS, DTAB, and C12E10) has been therefore compared under the same 

solution condition of 0.2 M NaCl. 
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Figure 3.3. SANS data of 1 wt% BSA protein with 40 mM of (a) anionic SDS, (b) cationic DTAB and      

(c) nonionic C12E10 surfactants for varying salt concentration from 0 to 0.5 M NaCl at pH=7 in D2O. 
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The comparison of SANS data of 1 wt% BSA protein with 40 mM of each of anionic 

SDS, cationic DTAB, and nonionic C12E10 surfactants in presence of 0.2 M NaCl are shown in 

Figure 3.4. The scattering features of protein-surfactant systems are significantly different for 

different surfactants. It is observed that for ionic surfactants the scattering of protein-surfactant 

complex is very different from the sum of individual components. However, the scattering of 

protein-surfactant complex with nonionic surfactant match to sum of the individual components. 

This indicates to strong interaction of protein with ionic surfactants (both anionic and cationic) 

and almost no interaction of protein with the nonionic surfactant. The similar kind of interaction 

of anionic  protein  BSA  with  anionic  surfactant  SDS  and  cationic  surfactant  DTAB  can  be  
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Figure. 3.4. SANS data of 1 wt% BSA protein with 40 mM of anionic SDS, cationic DTAB, and nonionic 

C12E10 surfactants at pH=7 and 0.2 M NaCl in D2O.  

TABLE 3.3. Fitted parameters of SANS data of protein-surfactant systems characterized by mass fractal 

structure representing bead-necklace model of their complexes. 

System 

 

Micelle 

radius 

r (Å) 

Correlation 

length 

ξ (Å) 

Fractal 

dimension 

D 

Number of 

micelles 

M 

Aggregation 

number 

N 

1 wt% BSA+40 mM SDS 18.6±0.2 37.8±2.5 1.70±0.10 5 52 

1 wt% BSA+40 mM DTAB 16.8±0.2 56.2±3.0 1.82±0.10 8 34 
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interpreted as a result of site-specific electrostatic binding of surfactant on the oppositely charged  

patches of the protein [86,139,177]. The SANS data of protein-surfactant systems for ionic 

surfactants show linearity in the intermediate Q region, which indicates the formation of fractal 

structure of their complexes [98,163]. This fractal structure is modeled by the bead-necklace 

model of protein-surfactant complexes representing the micelle-like clusters formed along the 

unfolded polypeptide chain of protein [80,98]. The high Q cut-off, low Q cut-off and slope of 

linearity in SANS data are decided by the building block size (micelle-like cluster), correlation 

length (overall size of complex) and fractal dimension (packing of micelles) of protein-surfactant 

complex, respectively [98,189]. The slope of the data in the linear-Q range is observed between    

1 and 3. Therefore, S(Q) of mass fractal along with P(Q) of spherical micelles has been used in 

analyzing the scattering profiles [98]. The fitted parameters are given in Table 3.3. There are 

notable differences in the data of protein complex with the two ionic surfactants. The building 

block size is smaller and overall size of complex is larger for the case of cationic surfactant 

(DTAB) than anionic surfactant (SDS). The possible reason for these differences is the            

site-specific electrostatic binding of cationic and anionic surfactants with different oppositely 

charged patches on anionic BSA protein. Since there are more negative patches for the binding   

of cationic surfactant than anionic surfactant, it will lead to more number of cationic DTAB 

micelles than anionic SDS micelles attached to protein [90,94,139]. The smaller number of 

micelles for anionic SDS will require larger amount of unfolded protein to pack within the 

individual micelles, which thereby increases the size of the micelles. The correlation length 

representing overall size of the protein-surfactant complex is higher for DTAB than SDS as more 

number of micelles attached with protein for DTAB [139]. The higher number of micelles 

attached to protein also make the structure of complex more compact as evident from the higher 

value of its fractal dimension for DTAB than SDS. There is no significant interaction of protein 

with nonionic surfactant C12E10 observed and the data are fitted with the sum of the scattering 

from individual components [86,139]. The results are complemented by DLS measurements. 

Figure 3.5 shows the intensity autocorrelation functions of DLS measurements of protein-

surfactant complexes for all the three anionic SDS, cationic DTAB and nonionic C12E10 
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surfactants. The intensity autocorrelation functions of protein-surfactant complexes are also 

compared with the individual BSA protein. In the case of nonionic surfactant, the intensity 

autocorrelation function of protein-surfactant complex is same to that of the protein. This 

observation along with the fact that the individual protein and nonionic surfactant have almost 

similar intensity autocorrelation function (Figure 3.2) supports to non-interaction of two 

components as consistent with the SANS results [139]. The decay of intensity autocorrelation 

function of protein-surfactant complexes for ionic surfactants is slowed because of the strong-

interaction of protein and surfactant forming larger structures. The hydrodynamic sizes of these 

complexes are compared with the correlation length of the bead-necklace structure of the 

complexes by SANS (Table 3.4). The hydrodynamic sizes are again larger than those from SANS 

analysis because of the hydration associated with the complexes. The hydrodynamic sizes as 

obtained from DLS for BSA-DTAB and BSA-SDS are almost same as the molecular weights of 

two compositions are nearly same. On the other hand, SANS technique gives very different 

correlation lengths for these two systems as the neutrons can see the difference in distribution of 

micelles and protein in their complex (DTAB micelles are distributed over larger size). 
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Figure. 3.5. DLS data of 1 wt% BSA protein with 40 mM of anionic SDS, cationic DTAB, and nonionic 

C12E10 surfactants at pH=7 and 0.2 M NaCl in D2O. The DLS data of 1 wt% BSA protein is also shown 

for comparison. 
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 Table 3.4. Fitted parameters of DLS data of protein-surfactant systems at pH=7 and 0.2 M NaCl. The 

results of DLS data (hydrodynamic radii) are also compared with that of the SANS data (correlation 

length). 

System Diffusion coefficient 

D (10
-8

 cm
-2

s
-1

) 

Hydrodynamic 

radius  Rh(Å) 

Correlation length*        

ξ (Å) 

1 wt% BSA+40 mM SDS 36.5 59.0 (0.13) 37.8±2.5 

1 wt% BSA+40 mM DTAB 34.7 62.0 (0.13) 56.2±3 

*obtained from the SANS data (Table 3.3) 

3.4.3.  Effect of surfactant concentration in protein-surfactant systems 

  The effect of surfactant concentration on protein-surfactant interaction is examined in 

Figure 3.6. The  figure  shows  SANS data  of 1 wt%  BSA  protein  with  varying  concentration 

(0-100 mM) of each of the surfactants (anionic SDS, cationic DTAB and nonionic C12E10).  The 

features of the data for ionic surfactants (anionic and cationic) are same irrespective of the 

different charge state of the surfactant. The data for nonionic surfactant are different from that 

with ionic surfactant. The scattering of protein-surfactant complexes for ionic surfactant can be 

divided into three regions (specific binding, cooperative binding, and saturation region) [80,174]. 

In specific binding region (low surfactant concentrations), the surfactant molecules bind to the 

oppositely charged patches on protein through electrostatic interaction but retaining its folded 

structure. In cooperative binding region (intermediate surfactant concentrations), the interaction 

of surfactant with protein is enhanced because of dominance of hydrophobic interaction leading 

to micelle-like clusters formed along the unfolded polypeptide chain of protein. In saturation 

region (high surfactant concentrations), the excess of surfactant does not bind to the protein. The 

free surfactant thereafter coexists as micelles with the protein-surfactant complexes                     

in the saturation region. The fitted parameters of the protein-surfactant complexes as a                    

function  of   ionic  surfactant  concentration   are  given  in  Table 3.5. These parameters are 

fitted independently as obtained from the different regions of the SANS data. The high Q cut-off  
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Figure. 3.6. SANS data of 1 wt% BSA protein with varying concentration of surfactants [(a) anionic 

SDS, (b) cationic DTAB and (c) nonionic C12E10] at pH=7 and 0.2 M NaCl in D2O. 
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TABLE 3.5. (a) Fitted parameters of SANS data of protein-surfactant system (1 wt% BSA + C Mm SDS) 

characterized by mass fractal structure representing bead-necklace model of their complexes. 

System Micelle 

radius 

r (Å) 

Correlation 

length 

ξ (Å) 

Fractal 

dimension 

D 

Number of 

micelles 

M 

Aggregation 

number 

N 

Free micelle 

concentration 

 (mM) 

10 mM SDS 18.6±0.2 22.0±3.0 2.41±0.15 1 63 0 

20 mM SDS 18.6±0.2 28.0±3.0 2.05±0.10 2 58 0 

40 mM SDS 18.6±0.2 37.8±3.0 1.70±0.10 5 52 0 

60 mM SDS 18.6±0.2 46.5±3.5 1.50±0.10 6 49 15 

80 mM SDS 18.6±0.2 47.6±3.5 1.42±0.10 7 47 32 

100 mM SDS 18.6±0.2 49.8±4.0 1.36±0.10 8 46 47 

(b) Fitted parameters of SANS data of protein-surfactant system (1 wt% BSA + C Mm DTAB) 

characterized by mass fractal structure representing bead-necklace model of their complexes. 

System Micelle 

radius 

r (Å) 

Correlation 

length 

ξ (Å) 

Fractal 

dimension 

D 

Number of 

micelles 

M 

Aggregation 

number 

N 

Free micelle 

concentration 

 (mM) 

10 mM DTAB 16.8±0.2 24.9±3.0 2.80±0.15   2 38 0 

20 mM DTAB 16.8±0.2 36.1±3.0 2.46±0.10 4 35 0 

40 mM DTAB 16.8±0.2 56.2±3.5 1.82±0.10 8 34 0 

60 mM DTAB 16.8±0.2 62.0±4.0 1.55±0.10 9 32 15 

80 mM DTAB 16.8±0.2 63.4±4.0 1.49±0.10 10 31 33 

100 mM DTAB 16.8±0.2 65.2±4.0 1.42±0.10 11 30 50 

 



Chapter 3: Structure and interaction of protein-surfactant complexes 

82 
 

determines the size of the micelle, low Q cut-off gives the correlation length of the complex and 

slope of the data in the intermediate Q range provides the fractal dimension of the complex. The 

number of micelles and micelle aggregation are obtained by the magnitude of scattering intensity 

on absolute unit and known composition (protein and surfactant concentrations) of the complex 

[equation 3.2]. The correlation length (extent of unfolding) increases and fractal dimension 

(packing of micelles in the protein-surfactant complex) decreases with the increase in both 

anionic and cationic surfactant concentration [98]. The micelle size remains same whereas 

surfactant aggregation number decreases as unfolded protein component in micelles is increased. 

Both the ionic surfactants show the binding saturation at almost similar surfactant concentration 

(~ 45 mM SDS/DTAB) [36,80,91]. There is no interaction of protein with nonionic surfactant 

C12E10 over the whole concentration range of surfactant and the data are fitted with the sum of 

the scattering contributions from protein and micelles. The buildup of correlation peak at higher 

C12E10 concentrations indicates the contribution from inter-micelle correlations. 

3.4.4. Protein interaction with mixed surfactants 

It has been observed that the interaction of protein with ionic and nonionic surfactants is 

very different. The  ionic  surfactant  irrespective  of  its  charge  nature  can  unfold  the  protein,  
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Figure 3.7. SANS data of 1 wt% BSA protein with mixed surfactants (20 mM DTAB and 20 mM 

C12E10) system at pH=7 and 0.2 M NaCl in D2O. For comparison the data of 1 wt% BSA protein with 40 

mM DTAB and 40 mM C12E10 alone are also given.  
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Figure 3.8. The comparison of model scattering with the experimental data of  1 wt% BSA protein with 

mixed surfactants (20 mM DTAB and 20 mM C12E10) system at pH=7 and 0.2 M NaCl in D2O.     

(a) Model I: Nonionic micelles coexist with the complexes of protein-ionic surfactant,                              

(b) Model II: protein forms complexes with mixed ionic and nonionic surfactants and                               

(c) Model III: native protein coexists with the mixed micelles of ionic and nonionic surfactants. The 

model calculations are done from the experimental data of different individual and mixed components. 
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whereas nonionic surfactant does not alter the native structure of protein. The effect of these two 

types of surfactants (ionic and nonionic) together with protein has been examined.  The data of    

1 wt% BSA with 20 mM DTAB and 20 mM C12E10 mixed surfactant system are compared   

with 1 wt% BSA  with  40 mM DTAB  and  1 wt% BSA  with  40 mM C12E10  in  Figure 3.7. 

The scattering features of protein with mixed surfactants are very different from that of           

protein-ionic surfactant system but similar to protein-nonionic surfactant system. The linearity in 

the intermediate Q range of protein-ionic surfactant system is completely diminished in the case 

of mixed surfactants system and attains the features close to that of protein with nonionic 

surfactant alone. The three possible models can be considered for the interactions in these mixed 

systems. (i) Only ionic surfactant interacts with protein. This leads to ionic surfactant induced 

unfolding of proteins, which coexists with non-interacting nonionic micelles. (ii) Both ionic and 

nonionic surfactants interact with protein. The system primarily consists of mixed surfactant 

induced unfolded proteins. (iii) None of the surfactant interacts with the protein. In this case, the 

system will have folded protein coexisting with mixed micelles. The comparison of scattering 

from different models with experimental data is shown in Figures 3.8(a-c). The Figure 3.8(a) 

compares the scattering from protein-mixed surfactants system with the sum of experimental 

scattering from protein-ionic surfactant and nonionic micelles. The vast difference in model and 

measured scattering curves rules out the possibility of coexistence of non-interacting nonionic 

surfactants and interacting ionic surfactant with protein. The model scattering of protein 

interaction via mixed micelles of ionic and nonionic surfactants also do not match with the 

experimental data [Figure 3.8(b)].  The experimental data match with the model scattering of 

non-interacting micelles of ionic and nonionic surfactants coexisting with the unperturbed folded 

protein [Figure 3.8(c)]. The data in Figure 3.7 have been therefore fitted with the model of native 

folded protein coexisting with mixed micelles of ionic and nonionic surfactants. It is an 

interesting observation where the presence of nonionic surfactant makes ionic surfactant from 

interacting to non-interacting to the protein. This mechanism can be understood based on the 

competition of charge driven binding of ionic surfactant with protein to that of hydrophobic 

driven mixed micellization of ionic surfactant with nonionic surfactant. Our results show that the 
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dominance of hydrophobic interaction of ionic and nonionic surfactants over the electrostatic 

binding of ionic surfactant with protein governs the structure of these systems. 

The nonionic surfactant induced refolding of ionic surfactant mediated unfolded protein 

has been analyzed under different mole fraction of ionic-nonionic mixed surfactants. Figure 3.9 

shows the SANS data of 1 wt% BSA protein with 40 mM of mixed cationic DTAB-nonionic 

C12E10 surfactants with varying mole fraction of C12E10 surfactants. It is clearly visible that 

the interaction of protein with mixed surfactants depends on the mole fraction of the nonionic 

surfactant. The scattering features of protein-mixed surfactant complex are similar to that of the 

protein-ionic surfactant complex up to 0.2 mole fraction of nonionic surfactant, whereas data of 

0.4 mole fraction and beyond resemble to that of protein-nonionic surfactant system. These data 

have been used to model the nonionic surfactant-dependent modification in the interaction of 

ionic surfactant with the protein. The data suggest that the binding of ionic surfactant to protein 

decreases with the increase in the concentration of nonionic surfactant. This has been modeled 

through the decrease in the number of micelles attached to unfolded protein in the protein-ionic 

surfactant complex as the concentration of nonionic surfactant is increased Table 3.6. The 

number of ionic micelles attached to unfolded protein decreases by about 50% for the 0.2 mole 

fraction of nonionic surfactant, whereas all the ionic micelles detached for 0.4 mole fraction and 

beyond to form the mixed micelle with the nonionic surfactant. 
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Figure 3.9. SANS data of 1 wt% BSA protein with 40 mM of mixed surfactants (DTAB and C12E10) 

with varying mole fraction (X) of nonionic surfactant at pH=7 and 0.2 M NaCl in D2O. 
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Table 3.6. Fitted parameters of SANS data of protein-mixed surfactant system of (a) 1 wt% BSA + 40 

mM DTAB-C12E10 and (b) 1 wt% BSA + 40 mM SDS-C12E10)  characterized by mass fractal structure, 

representing bead-necklace model of protein-ionic surfactant complex coexisting with mixed micelles. 

For mole fraction of nonionic surfactant 0.4 and beyond, the systems BSA-DTAB-C12E10 and                  

BSA-SDS-C12E10 consist of native unfolded protein coexisting with the 100% fraction of mixed 

micelles. 

(a) BSA-DTAB-C12E10 system 

Mole 

fraction of 

C12E10 

Micelle 

radius 

r (Å) 

Correlation 

length 

ξ (Å) 

Fractal 

dimension 

D 

Number of 

micelles attached  

n 

Aggregation 

Number 

N 

Fraction of 

Free Mixed 

Micelles (%) 

0 16.8±0.2 56.2±3.5 1.82±0.10 8 36 0 

0.2 16.8±0.2 31.7±4.0 2.32±0.15 4 37 48 

(b) BSA-SDS-C12E10 system  

0 18.6±0.2 37.8±3.5 1.70±0.10 5 52 0 

0.2 18.6±0.2 26.0±4.0 2.40±0.15 2 60 55 

DLS measurements of protein-mixed surfactant systems are shown in Figure 3.10. Figure 

3.10(a) shows the variation in intensity autocorrelation function with the change in the mole 

fraction of nonionic surfactant in protein-mixed (cationic DTAB-nonioic C12E10) surfactant 

system. The decay of intensity autocorrelation function becomes faster indicating ionic micelles 

detachment from the protein-ionic surfactant complex with the increase in the mole fraction of 

nonionic surfactant. The change in the effective hydrodynamic size of the system with varying 

mole fraction of nonionic surfactant is plotted in the Figure 3.10(b). The hydrodynamic size 

decreases up to 0.4 mole fraction of nonionic surfactant and thereafter remains constant to that of 

the folded protein. The effect of addition of C12E10 to BSA-SDS is also found similar to that of 

BSA-DTAB [Figure 3.11 and Table 3.6 (b)]. Thus, both the SANS and DLS techniques 
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independently confirm the nonionic surfactant-dependent refolding of the ionic surfactant-

induced unfolded protein. 
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Figure 3.10. (a) DLS data of 1 wt% BSA protein with 40 mM of mixed surfactants (DTAB and C12E10) 

with varying mole fraction (X) of nonionic surfactant at pH=7 and 0.2 M NaCl in D2O. (b) The variation 

in hydrodynamic radii of 1 wt% BSA protein with 40 mM of mixed surfactants (DTAB and C12E10) with 

varying mole fraction (X) of nonionic surfactant at pH=7 and 0.2 M NaCl. 

0.004 0.01 0.1 0.3
10

-2

10
-1

10
0

10
1

(a)

 X=0.0 

 X=0.2 

 X=0.4 

 X=0.6 

 X=0.8 

 X=1.0 

d

/d


 (
c
m

-1
)

Q (Å
-1
)

1 wt% BSA + 40 mM (C12E10 + SDS)

10
0

10
1

10
2

10
3

0.0

0.2

0.4

0.6

0.8

1.0

(b)

0.0 0.2 0.4 0.6 0.8 1.0

40

50

60

70

 

 

Mole Fraction of C12E10 (x)

H
y
d

ro
d

y
n

a
m

ic
 R

a
d

iu
s
 (

Å
) Unfolded

Protein
Refolded

Protein

X=0.0

X=0.1

X=0.2

X=0.3

X=0.4

X=0.6

X=0.8

X=1.0

g
2
(

) 



Delay Time (s)  

Figure 3.11. (a) SANS and (b) DLS data of 1 wt% BSA protein with 40 mM of mixed surfactants (SDS 

and C12E10) with varying mole fraction (X) of nonionic surfactant at pH=7 and 0.2 M NaCl in D2O. The 

inset in Figure (b) shows the variation of effective hydrodynamic radius with the change in the mole 

fraction of nonionic surfactant. 
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Figure 3.12. SANS data of 1 wt% BSA protein with 40 mM of mixed surfactants (a) DTAB and C12E10 

and (b) SDS and C12E10 at 1:1 mole fraction of ionic and nonionic surfactants at pH=7 and 0.2 M NaCl 

in D2O. The data are compared with the change in the order of mixing of ionic and nonionic surfactants. 

 

 

Figure 3.13. Schematic of the protein unfolding and refolding using ionic, nonionic and mixed 

surfactants.  



Chapter 3: Structure and interaction of protein-surfactant complexes 

89 
 

It has also been observed that the interaction of protein with mixed surfactants system is 

independent of the order in which two surfactants (ionic and nonionic) are added [Figure (3.12)]. 

This in turn shows that presence of nonionic surfactant can be used to refold the unfolded protein 

(nonionic surfactant addition to the protein-ionic surfactant system) as well as prevent ionic 

surfactant-induced unfolding of the protein using nonionic surfactant (ionic surfactant addition to 

the protein-nonionic surfactant system). The schematic of the protein unfolding and refolding 

using surfactants is shown in Figure 3.13. 

3.5.  Conclusions 

The role of different surfactants, concentration of surfactant, ionic strength and mixed 

surfactants on protein-surfactant interaction and their resultant structure has been studied. The 

ionic and nonionic surfactants show very different interactions with protein. The ionic surfactants 

bind to the protein by the site-specific electrostatic interaction and forming micelle-like clusters 

along the unfolded protein chain. On the other hand, nonionic surfactants do not interact with 

protein and coexist independently with unperturbed folded protein. The interaction of protein and 

ionic surfactant can be enhanced by increasing ionic strength and/or surfactant concentration. 

The ionic surfactants binding to proteins follow three concentration regions (specific binding, 

cooperative binding, and saturation region). Further, the nonionic-ionic mixed surfactants        

fold back the unfolded protein as well as prevent ionic surfactant induced protein unfolding. This 

behavior is explained as a result of the dominance of hydrophobic interaction of mixed 

surfactants over the electrostatic binding of ionic surfactant with protein. The bead-necklace 

structure of protein-surfactant system is characterized by the mass fractal structure and results are 

interpreted in terms of change in the fractal dimension, overall size of the protein-surfactant 

complex and number of micelles attached to the protein. 
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Chapter 4 

Structure of Protein with Anionic Surfactant in Presence of 

Nanoparticles 

4.1. Introduction 

Multi-component systems provide synergistic effects which cannot be achieved through 

individual components [34,134-135,190]. Nanoparticle addition to protein-surfactant system 

results in such a three-component system. Nanoparticles due to their small size and large     

surface-to-volume ratio possess unique and distinct properties which are useful for their 

numerous applications [106,111,117-118,122]. Many of these applications require interaction of 

nanoparticles with amphiphilic molecules like proteins, surfactants and their complexes 

[34,110,134,191-192]. The interactions in three-component nanoparticle-protein-surfactant 

system are expected to be governed by two-component nanoparticle-protein,                      

nanoparticle-surfactant and protein-surfactant interactions. In the case of protein-surfactant 

system, ionic surfactants bind to the protein through site-specific electrostatic binding at lower 

concentration and cooperative binding at higher surfactant concentrations [193]. The cooperative 

binding of surfactant with protein results in protein unfolding and formation of bead-necklace 

structure of their complexes as has been discussed in Chapter 3. Unlike protein-surfactant 

system, the nanoparticle-protein and nanoparticle-surfactant systems show non-cooperative 

interactions. These systems depending on the nature of the components (nanoparticles, protein or 

surfactant) and solution condition exhibit very different properties of the systems.                           

In nanoparticle-protein systems, the protein has tendency to adsorb on the nanoparticles, which 

can be simply controlled by the charge of the protein or nanoparticle [38,194]. For example, in 

the case of lyszoyme protein, they interact strongly with oppositely charged (anionic) silica 
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nanoparticles, resulting in aggregation of nanoparticles mediated by protein [195-196].
 
On the 

other hand, likely charged BSA protein interacts weakly with silica nanoparticle which is 

believed to be through the site specific adsorption on nanoparticles [197-198]. The similar results 

of interaction of nanoparticles with proteins have also been observed for nanoparticles with 

surfactants. The micelles mimic to the proteins and their interaction and resultant structure with 

nanoparticles can be varied by the type (anionic, cationic or nonionic) of the surfactant used 

[199]. It is clear that the varying system conditions can tune the interaction among the 

components and result in multiple functional hybrid materials [38,41,131,200-201].                   

In this chapter, the interaction of protein-surfactant complexes with nanoparticles has been 

investigated. The nanoparticles used are Ludox HS40 silica nanoparticles in the BSA protein and 

SDS surfactant complexes, where all the components are anionic. The chapter reports the 

structure and interaction of three-component systems as understood in terms of the interactions 

of two components. The SANS measurements have been carried out by selectively contrast 

matching components wherever required to simplify the scattering from complex systems. 

4.2. Experimental section 

The electrostatically stabilized Ludox HS40 silica nanoparticles (catalogue no: 420816) 

was purchased from Sigma-Aldrich. BSA protein and SDS surfactant used were same as in 

chapter 3. The mixed solvents of D2O and H2O were used for contrast matching individual 

components as per the requirement. The stock solutions of each component were prepared by 

dissolving the required weighted amounts of components in 20 mM phosphate buffer (pH=7) in 

presence of 0.2 M NaCl. Small-angle neutron scattering measurements were carried out at SANS 

Facility at DHRUVA Reactor, BARC, Mumbai and D11 SANS facility at Institut Laue Langevin 

(ILL), Grenoble, France [168]. These two facilities together provide the data collection in a wide 

wave vector transfer (Q) range of 0.006 to 0.30 Å
-1

 to probe different length scales of the system. 

In particular, D11 SANS facility at ILL, Grenoble provides the data to lower Q values.                     
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(4.1) 

All the samples were measured at 1 wt% concentration of silica nanoparticles to minimize their 

interparticle interactions. The silica nanoparticle interaction with protein and surfactant is studied 

independently by varying BSA (0 – 5 wt%) and SDS (0 – 100 mM) concentrations. The 

interaction of protein with surfactant is examined at a fixed concentration of BSA (1 wt%) with 

varying concentration of surfactant (0 – 100 mM). The three-component system is studied for 

fixed nanoparticle (1 wt%) and protein (1 wt%) with varying concentration of SDS                     

(0 – 100 mM). Samples were held in standard 1 mm or 2 mm path length quartz cells during the 

experiments. The lower thickness of the cells is preferred for the samples having solvents with 

higher contents of H2O, to lower the incoherent background. Data were corrected for background 

and empty cell, and normalized to absolute unit of cross section using standard procedures. 

4.3. SANS analysis 

The differential scattering cross section per unit volume d/d as a function of Q as 

measured in a SANS experiment can be expressed as [147,151]
  

2( ) ( ) ( )p

d
Q V P Q S Q B

d
 


  


 

where ϕ is volume fraction of particles, Vp is particle volume and ρ
2 

is scattering contrast of 

particles. P(Q) and S(Q) are the intraparticle and interparticle structure factors, respectively. B is 

the incoherent background. The expressions of different form factors and interparticle structure 

factors as used are described in chapter 2. The protein-surfactant complexes as well as 

nanoparticle aggregates wherever formed are characterized by structure factor of fractals 

(equation 2.40 and 2.41) [97,163,165]. 

The scattering length density and corresponding contrast match point of different 

constituents are given in Table 4.1. Experimental verification of contrast-match conditions of 

silica nanoparticles and SDS micelles is shown in Figure 4.1. 

The data have been analyzed by comparing the scattering from different models to the 

experimental data. Throughout the data analysis corrections were also made for instrumental 
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smearing. The modelled scattering profiles were smeared by the appropriate resolution function 

to compare with the measured data. The corrections for incoherent background were taken in the 

model calculations as a fitting parameter. The fitted parameters in the analysis were optimized by 

means of nonlinear least-square fitting program [151]. The fitted data are given by the solid lines 

to the experimental data points. 

Table 4.1. The calculated scattering length density and contrast match point of silica 

nanoparticles, BSA protein and different surfactants (SDS, DTAB and C12E10). 

Component Scattering length density 

(cm
-2

) 

Contrast-match point  

(% vol D2O) 

Silica 3.81  10
10 63 

BSA 2.59  10
10

 40 

SDS 0.31  10
10

 13 

DTAB -0.42  10
10

 2 

C12E10 0.30  10
10

 13 
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Figure 4.1. Experimental verification of contrast-matched conditions (a) silica nanoparticles and              

(b) SDS micelles. A flat pattern is obtained of incoherent scattering as compared to that scattering from 

D2O as solvent.  
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4.4. Results and discussion 

4.4.1. Characterization of individual components 

SANS data from pure 1 wt% HS40 nanoparticle, 1 wt% BSA protein and 50 mM           

SDS surfactant systems are shown in Figure 4.2. The monotonically decreasing scattering profile 

of silica nanoparticles indicate that these systems can be treated as dilute and the scattering is 

determined by the intraparticle structure factor P(Q) [195]. This fact was further confirmed by 

scaling of the data with those of the lower concentration of nanoparticles. The BSA protein and 

SDS surfactants are fitted by oblate ellipsoidal and prolate ellipsoidal structure as in chapter 3 

and presented here for comparison with nanoparticles. The scattering profiles are significantly 

different for nanoparticle, protein and surfactant systems, which correspond to different sizes and 

contrast of the components (equation 4.1). The fitted parameters are given in Table 4.2. The 

HS40 nanoparticles have a mean radius of 87.1 Å with a polydispersity of 0.22 [195]. The BSA 

protein fits to the oblate ellipsoidal shape having semi-minor and semi-major axes of 13.6 and 

42.3 Å; respectively [183]. The SDS surfactant forms prolate core-shell ellipsoidal micelles with 

semi-minor axis, semi-major axes and shell thickness as 16.7 Å, 29.0 Å and 5.0 Å, respectively 

[71]. S(Q) for charged micelles was calculated using the screened Coulomb potential between 

micelles under mean spherical approximation and the effective charge on the micelle is found to 

be around 25 e.u [156]. The structural parameters of all the above components (HS40 silica 

nanoparticles, BSA protein and SDS micelles) are found to be in agreement to those reported 

earlier [71,183,195]. The observed difference in the sizes of the components is important from 

the point of view of optimizing interaction of different components. The larger size difference 

between nanoparticle and protein enhance protein adsorption on nanoparticles, if any [202].     

The C12 chain length is optimum for protein unfolding, which is used in many practical 

applications [65,171,188].  
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Figure 4.2. SANS data from 1 wt% HS40 silica nanoparticles, 1 wt% BSA protein and 50 mM SDS 

surfactant in presence of 0.2 M NaCl in D2O. Data have been fitted by different structural models for 

differences in the scattering profiles of silica nanoparticles (polydisperse spheres), BSA protein (oblate 

ellipsoid) and SDS micelles (prolate ellipsoid). 

Table 4.2. The fitted parameters of 1 wt% HS40 silica nanoparticles, 1 wt% BSA protein and 50 mM 

SDS surfactant in presence of 0.2 M NaCl in D2O. 

System Shape Structural dimensions 

Silica nanoparticles 

 

Polydisperse  

spherical 

Radius 

Rm = 87.1±1.0 Å 

Polydispersity 

ζ = 0.22±0.02 

Bovine serum albumin 

 

Oblate                 

ellipsoidal ( < 1) 

Semi-major axis 

R = 42.3±0.5 Å 

Semi-minor axis 

R = 13.6±0.2 Å 

Sodium dodecyl sulphate 

 

Prolate core-shell 

ellipsoidal ( > 1) 

Semi-minor axis 

R =16.7±0.2  Å 

Semi-major axis 

R = 29.0±0.4  Å 

Shell thickness 

t = 5.0 Å 

  
Aggregation number 

N = 97±4 

Charge  

Z = 25±2 e.u. 
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Figure 4.3. SANS data from the three-component system of 1 wt% HS40 silica nanoparticles,                  

1 wt% BSA protein and 50 mM SDS surfactant mixed together in presence of 0.2 M NaCl in D2O.             

Insets show the differences between the measured data of the three-component system with that of the 

addition of data of individual components (nanoparticle, protein and surfactant) as shown in different            

Q (low, intermediate and high) regions. 

Figure 4.3 shows the SANS data from a three-component complex system of 1 wt% silica 

nanoparticle, 1 wt% BSA protein and 50 mM SDS surfactant mixed together. These data of 

mixed system clearly show a very different behavior than those of the individual components 

(Figure 4.2). The calculated data of the addition of three individual components (nanoparticle, 

protein and surfactant) with the measured data of three-component system is compared in the 

insets. The comparison is made in three different Q (low, intermediate and high) regions of the 

data in order to understand how the mixed system behaves differently from the behavior of 

individual components. The scattering data of mixed system shows a buildup of scattering 

intensity in the low Q region as compared to the sum of scattering from individual components. 

The mixed system also show significant differences on log-log scale in the intermediate Q region 

from the sum of scattering of individual components. The measured data in the high Q region of 

the mixed system almost match to the calculated scattering of addition of individual components. 
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These observed differences suggest a strong interaction of components in spite of the fact that 

the components are similarly (anionic) charged. The properties of mixed system are expected to 

be determined by the different possible interactions of components with each other                      

(e.g. nanoparticle-protein, nanoparticle-surfactant and protein-surfactant). To correlate the role of 

each of these two-component interactions on mixed system, they have been investigated in 

different combinations as discussed in the following. 

4.4.2.  Structure of different two-component systems 

SANS data from 1 wt% HS40 with 1 wt% BSA along with corresponding pure 

components (1 wt% HS40 and 1 wt% BSA) in solvents D2O and H2O are given in Figure 4.4.    

It is observed that there is buildup of scattering intensity in the low Q region in the mixed 

system. It cannot be explained by the sum of the scattering of the two components                         

[inset of Figure 4.4(a)] which suggests the presence of significant interaction between the 

components. This interaction may arise because of either adsorption of protein on nanoparticle 

[change in P(Q)] or by the increase in attractive interaction of particles [change in S(Q)] through 

the non-adsorption of protein on nanoparticles [195,203]. Only site-specific adsorption of 

anionic BSA on anionic nanoparticles is possible [204-206].
 
This kind of adsorption is expected 

to enhance the charge stability of nanoparticles. However, the nanoparticles are found to be 

aggregated in the mixed system as appeared from the observed turbidity of the system. It may be 

added that our system in present study is much beyond the onset of attractive interaction where 

the nanoparticles have achieved the complete aggregation. The aggregation in SANS data is also 

reflected by the linear Q dependence on log-log scale in the low Q region. In the case of fractal 

aggregates of particles, SANS data show a linear Q dependence whose higher and lower cut offs 

are decided by the building block (particle) size and overall size of the aggregates, respectively 
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[163,195]. In the high Q region, the data of mixed system match to that of addition of 

nanoparticle and BSA, suggesting nanoparticle aggregates coexist with the free proteins. In the 

case of SANS experiments using solvent H2O, the scattering from protein is minimized             

[Figure 4.4(b)]. The scattering data of 1 wt% HS40 with 1 wt% BSA in H2O still shows similar 

features to that of in D2O. The scattering is dominated by fractal aggregates of nanoparticles.          

The nanoparticle aggregation can be explained as a result of depletion force of non-adsorption of 

protein on the nanoparticles [25,207-208]. 
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Figure 4.4. SANS data from 1 wt% HS40 silica nanoparticles with 1 wt% BSA protein is compared with 

individual components (1 wt% HS40 and 1 wt% BSA) in presence of 0.2 M NaCl (a) in D2O and           

(b) in H2O. Inset of (a) shows the comparison of experimentally measured data of 1 wt% HS40 +             

1 wt% BSA to the calculated sum of individual component data. Scattering data of 1 wt% HS40 +      

1wt% BSA are fitted by the model of coexistence of nanoparticle aggregates with BSA protein in the 

system. 

SANS data of 1 wt% HS40 silica nanoparticle with varying concentration of BSA protein 

(0.5 – 5 wt%) are shown in Figure 4.5. All the data in the low Q region have similar features 

irrespective of protein concentration whereas differ in the high Q region. The linear behavior of 

SANS data on log-log scale in low Q region suggests fractal aggregates of nanoparticle even 

formed at 0.5 wt% of protein concentration [163,209]. The buildup of scattering in the higher Q 
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region with increase in protein concentration is because of scattering from protein  is  enhanced. 

The data are fitted with the coexistence of nanoparticle aggregates with BSA protein in the 

system. The fitting parameters of HS40 nanoparticles with varying protein concentration           

are given in Table 4.3. There is no layer coating of BSA found around the nanoparticles. This is 

confirmed by the fitting of S(Q), where the higher Q cut-off correspond to the size of 

nanoparticle (not to the size of sum of nanoparticle and protein). The fitted parameters of BSA 

protein in the mixed systems are found to be same as that of the pure systems. The value of 

fractal dimension (~ 2.5) suggests that the nanoparticle aggregation is governed by the process of 

diffusion limited aggregation (DLA) [210]. There is no lower cut-off observed in the SANS data 

indicating the overall size of aggregates could be much larger than 1000 Å (~ 2/Qmin) that can 

be measured from the present Q range of the data. 
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Figure 4.5. SANS data from 1 wt% HS40 silica nanoparticles with varying concentration of BSA protein 

in presence of 0.2 M NaCl in D2O. Data are fitted by the model of coexistence of nanoparticle aggregates 

with BSA protein in the system. The buildup of scattering in the higher Q region arises from the free 

(non-adsorbing) protein in the system. 
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Table 4.3. The fitted fractal dimension of aggregation of silica nanoparticles (1 wt% HS40) with varying 

concentration of BSA protein in presence of 0.2 M NaCl in D2O. The mixed system (nanoparticle-

protein) consists of aggregates of nanoparticles coexisting with individual proteins. The building block 

size of the fractal aggregates is same in all the cases that of the size of nanoparticle (87.1 Å), whereas the 

extent of aggregates has been taken a value larger than 2/Qmin (~ 1000 Å) because of absence of lower Q 

cut-off. 

[BSA] (wt%) 0.5 1 2 5 

Fractal dimension (D) 2.40±0.15 2.53±0.18 2.55±0.18 2.56±0.18 

SANS data of 1 wt% HS40 nanoparticles in presence of 50 mM SDS surfactant along 

with individual components are shown in Figure 4.6. The data for mixed system are found to be 

dominated by scattering from larger-sized HS40 nanoparticles in the low Q region whereas by 

smaller-sized SDS micelles in the high Q region (see Table 4.2). The inset of the figure shows 

that scattering from the mixed (nanoparticle + micelle) system can be represented almost by 

adding of scatterings from individual components of nanoparticles and micelles. This indicates 

the absence of any kind of physical interaction between components, which has also been 

supported in Figure 4.7 by either contrast matching nanoparticles or surfactant micelles to the 

solvent. The overlapping of data of mixed (1 wt% HS40 + 50mM SDS) system with that one of 

the pure components (other is contrast-matched), confirms there exists no physical interaction 

between the components. These results are unlike the case of nanoparticle and protein system. In 

spite of the fact that both the micelles and proteins are anionic, their interaction with anionic 

nanoparticles has been observed to be significantly different. The non-significant observation of 

depletion interaction for the micelles may be due to their much smaller size and having a higher 

charge on them than the protein [25,207]. These two contributions are expected to suppress the 

excluded volume effect for micelles with nanoparticles and hence their depletion interaction 

[25,211]. The data have been fitted by considering HS40 nanoparticles and SDS micelles coexist 
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independently. Further, the independent coexisting of two components has been examined over  

a wide range (5 – 100 mM) of surfactant concentration [Figure 4.8(a)]. In all  the  cases  data  are 
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Figure 4.6. SANS data from 1 wt% HS40 silica nanoparticles with 50 mM SDS micelles compared with 

individual components (1 wt% HS40 and 50 mM SDS) in presence of 0.2 M NaCl in D2O. Inset shows 

the comparison of as measured data (1 wt% HS40 + 50 mM SDS) with that of the addition of individual 

components. Data of 1 wt% HS40 + 50 mM SDS are fitted by sum of model scattering from individual 

components of nanoparticles and micelles. 
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Figure 4.7. SANS data of 1 wt% HS40 with 50 mM SDS (a) nanoparticles are contrast-matched along 

with data from pure surfactant (SDS) system and (b) micelles are contrast-matched along with data from 

pure nanoparticle (HS40) system.  
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fitted by the scattering which is sum of the individual components. The fitted parameters are 

given in Table 4.4. It is also interesting to note that the micellar structure did not show any 

observable changes without or with silica nanoparticles. The micellar structure is also found to 

be almost similar over the measured concentration range of 0 to 100 mM. The increase in 

aggregation number of surfactant micelles is known to depend on salt to surfactant molar ratio 

[13,73,212]. The aggregation numbers in Table 4.4 are from the combined effect of (i) surfactant 

concentration effect which increases with the surfactant concentration and (ii) salt to surfactant 

molar ratio effect which decreases with the surfactant concentration for a fixed salt 

concentration. The SANS data for pure SDS in salt solutions are given in Figure 4.8(b). The fact 

they look almost parallel to each other, suggests they correspond to similar structure (aggregation 

number) of micelles. 

Table 4.4. The fitted structural parameters of (5 - 100 mM) SDS micelles coexisting with (1 wt%) HS40 

nanoparticles in presence of 0.2 M NaCl in D2O. Data are fitted for prolate core-shell ellipsoidal shape of 

SDS micelles residing independently in solution. The similar parameters are also obtained for pure SDS 

micellar solution without HS40 nanoparticles. 

[SDS] 

mM  

Semi-major axis 

  (Å) 

Semi-minor axis 

  (Å) 

Shell thickness 

(Å) 

Charge 

Z (e.u.) 

Aggregation 

number (N) 

5  27.2±0.9 16.7±0.3 5.0 - 90±6 

10  27.5±0.6 16.7±0.3 5.0 - 91±5 

25  28.3±0.5 16.7±0.2 5.0 - 94±4 

50  29.0±0.4 16.7±0.2 5.0 25±2 97±4 

100  29.1±0.4 16.7±0.2 5.0 25±2 97±4 
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Figure 4.8. SANS data from (a) 1 wt% HS40 silica nanoparticles with varying concentration of SDS 

surfactant (b) different concentrations of individual SDS surfactants in presence of 0.2 M NaCl in D2O. 

Data of mixed system are fitted by sum of model scattering from individual components of nanoparticles 

and micelles.  

Unlike the interaction of SDS surfactants with nanoparticle, the surfactants are known to 

be strongly interacting with the protein as discussed in chapter 3. The surfactants show 

concentration dependent interaction with the protein. SANS data of 1 wt% BSA with varying 

surfactant concentrations from 0 to 100 mM SDS are shown in Figure 4.9. The surfactants bind 

to protein through site specific binding at low concentration, cooperative binding at intermediate 

concentration region and show saturation at still higher concentrations. The protein unfolds in 

cooperative binding region resulting in formation of the bead-necklace structure characterized by 

mass fractal as discussed in chapter 3. The fitted parameters are shown in Table 4.5. The free 

micelles are also found to be coexisting with protein-surfactant complex at higher surfactant 

concentration beyond 50 mM. The value of free micelles at 100 mM is determined about 35%. 
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Figure 4.9. SANS data from 1 wt% BSA protein with varying concentration of SDS surfactant in 

presence of 0.2 M NaCl in D2O.  Data in lower surfactant concentration (0 – 10 mM) are fitted by   the 

expanded protein structure whereas by fractal structure of micelle-like clusters randomly distributed along 

the unfolded protein chain for higher concentrations of surfactant (25 – 100 mM). The free micelles are 

also found to be coexisting with protein-surfactant fractal structure in the case of 100 mM SDS. 

Table 4.5. The fitted parameters of SANS analysis of protein-surfactant complex for 1 wt% BSA with 

varying concentration of SDS surfactant in presence of 0.2 M NaCl in D2O.  

(i) Oblate ellipsoidal shape of the protein macromolecule for lower concentrations of surfactant                      

(0 – 10 mM). 

System Semi-minor axis  (Å)  Semi-major axis  (Å) 

1 wt% BSA 13.6±0.2 42.3±0.5 

1 wt% BSA+5 mM SDS  13.6±0.2 44.3±0.5 

1 wt% BSA+10 mM SDS 13.6±0.2 50.3±0.6 
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(ii) Fractal structure of micelle-like clusters randomly distributed along the unfolded protein chain for 

higher concentrations of surfactant (25 - 100 mM). 

System Fractal 

dimension  

D 

Correlation 

length 

 ξ (Å) 

Micelle 

radius  

r (Å) 

Number of 

micelles  

n 

Aggregation 

number  

N 

1 wt% BSA+25mM SDS 2.18±0.10 25.2±1.0 18.6 3 55 

1 wt% BSA+50mM SDS 1.62±0.08 39.8±2.5 18.6 6 50 

1 wt% BSA+100mM SDS 1.35±0.08 49.5±4.0 18.6 8 50 

4.4.3. Structure of resultant three-component system 

The interaction of the three-component system nanoparticle-protein-surfactant has been 

looked into based on the above discussed interactions of two component systems             

(nanoparticle-protein and protein-surfactant). SANS data of the three-component system of         

1 wt% HS40 mixed with 1 wt% BSA and 50 mM SDS is compared to two-component systems 

of 1 wt% HS40 with 1 wt% BSA and 1 wt% BSA with 50 mM SDS in Figure 4.10.                           

It is interesting to note that the scattering behavior of the three-component system is the 

cumulative effect of two-component systems corresponding to protein-surfactant interaction as 

seen in the higher Q region and nanoparticle-protein in the lower Q region. This structure of 

protein-surfactant complex is found showing similar features with and without the presence of 

nanoparticles. The low Q scattering behavior of the three-component system is similar to that 

observed in the two-component system of nanoparticle-protein but unlike the case of the 

nanoparticle-surfactant system. This suggests that the protein-surfactant complex behaves more 

like that of protein but unlike surfactant in interaction with nanoparticles. This is possible as the 

surface charge density of surfactant micelles is expected to decrease on the formation of the 
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protein-surfactant complex, which makes the complex to behave more like that of              

nanoparticle-protein (depletion induced nanoparticle aggregation) than nanoparticle-surfactant 

(non-aggregation of particles). The effect of varying surfactant concentration on the 

nanoparticle-protein-surfactant system is shown in Figure 4.11. It is observed that the data in the 

low Q region corresponding to the nanoparticle aggregation remain more or less same with the 

increase in surfactant concentration (0 – 100 mM). There are systematic changes in the higher          

Q region, which are similar to that of the protein-surfactant system. This suggests that 

irrespective of absence or presence of nanoparticles, the interaction of protein and surfactant is 

maintained over a wide concentration range of surfactant. The schematic of the resultant 

structures formed in the three component nanoparticle-protein-surfactant system are given in 

Figure 4.12. 
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Figure 4.10. SANS data from three-component system of 1 wt% HS40 silica nanoparticles mixed with                   

1 wt% BSA protein and 50 mM SDS surfactant and compared along with two-component systems of                  

1 wt% HS40 + 1 wt% BSA and 1 wt% BSA + 50 mM SDS in presence of 0.2 M NaCl in D2O. Data of three-

component system are fitted by the sum of the scattering contributions of protein-surfactant complexes and 

nanoparticle aggregates as induced by proteins. 
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Figure 4.11. SANS data from 1 wt% HS40 silica nanoparticles mixed with 1 wt% BSA protein and varying 

concentration of SDS surfactant (5 – 100 mM) in presence of 0.2 M NaCl in D2O. 

 

 

Figure 4.12. Schematic of the structures formed in the three-component nanoparticle-protein-surfactant 

system. 

4.4.4. Role of individual component in three-component system 

The combined effect of nanoparticle-protein and protein-surfactant systems in their              

three-component system (nanoparticle-protein-surfactant) is further examined by the contrast 

variation SANS experiments. In the case, when nanoparticles are contrast matched,                       
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the  SANS data of nanoparticle-protein-surfactant system have similar features to that of   

protein-surfactant  system  [Figure 4.13(a)]. This  confirms  that  protein-surfactant interaction  is  
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Figure 4.13. SANS data (a) 1 wt% HS40 + 1 wt% BSA + 50 mM SDS having silica nanoparticles 

contrast matched are compared  with 1 wt% BSA + 50 mM SDS and (b) 1 wt% HS40 + 1 wt% BSA +        

50 mM SDS having surfactant contrast matched are compared with 1 wt% HS40 + 1 wt% BSA in 

presence of 0.2 M NaCl. Data of 1 wt% BSA + 50 mM SDS without and with nanoparticles (contrast 

matched) are fitted by bead-necklace structure of BSA-SDS complex whereas data of 1 wt% HS40 +             

1 wt% BSA without and with surfactant (contrast matched) are fitted by coexistence of nanoparticle 

aggregates with BSA protein in the system.  

Table 4.6. Fitted parameters of fractal structure of protein-surfactant complex (1 wt% BSA + 50 mM 

SDS) without and with nanoparticles. The analysis for protein-surfactant system with nanoparticles           

(1 wt% HS40) is from when the nanoparticles are contrast matched.  Both the systems have been studied 

in presence of 0.2 M NaCl.  

System Fractal 

dimension  

D 

Correlation 

length 

 ξ (Å) 

Micelle 

radius  

r (Å) 

Number of 

micelles 

n 

Aggregation 

number  

N 

Without nanoparticle 1.62±0.08 39.8±2.5 18.6 6 50 

With nanoparticles 1.45±0.11 49.7±4.0 18.6 7 43 
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maintained in the absence as well as presence of nanoparticles. However, there are significant 

differences observed with nanoparticles, which is an indication of their favoring of the protein 

unfolding. The fitted parameters of protein-surfactant complexes without and with nanoparticles 

are given in Table 4.6. The fractal dimension decreases with increase in the correlation length of 

the protein-surfactant complex in the presence of nanoparticles, which suggests to nanoparticle 

enhanced unfolding of protein with surfactant. The enhanced unfolding of protein is also 

consistent with the increase in number of micelles attached to polypeptide chain along with 

decrease in aggregation number of micelles. On the other hand, when the surfactant is contrast 

matched, the data of nanoparticle-protein-surfactant system look similar to that of the 

nanoparticle-protein system [Figure 4.13(b)]. These results confirm that nanoparticle aggregates 

that of nanoparticle-protein system also exist in nanoparticle-protein-surfactant system. The 

observed changes in the data without and with surfactant are expected to be due to enhanced 

aggregation of nanoparticles (low Q region) with the unfolding of protein in the presence of 

surfactant [135]. The fractal dimension of nanoparticle aggregation is found to be increased from 

2.5 to 2.7 in presence of both protein and surfactant as compared to protein alone. This increase 

in fractal dimension also supports the enhancement in the aggregation of nanoparticles with 

protein in presence of surfactant. Both the protein and surfactant are non-adsorbing to the 

nanoparticles. The resultant depletion depends on the excluded volume, which is enhanced for 

protein in the presence of surfactant as the overall size of protein-surfactant complex is larger 

than the protein alone.  

4.5.  Conclusions 

The silica nanoparticle effect in BSA protein and SDS surfactant system has been 

studied. It is found that there exists a strong interaction of components although the components 
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are similarly (anionic) charged. The properties of nanoparticle interaction with protein-surfactant 

system are determined by the different possible interactions of components with each other         

(e.g. nanoparticle-protein, nanoparticle-surfactant and protein-surfactant). Surfactants interact 

cooperatively with the protein to form bead-necklace structure comprising micelle-like clusters 

of the surfactant along the unfolded protein chain. In nanoparticle-protein system, the 

nanoparticle aggregates are formed through the depletion force of non-adsorbing protein to the 

nanoparticles. On the other hand, no physical interaction is observed between the components for 

nanoparticle-surfactant system.  The resultant structural behavior of the three-component system 

is explained via synergetic effect of two-component nanoparticle-protein and protein-surfactant 

interactions. The non-adsorption of protein-surfactant complex on nanoparticles result in 

depletion induced nanoparticle aggregation (similar to nanoparticle-protein system) coexisting 

with the protein-surfactant complexes. Both the bead-necklace structure of protein-surfactant 

complexes and nanoparticle aggregates are characterized by the mass fractals. The protein 

unfolding as well as nanoparticle aggregation is found to be enhanced in the three-component 

system as compared to the corresponding two-component systems. 
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Chapter 5 

Structure of Cationic versus Anionic Surfactants with Protein 

in Presence of Nanoparticles 

5.1.  Introduction 

Tuning of the structure and interaction of nanoparticles with macromolecules can 

generate new properties for various applications. The properties of such complexes can be varied 

by various parameters which include charge on individual component, pH, ionic strength etc 

[200,209,213-214].
 
In all these, electrostatic interaction among the components plays an 

important role in controlling and easy tuning the structure and interaction of such complexes 

[194,200,209,215]. For example, the interaction of silica nanoparticle with oppositely charged 

lysozyme protein and DTAB surfactant provides strong adsorption of protein/micelle on 

nanoparticles, which in turn leads to protein/micelle mediated fractal aggregation of 

nanoparticles [185,196,209,216]. The nanoparticle aggregates coexist with unaggregated 

nanoparticles at the low protein/micelle concentrations whereas with free protein/micelle at high 

concentrations. In the case of similarly charged BSA protein and SDS surfactant, they show  

non-adsorption on silica nanoparticles which can lead to depletion force between silica 

nanoparticles (chapter 4). This depletion interaction can result in nanoparticle aggregation 

similar to that of oppositely charged nanoparticle-protein/surfactant systems [185,216]. On the 

other hand, the interactions in protein-surfactant complexes are significantly different and 

cooperative binding of surfactant with protein leads to the unfolding of protein through           
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micelle-like clusters attached along the unfolded polypeptide chain (chapters 3). The cooperative 

binding is predominantly hydrophobic so both the anionic (SDS) and cationic (DTAB) 

surfactants undergo quite similar binding with anionic (BSA) protein [193,217-218]. There is 

interest to know how the different two-component interactions control the structure and 

interaction in three-component systems. It is also interesting to examine the role of a particular 

component in modifying the interaction of other two components. 

Chapter 4 discussed the results of the three-component system of silica nanoparticle, BSA 

protein and SDS surfactant, where all the three components are anionic [219-220]. It has         

been found that the interaction of individual two-components (nanoparticle-protein,                 

nanoparticle-surfactant and protein-surfactant) governs the properties of three-component 

system. The nanoparticle-protein system shows depletion force induced nanoparticle aggregates 

coexisting with free protein. Both the components remain independently in                       

nanoparticle-surfactant system, whereas the surfactant interacts cooperatively with protein 

leading to micelle-like cluster of the surfactants formed along the unfolded chain of protein. The 

structure of the three-component (nanoparticle-protein-surfactant) system is found to be 

determined by the synergetic effect of nanoparticle-protein and protein-surfactant interactions. 

The protein-surfactant complex controls the structure of three-component system leading to 

nanoparticle aggregates similar to that of nanoparticle-protein system. The nanoparticle 

aggregation in three-component system as compared to nanoparticle-protein as well as unfolding 

of protein in three-component system as compared to protein-surfactant is enhanced. In the 

present chapter, a three-component system where the anionic surfactant SDS has been replaced 

by cationic surfactant DTAB is examined. This kind of change in three-component system         
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(5.1) 

is expected to significantly modify the nanoparticle-surfactant and protein-surfactant           

interactions [86,218,221]. The structure and interaction in these two-component systems and 

their role in three-component system have been studied by SANS.  

5.2.  Experimental section 

Electrostatically stabilized colloidal suspension of ludox HS40 silica nanoparticles,       

BSA protein and DTAB surfactant were used same as in chapters 3 and chapter 4. The stock 

solutions of each component were prepared by dissolving the required weighted amounts of 

components in 20 mM phosphate buffer (pH=7) in presence of 0.2 M NaCl. The silica 

nanoparticle interaction with protein and surfactant is studied at fixed concentrations of 

nanoparticle (1 wt%), protein (1 wt%) and surfactant (50 mM). Small-angle neutron scattering 

experiments were performed using SANS facilities at the Dhruva reactor, Bhabha Atomic 

Research Centre, Mumbai [146] and SANS-I facility, Swiss Spallation Neutron Source SINQ, 

Paul Scherrer Institut, Switzerland [167]. The data were covered over a wave vector transfer (Q) 

range of 0.006 to 0.30 Å
-1

. Samples were held in standard 1 mm or 2 mm path length quartz cells 

during the experiments. Data were corrected for background, empty cell and normalized to 

absolute unit of cross section. 

5.3.  SANS analysis 

The differential scattering cross section per unit volume d/d for a system of 

monodisperse particles is given as [147,151,182] 
 

2 2( ) ( ) ( )p

d
Q nV P Q S Q B

d



  


 

where n is number density of particles, Vp is particle volume and ρ
2 

is scattering contrast of 

particles. P(Q) and S(Q) are the intraparticle and interparticle structure factors, respectively.               
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(5.2) 

B is the incoherent background. The expressions for standard P(Q) and S(Q) as used are 

described in chapter 2.   

 In the case of interaction leading to the adsorption of micelles or proteins on 

nanoparticles, d/d  for such core-shell structure can be expressed as [184] 

2

1 1 1 2
1 2

1 2

3 ( ) 3 ( )
( ) ( ) ( ) ( )c shell shell s

j Qr j Qrd
Q n V V S Q B

d Qr Qr
   

    
        

     

 

where ρc, ρshell and ρs are, respectively, the scattering length densities of the core, shell and 

solvent. The dimensions r1, r2, V1 and V2 are the inner radius, outer radius, volume of core and 

volume of core along with shell, respectively.  

The strong interaction between oppositely charged micelles or proteins with nanoparticles 

is known to result in aggregation of nanoparticles. The aggregates are characterized by a S(Q) of 

mass fractal as given in equation 2.40 (chapter 2). The mass fractal structure is also used for the 

bead-necklace model of protein-surfactant complex as given in equation 3.2 (chapter 3).  

The data have been analyzed by comparing the scattering from the combination of 

different models to the experimental data. The corrections for instrumental smearing were made 

throughout the data analysis [222]. The fitted parameters in the analysis were optimized by 

means of nonlinear least-square fitting program [151]. The fitted data are represented by the solid 

lines to the experimental data points. 

5.4.  Results and discussion 

5.4.1.  Characterization of cationic versus anionic surfactants 

The characterization of pure 1 wt% HS40 silica nanoparticles, 1 wt% BSA protein and   

50 mM SDS surfactant is discussed in chapter 4 (Figure 4.2). The comparison of SANS 

scattering profiles of cationic DTAB and anionic SDS surfactant is shown in Figure 5.1. The 

scattering profiles are fitted with P(Q) of prolate ellipsoidal core-shell structure and S(Q) of 

screened Coulomb potential between micelles under the rescaled mean spherical approximation 
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(chapter 4) [158]. The fitted parameters of both the surfactants for comparison are given in  

Table 5.1. The structure of DTAB micelles is found to be similar to SDS micelle except they are 

oppositely charged. The use of DTAB versus SDS surfactants is to understand the role of 

electrostatic interactions in governing their interactions with protein and nanoparticles, and in 

turn resultant structure of three-component nanoparticle-protein-surfactant system. 
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Figure 5.1. SANS data of 50 mM DTAB surfactant compared with 50 mM SDS surfactants at pH=7 and 

in the presence of 0.2 M NaCl in D2O. 

Table 5.1. The structural parameters of 50 mM DTAB and 50 mM SDS surfactant solutions at pH=7 and 

in the presence of 0.2 M NaCl in D2O.  

System Shape Structural dimensions 

dodecyl 

trimethylammonium 

bromide (DTAB) 

Prolate core-shell 

ellipsoidal ( > 1) 

Semi-minor axis 

R =16.7±0.2  Ǻ 

Semi-major axis 

R = 21.0±0.4 Å 

Shell thickness 

t = 5.8 Ǻ 

 
 

Aggregation number 

N = 70±4 

Charge 

Z = +21±2 e.u. 
 

Sodium dodecyl 

sulfate (SDS) 

Prolate core-shell 

ellipsoidal ( > 1) 

Semi-minor axis 

R =16.7±0.2  Ǻ 

Semi-major axis 

R = 29.0±0.4  Ǻ 

Shell thickness 

t = 5.0 Ǻ 

 
 

Aggregation number 

N = 97±4 

Charge 

Z = -25±2 e.u. 
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Figure 5.2. SANS data of 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein + 50 mM DTAB 

surfactant are compared with (a) sum of scattering from individual components                                         

(1 wt% HS40 silica nanoparticles, 1 wt% BSA protein and 50 mM DTAB surfactant) and                       

(b) 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein + 50 mM SDS surfactant at pH=7 and in the 

presence of 0.2 M NaCl in D2O. 

SANS scattering profile of three-component system of anionic silica nanoparticle-anionic 

BSA protein-cationic DTAB surfactant is shown in Figure 5.2. The SANS data as measured are 

also compared with simple addition of scattering from the three individual components. The 

scattering profile of three-component system is significantly different from the sum of scattering 

of individual components indicating the strong interaction and/or structural evolution in       

three-component system as compared to individual components. The scattering profile over the 

whole Q range can be divided into three regions. The scattering from region III in high Q range 

almost overlap with the sum of scattering from individual components. There are significant 

differences of scattering from the two profiles in intermediate Q range (region II) and dramatic 

differences in the low Q range (region I). In particular, the strong build up of scattering and 

linearity on log-log scale in the low Q range (region I) indicates the formation of large size 

fractal aggregates in solution [196,216].
 
The SANS data of silica nanoparticle-BSA protein-
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DTAB surfactant are also found to be significantly different than those of                                      

silica nanoparticle-BSA protein-SDS surfactant system [Figure 5.2 (b)]. The significant 

differences in scattering profiles indicate that the cationic versus anionic surfactant play 

important role in tuning the properties of three-component system. The differences in 

microstructure of nanoparticle-protein-surfactant system for DTAB vs SDS surfactants are 

expected from the difference in the interaction of nanoparticle-surfactant and protein-surfactant 

complexes. 

5.4.2.  Structure of different two-component systems 

Amongst different possible two-component systems (nanoparticle-protein,                 

nanoparticle-surfactant and protein-surfactant) in the three-component system of silica 

nanoparticle-BSA protein-DTAB surfactant, the nanoparticle-protein system has been discussed 

in chapter 4. The non adsorption of BSA protein on nanoparticles result in depletion force 

induced nanoparticle aggregation coexisting with the BSA protein [216,219]. The nanoparticle 

aggregates are characterized by mass fractal with fractal dimension D=2.55 indicating diffusion 

limited aggregation like fractal morphology. SANS data of 1 wt% HS40 silica nanoparticles +  

50 mM DTAB surfactant is shown in Figure 5.3. The scattering profile of nanoparticle-surfactant 

system is also compared with the sum of scattering of individual components. The scattering in 

intermediate to high Q range is dominated by DTAB micelles, whereas the linearity in scattering 

profile in low Q range arises from the fractals of nanoparticle aggregates similar to                

nanoparticle-protein system [163,221].
 
In the case of nanoparticle-DTAB surfactant system, the 

electrostatic interaction mediated by oppositely charged surfactant micelles                                

between nanoparticles is expected to govern the nanoparticle aggregation. SANS data                                       

of nanoparticle-surfactant system is also compared with nanoparticle-protein                                         
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(1 wt% HS40 + 1 wt% BSA) system in Figure 5.4(a). The difference in structures of nanoparticle 

aggregates in silica nanoparticle-DTAB surfactant system and silica nanoparticle-BSA protein 

system is also evident from the difference in scattering in low Q range. The nanoparticle 

aggregates in silica nanoparticle-DTAB surfactant system have higher slope in the low Q region 

than the case of silica nanoparticle-BSA protein system. The higher slope (fractal dimension) 

means higher packing fraction of nanoparticles in these aggregates, which is expected because of 

the strong electrostatic binding mediated by surfactant micelles among the nanoparticles 

[200,209]. The difference in scattering in the intermediate to high Q range is from the different 

scattering contrast and volume fractions of proteins and micelles in solution. The SANS data of 

silica nanoparticles with DTAB and SDS are compared in Figure 5.4(b). It had been found for 

SDS (very different than DTAB) that it is non-adsorbing as well non-depleting even up to very 

high concentration (chapter 4) [219]. It seems that nanoparticle-surfactant interaction is the most 

important one in deciding the differences in the structures of three-component system having 

surfactant as DTAB or SDS. Further, the role of surfactant micelles in the nanoparticle-surfactant 

aggregates has been examined by contrast matching the individual components systematically. 
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Figure 5.3. SANS data of 1 wt% HS40 silica nanoparticles + 50mM DTAB surfactant compared with the 

sum of scattering of individual components at pH=7 and in presence of 0.2 M NaCl in D2O. 
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Figure 5.4. SANS data of 1 wt% HS40 silica nanoparticles + 50mM DTAB surfactant compared with    

(a) 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein and (b) 1 wt% HS40 silica nanoparticles +              

50 mM SDS surfactant at pH=7 and 0.2 M NaCl in D2O. 
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Figure 5.5. SANS data of 1 wt% HS40 silica nanoparticles + 50 mM DTAB surfactant with (a) micelles 

are contrast matched and compared with 1 wt% HS40 silica nanoparticles and (b) nanoparticles are 

contrast matched and compared with 50 mM DTAB surfactant at pH=7 and 0.2 M NaCl. 

Figure 5.5 shows SANS data of HS40 nanoparticle-DTAB surfactant system with                           

(a) surfactant is contrast matched and (b) nanoparticles are contrast matched. The scattering of 

nanoparticle-surfactant system as compared to only nanoparticle system under surfactant contrast 

matched condition (Table 4.1) has very different behavior [Figure 5.5(a)]. There are clearly two 
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distinct features observed in the low and intermediate Q regions to that of nanoparticle-surfactant 

system. This shows the formation of new structure of nanoparticles in presence of surfactant. The 

large scattering with linear dependence in low Q region confirms the new structure as 

nanoparticle aggregates which are characterized by a mass fractal. The fractal dimension for 

nanoparticle-surfactant system (D=2.72) is found to be significantly larger than diffusion limited 

aggregation of nanoparticles in presence of protein [210,223]. The lower scattering                             

for nanoparticle-surfactant system than the only nanoparticle system in the intermediate Q range 

indicates that the building block size in the aggregate structure is significantly higher that of the 

nanoparticle size, which possibly arises because of the surfactant micelles mediating the 

nanoparticles aggregates. This point is made clear in [Figure 5.5(b)] when the nanoparticles in 

nanoparticle-surfactant system are contrast matched (60 vol% D2O in mixed D2O/H2O solvent). 

The scattering from surfactant micelles in nanoparticle-surfactant system is observed to be very 

different than pure surfactant solution. Similar to Figure 5.5 (a), there are again two distinct 

features observed in Figure 5.5(b) at the low and intermediate Q regions of                          

nanoparticle-surfactant system. The large scattering in the low Q region followed by a hump in 

the intermediate Q value arise from the aggregates of core-shell structure of surfactant micelles 

surrounding the non-visible nanoparticles [185,224]. The data are fitted using mass fractal 

distribution of shells of micelles [d/d(Q) ~ P(Q)S(Q)] with corresponding S(Q) and P(Q). The 

fractal dimension of 2.72 of nanoparticle aggregates is found to be similar to when the micelles 

are contrast-matched and the thickness of micelles adsorbed around the nanoparticles has a value 

about the size (diameter 41 Å) of the micelles. Interestingly, the building block size                         

(radius 107 Å) of the fractal aggregates is significantly less than that of the sum of the 

nanoparticle size (radius 87 Å) and micelle size (diameter 41 Å).  This is an indication that the 

nanoparticles are bridged by the single micelle to favor the attractive electrostatic interaction 
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between them for their aggregation. The number of adsorbed DTAB micelles per nanoparticle 

(N) is found to be 50. The maximum number of micelles that can adsorb at the nanoparticle 

surface is given by , where r and R are radii of micelle and nanoparticles, 

respectively. This results Nmax= 110 for R=87 Å and r= 20.5 Å. The large differenece between N 

and Nmax arises because of N is decided by the competition of nanoparticle-micelle attraction and 

micelle-micelle repulsion. 

It has been observed that nanoparticles undergo aggregation in presence of both the 

protein and surfactant despite of their very different nature of interaction with the nanoparticles. 

Therefore, the interaction of protein and surfactant is going to play important role when both the 

components are present in the nanoparticle solution. The surfactant molecules are known to be 

strongly interacting with the protein through electrostatic as well as hydrophobic interactions 

[179,193,218]. Both the cationic DTAB and anionic SDS surfactants unfold the BSA protein 

resulting in formation of bead-necklace structure of these complexes (chapter 3). SANS data               

of 1 wt% BSA protein with 50 mM DTAB surfactant is compared with 1 wt% BSA protein with   

50 mM SDS as shown in Figure 5.6. The scattering profiles from these systems show quite 

similar features. The data are fitted using structure factor of mass fractal S(Q) and form factor 

P(Q) of spherical micelles as discussed in chapter 3 and fitted parameters are given in Table 5.2. 

The size of micelle-like clusters is found to be smaller (16.8 Å for BSA-DTAB as compared to 

18.6 Å for BSA-SDS)  and overall size of complex larger (61.8 Å for BSA-DTAB as compared 

to 39.8 Å for BSA-SDS) in case of DTAB than SDS [219]. This supports to the fact that cationic 

DTAB micelles are relatively more effective in protein unfolding than anionic SDS micelles 

[177-178,193]. However, it is expected because of different overall charge on the                         
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protein-surfactant complex for the two surfactants (DTAB and SDS) will lead to their different 

interaction with nanoparticles. 
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Figure 5.6. SANS data of 1 wt% BSA protein + 50 mM DTAB surfactant compared with 1 wt% BSA 

protein + 50 mM SDS surfactant at pH=7 and in the presence of 0.2 M NaCl in D2O. 

Table 5.2. The fitting parameters of two-component systems at pH=7 and in the presence of 0.2 M NaCl 

in D2O.  

(a) Nanoparticle-protein system characterized by depletion interaction induced fractal aggregates of 

nanoparticles (from chapter 4). 

System Particle radius 

R (Å) 

Building block radius 

r (Å) 

Fractal dimension  

D 

1 wt% HS40 + 1 wt% BSA 87.1±1.0 87.1±1.0 2.55±0.20 

 

(b) Nanoparticle-surfactant system characterized by surfactant micelle mediated fractal aggregates of 

nanoparticles. 

System Particle 

radius 

R (Å) 

Shell 

Thickness

t (Å) 

Building 

block radius 

r (Å) 

Fractal 

dimension

D 

Adsorbed 

micelles per 

particle (N) 

1 wt% HS40 + 50 mM DTAB 87.1±1.0 41.0±0.5 107.0 2.72±0.20 50 
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(c) Protein-surfactant system characterized by fractal structure of micelle-like clusters formed along the 

unfolded protein chain. 

System Micelle 

radius  

r (Å) 

Correlation 

length 

 ξ (Å) 

Fractal 

dimension  

D 

Number of 

micelles 

n 

Aggregation 

number  

N 

1 wt% BSA + 50 mM DTAB 16.8±0.2 61.8±4.0 1.59±0.10 10 35 

5.4.3.  Structure of resultant three-component system 

The structure of three-component nanoparticle-protein-surfactant system is now 

examined in Figure 5.7 in terms of behavior of two-component systems. In the three-component 

nanoparticle-protein-surfactant system, the possible two-component interactions which could 

play role in deciding the interaction and resultant structure are (i) nanoparticle-protein,                   

(ii) nanoparticle-surfactant and (iii) protein-surfactant. However, the SANS data in Figure 5.7 

show that the present system is represented by the features of silica nanoparticle-DTAB 

surfactant in low Q region and BSA protein-DTAB surfactant in high Q region. This indicates 

that the silica nanoparticle-BSA protein-DTAB surfactant consists of protein-surfactant 

complexes coexisting with surfactant or protein-surfactant complex mediated aggregates of 

nanoparticles. These results are clearly different from the SANS data of silica nanoparticle-BSA 

protein-SDS surfactant (inset of Figure 5.7), which are represented by silica nanoparticle-BSA 

protein in low Q region and BSA protein-SDS surfactant in high Q region [219]. In this case, the 

system consists of protein-surfactant complexes coexisting with their depletion induced 

aggregates of nanoparticles. In both the cases with cationic DTAB and anionic SDS surfactants, 

the interaction of these protein-surfactant complexes with nanoparticles governs the resultant 

structure of nanoparticle-protein-surfactant systems. This is perhaps expected amongst the three 

components (nanoparticle, protein and surfactant), protein and surfactant are much smaller in 

sizes, which therefore have higher possibility of interaction because of their higher mobility in 
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solution, and hence control the resultant structure. The schematic of microstructures formed in 

three-component system with cationic DTAB surfactants is shown in Figure 5.8.  

0.01 0.1 0.3

0.02

0.1

1

10

100

500

0.01 0.1 0.3
0.01

0.1

1

10

100
200   HS40 + BSA + 50 mM SDS

  BSA + 50 mM SDS

  HS40 + BSA

d

/d


 (
c
m

-1
)

Q (Å
-1
)

 

 

1 wt% HS40+50 mM DTAB

1 wt% BSA+50 mM DTAB

1 wt% HS40+1 wt% BSA+50 mM DTAB

d

/d


 (
c
m

-1
)

Q (Å
-1
)

 

Figure 5.7. SANS data of 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein + 50 mM DTAB 

surfactant along with scattering data of 1 wt% HS40 silica nanoparticles + 50 mM DTAB surfactant and  

1 wt% BSA protein + 50 mM DTAB surfactant at pH=7 and in the presence of  0.2 M NaCl in D2O. Inset 

shows the scattering profile of 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein + 50 mM SDS 

surfactant along with 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein and 1 wt% BSA protein + 50 

mM SDS surfactant at pH=7 and 0.2 M NaCl in D2O. 

 

Figure 5.8. Schematic of structures formed in three-component system of anionic silica nanoparticles, 

anionic BSA protein and cationic DTAB surfactant. 
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5.4.4.  Role of Individual component in three-component system 

The details of three-component system have been further investigated by selectively 

contrast matching different components as shown in Figure 5.9 and 5.10. SANS data of 

nanoparticle-protein-surfactant (1 wt% HS40 silica nanoparticle + 1 wt% BSA protein +           

50 mM DTAB surfactant) system is compared with two-component nanoparticle-protein           

(1 wt% HS40 silica nanoparticle + 1 wt% BSA protein) and nanoparticle-surfactant                    

(1 wt% HS40 silica nanoparticle + 50 mM DTAB surfactant) systems under the surfactant 

contrast matched condition are shown in Figure 5.9. All these systems show fractal aggregates of 

nanoparticles as has been discussed. However, there are significant differences in the features of 

data of these systems, which may correspond to different structures formed through different 

mechanisms of nanoparticle aggregation [200,209]. The lower scattering intensity in the case of                  

nanoparticle-protein-surfactant and nanoparticle-surfactant systems than nanoparticle-protein 

system corresponds to higher building block size, which is an indication of nanoparticle 

aggregation mediated by surfactant micelles or protein-surfactant complex for                   

nanoparticle-protein-surfactant system similar to that of surfactant micelles for                  

nanoparticle-surfactant system.
21

 In the case of nanoparticle aggregation is also mediated by only 

surfactant micelles for nanoparticle-protein-surfactant system, the fraction of free micelles 

available for protein will decrease, which in turn should show significantly different scattering 

than that of protein-surfactant system in absence of nanoparticles. However, it has been observed 

that the scattering of nanoparticle-protein-surfactant system almost match to the                          

protein-surfactant system in the intermediate to high Q region (> 0.05 Å
-1

) (Figure 5.7).                   

The rearrangement of micelles in protein-surfactant complex could be the reason for almost same 

value of building block size of nanoparticle-protein-surfactant and nanoparticle-surfactant 

aggregates. The fitted parameters are given in Table 5.3. The fractal dimension of                  

nanoparticle-protein-surfactant aggregates is interestingly found to be quite similar to that of 
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nanoparticle-protein aggregates but less than that of nanoparticle-surfactant aggregates.                   

This is possible as bridging of nanoparticles through protein-surfactant complex because of 

decrease in the charge on the micelle may not be as effective as with the surfactant micelles 

alone [185,200,209]. 
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Figure 5.9. SANS data of 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein + 50 mM DTAB 

surfactant compared with 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein and 1 wt% HS40 silica 

nanoparticles + 50 mM DTAB surfactant at pH=7 and in 0.2 M NaCl with micelles contrast matched. 

0.01 0.1 0.3

1

10

20

 

 

 1 wt% HS40+1 wt% BSA+50 mM DTAB

 1 wt% BSA + 50 mM DTAB

d

/d


 (
c
m

-1
)

Q (Å
-1
)

 nanoparticle contrast matched

(a)

     

0.01 0.1 0.3

0.2

1

10

20

 nanoparticle contrast matched

 

 

 1 wt% HS40(CM)+1 wt% BSA+50 mM DTAB

 1 wt% HS40(CM)+50 mM DTAB

d

/d


 (
c
m

-1
)

Q (Å
-1
)

(b)

 

Figure 5.10. SANS data of 1 wt% HS40 silica nanoparticles + 1 wt% BSA protein + 50 mM DTAB 

surfactant compared with (a) 1 wt% BSA protein + 50 mM DTAB surfactant (b) 1 wt% HS40 silica 

nanoparticles + 50 mM DTAB surfactant at pH=7 and in the presence of 0.2 M NaCl with nanoparticles 

contrast matched. 
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Table 5.3. The fitting parameters of three-component nanoparticle-protein-surfactant system at pH=7 and              

in the presence of 0.2 M NaCl.  

(a) Surfactant is contrast matched. 

System Particle          

radius 

R (Å) 

Building block 

radius 

r (Å) 

Fractal  

dimension  

D 

1 wt% HS40 + 1 wt% BSA + 50 mM DTAB 87.1±1.0 108.0 2.55±0.20 

1 wt% HS40 + 50 mM DTAB 87.1±1.0 107.0 2.72±0.20 

 

(b) Nanoparticle is contrast matched.  

System Micelle 

radius  

r (Å) 

Fractal 

dimension  

D 

Correlation 

length 

 ξ (Å) 

Number of 

micelles 

n 

Aggregation 

number  

N 

BSA-DTAB 16.8±0.2 1.59±0.10 61.8±4.0 9 35 

HS40-BSA-DTAB 16.8±0.2 1.30±0.12 70.0±4.4 11 29 

Figure 5.10 shows the SANS data of three-component nanoparticle-protein-surfactant 

system compared with two-component protein-surfactant and nanoparticle-surfactant, where 

nanoparticles are contrast matched. The scattering profile of nanoparticle-protein-surfactant 

system clearly shows very different profile than protein-surfactant system [Figure 5.10(a)]. The 

build up of scattering in low Q region is due to the shell formation of micelle-like clusters of 

protein-surfactant complex around non-visible nanoparticles in these aggregates. The scattering 

profile of nanoparticle-protein-surfactant system is also compared with nanoparticle-surfactant 

system in the Figure 5.10(b). The scattering profile of nanoparticle-protein-surfactant system is 

considerably different than that of nanoparticle-surfactant system. The data are different in low Q 
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region because of differences in the fractal dimension of two systems (Table 5.3), whereas the 

differences in intermediate Q range arise because of different structures (micelles versus protein-

surfactant complex) coexisting with nanoparticle aggregates. The data are fitted with a shell of 

protein-surfactant complex around the non-visible nanoparticles in their aggregates coexisting 

with free protein-surfactant complexes. The shell thickness is found to be around 43 Å. The 

similar values of shell thicknesses for nanoparticle-protein-surfactant and nanoparticle-surfactant 

systems [Table 5.2(b)] is in accordance with the rearrangement of micelles in adsorbed protein-

surfactant complex on nanoparticles in leading to their (nanoparticle) aggregation. Moreover, the 

unfolding of protein in free protein-surfactant complex in the three-component system is found 

to be enhanced by the presence of nanoparticles. This in turn suggests that the structure in 

nanoparticle-protein-surfactant complexes is determined by the modified interactions of 

individual two components. 

5.5.  Conclusions 

The structure and interaction of addition of anionic Ludox HS40 silica nanoparticle in 

anionic BSA protein and cationic DTAB surfactant have been studied. The results are compared 

with the similar complexes for DTAB surfactant interchanged by anionic SDS surfactant. The 

structures in these three-component systems are interpreted in terms of the interactions of 

individual two components. The non-adsorption of BSA leads to depletion force induced 

aggregation of nanoparticles. The micelle mediated aggregation of nanoparticles is also observed 

in the oppositely charged nanoparticle-surfactant system. These nanoparticle aggregates are 

characterized by mass fractals. In the case of protein-surfactant system, the surfactant molecules 

form micelle-like clusters adsorbed along the unfolded protein chain. The nanoparticle-surfactant 

(mediated through protein-surfactant complex) and protein-surfactant interactions for DTAB 
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govern the resultant structure of nanoparticle-protein-surfactant complexes. The fractal 

dimension of nanoparticle-protein-surfactant aggregates is found to be quite similar to that of 

nanoparticle-protein aggregates but less than that of nanoparticle-surfactant aggregates. There is 

rearrangement of micelles in adsorbed protein-surfactant complex on nanoparticles in leading to 

their (nanoparticle) aggregation in nanoparticle-protein-surfactant system. On the other hand, the 

unfolding of protein in free protein-surfactant complex is found to be significantly enhanced with 

respect to without the presence of nanoparticles. The role of DTAB than SDS is found to be 

interestingly different, where nanoparticle-protein (mediated through protein-surfactant complex) 

and protein-surfactant for SDS decide their resultant structure. It is thus shown that the structure 

and interaction of three-component nanoparticle-protein-surfactant systems can simply be 

modified by the change in the charge state of the surfactant. 
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Chapter 6 

Structure of Nonionic-Ionic Mixed Surfactants with Protein 

in Presence of Nanoparticles 

6.1.  Introduction 

The structure and interaction in there-component nanoparticle-protein-surfactant system 

depend on the characteristics of individual components and solution conditions [219,225]. The 

delicate balance of multiple interactions governs the phase behavior of these three-component 

systems. For example, cationic versus anionic surfactants form different microstructures in the                  

three-component nanoparticle-protein-surfactant system, which are governed by different                

two-component interactions as studied in chapter 4 and 5. The charge nature of surfactant 

(cationic versus anionic) plays important role in governing the interaction between different 

components [219,225]. The use of nonionic surfactants in absence of any charge can 

significantly modify the interactions and resultant structures of these systems. The differences in 

the case of nonionic surfactants are expected from the different interaction of nonionic 

surfactants with proteins and nanoparticles [81,86,226]. In the case of protein-surfactant system, 

nonionic surfactants do not show any interaction with the protein and coexist individually in their 

mixed system (chapter 3) [193]. For nanoparticle-surfactant system, nonionic surfactants have 

tendency to adsorb on the nanoparticles and form a micellar corona around the nanoparticle 

surface [81,226]. These micelles become non-adsorbing to nanoparticles in salt solution as 

counterions are preferred over surfactants to adsorb on nanoparticles [227-228]. In the case of 

micelle adsorption on nanoparticles, the nanoparticle-surfactant system becomes more stable due 

to steric repulsion between adsorbed micelles [81,185,226]. However, the system tends to be 

unstable for non-adsorbing micelles because of the depletion interaction induced by                       
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them between the nanoparticles. Thus, the microstructures in three-component                              

nanoparticle-protein-surfactant system are expected to be different than the case with ionic 

surfactants. In this chapter, the structure and interaction of silica nanoparticles in BSA protein 

and nonionic C12E10 surfactant system have been studied. The there-component systems with 

mixed nonionic and ionic are also studied and compared with the results of individual 

surfactants. The mixed surfactants provide interesting systems where the protein-surfactant and 

nanoparticle-surfactant can be tuned between those of ionic and nonionic behavior of the 

surfactants.  

6.2. Experimental section 

Electrostatically stabilized colloidal suspension of ludox HS40 silica nanoparticles,            

BSA protein and surfactants (nonionic C12E10, anionic SDS and cationic DTAB) were used 

same as in chapters 3 and 4. The stock solutions of each component were prepared by dissolving 

the required weighted amounts of components in 20 mM phosphate buffer (pH=7) in presence of   

0.2 M NaCl. The silica nanoparticle interaction with protein and nonionic surfactant was studied 

at fixed concentrations of nanoparticle (1 wt%), protein (1 wt%) and surfactant (50 mM).             

The concentration of mixed surfactants was also kept constant (50 mM) having components 

(nonionic and ionic) mixed in equal molar ratio. Samples were measured for three contrast 

conditions of solvent (100 %D2O, 60% D20 and 13% D2O). Small-angle neutron scattering 

experiments were performed using SANS facilities at the Dhruva reactor, Bhabha Atomic 

Research Centre, Mumbai [146] and SANS-I facility, Swiss Spallation Neutron Source SINQ, 

Paul Scherrer Institut, Switzerland [167]. The data were covered over a wave vector transfer (Q) 

range of 0.006 to 0.30 Å
-1

. Samples were held in standard 1 mm or 2 mm path length quartz cells 

during the experiments. Data were corrected for background, empty cell and normalized to 

absolute unit of cross section. 
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(6.1) 

6.3. SANS analysis 

 The differential scattering cross section per unit volume d/d for a system of 

monodisperse particles is given as
 
[147,182]

 

2 2( ) ( ) ( )p

d
Q nV P Q S Q B

d



  


 

where n is number density of particles, Vp is particle volume and ρ
2 

is scattering contrast of 

particles. P(Q) and S(Q) are the intraparticle and interparticle structure factors, respectively. B is 

the incoherent background. The expressions for standard P(Q) and S(Q) as used are described in 

chapter 2.   

In the case of interaction leading to the adsorption of micelles or proteins on 

nanoparticles, d/d  for such core-shell structure is calculated as given in equation 5.2. The 

aggregation of nanoparticles is characterized by S(Q) of mass fractal or surface fractal as given 

in equation 2.40 and 2.41 (chapter 2). The mass fractal structure is also used for the bead-

necklace model of protein-surfactant complex as given in equation 3.2 (chapter 3).  

The data have been analyzed by comparing the scattering from the combination of 

different models to the experimental data. The corrections for instrumental smearing were made 

throughout the data analysis [222]. The fitted parameters in the analysis were optimized by 

means of nonlinear least-square fitting program [151]. The fitted data are represented by the 

solid lines to the experimental data points. 

6.4. Results and discussion 

6.4.1. Characterization of individual components 

The individual components 1 wt% HS40 silica nanoparticles, 1 wt% BSA protein and              

50 mM SDS/DTAB surfactants are same as discussed in chapters 3 and 4. The SANS data of            
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50 mM C12E10 surfactant along with 50 mM SDS or DTAB surfactant and their mixed systems 

are shown in Figure 6.1. The C12E10 micelles are fitted with P(Q) of spherical hydrophobic core 

and shell of hydrophilic Gaussian chains around the core [184]. The radius of the micellar core 

and radius of gyration of hydrophilic chains around the core are found to be 17.3 Å and 12.2 Å, 

respectively [193]. The structure factor S(Q) of hard sphere potential is used to account for 

repulsion between the micelles as given in equation 2.28 (chapter 2) . The fitted parameters of 

C12E10 along with SDS/DTAB and their mixed micelles are given in Table 6.1. The data of 

mixed micelles are fitted similar to nonionic micelles. This possibly works because of the larger 

hydrophilic region of the nonionic micelles, which can hide the head group of ionic surfactant in 

mixed micelles. The behavior of nonionic surfactant with nanoparticle and protein as well as in 

the three-component nanoparticle-protein-surfactant system is compared with those of ionic 

surfactants (SDS and DTAB). The role of mixing of nonionic and ionic surfactant in these 

systems is also addressed. 
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Figure 6.1. SANS data of 50 mM C12E10 surfactants compared with (a) 50 mM SDS and 50 mM 

C12E10/SDS mixed surfactants (b) 50 mM DTAB and 50 mM C12E10/DTAB mixed surfactants at pH=7 

and 0.2 M NaCl in D2O. 



Chapter 6: Structure of nonionic-ionic mixed surfactants with protein in presence of nanoparticles 

 

134 
 

Table 6.1. The structural parameters of 50 mM of different pure and mixed surfactant solutions at pH=7 

and 0.2 M NaCl in D2O.  

System Shape Structural dimensions 

Polyoxyethylene 10 

lauryl ether (C12E10) 

Spherical  

core-shell 

Radius of core 

R = 17.3 Ǻ 

Shell size 
 *
Rg = 12.2 Ǻ 

Aggregation number 

N = 62 

Dodecyl 

trimethylammonium 

bromide (DTAB) 

Prolate core-shell 

ellipsoidal ( > 1) 

Semi-minor axis 

R =16.7±0.2  Ǻ 

Semi-major axis 

R = 21.0±0.4 Å 

Shell thickness 

t = 5.8 Ǻ 

 
 

Aggregation number 

N = 70±4 

Charge 

Z = +21±2 e.u. 
 

Sodium dodecyl 

sulfate (SDS) 

Prolate core-shell 

ellipsoidal ( > 1) 

Semi-minor axis 

R =16.7±0.2  Ǻ 

Semi-major axis 

R = 29.0±0.4  Ǻ 

Shell thickness 

t = 5.0 Ǻ 

 
 

Aggregation number 

N = 97±4 

Charge 

Z = -25±2 e.u. 
 

C12E10/SDS 
Spherical 

core-shell 

Radius of core 

R = 17.3 Ǻ 

Shell thickness 

t = 10.3 Ǻ 

Aggregation number 

N = 62 

C12E10/DTAB 
Spherical 

core-shell 

Radius of core 

R = 17.3 Ǻ 

Shell thickness 

t = 10.0 Ǻ 

Aggregation number 

N = 62 

*
Radius of gyration of hydrophilic chain  

The scattering from three-component silica nanoparticle-BSA protein-C12E10 surfactant 

system is shown in Figure 6.2. The scattering curve shows linear build up of scattering in the low 

Q range, nearly flat scattering in intermediate Q range and followed by fall in scattering in high 

Q range. The strong build up of scattering in low Q range is indication of some aggregation 

among the particles. The three-component systems with ionic surfactants (SDS and DTAB) had 

also shown the aggregation behavior, but the features observed with the nonionic surfactant are 

significantly different than those of ionic surfactants (Figure 6.2).The role of mixed surfactants 

in three-component nanoparticle-protein-surfactant system is also studied using C12E10/SDS 

and C12E10/DTAB mixed surfactants. SANS data of three-component system with mixed 
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(ionic-nonionic) surfactants are significantly different than nonionic surfactants (Figure 6.3). The 

data are understood in terms of the interaction of different two-component systems. 
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Figure 6.2. SANS data of 1wt% HS40 with 1 wt% BSA protein and 50 mM nonionic C12E10 surfactants 

compared to similar system with anionic SDS and cationic DTAB surfactants at pH=7 and 0.2 M NaCl in 

D2O. 
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Figure 6.3. SANS data of 1wt% HS40 with 1 wt% BSA protein and (a) 50 mM of mixed C12E10/SDS 

surfactants compared to similar system with nonionic C12E10 and anionic SDS surfactants, (b) 50 mM of 

mixed C12E10/DTAB surfactants compared to similar system with nonionic C12E10 and cationic DTAB 

surfactants at pH=7 and 0.2 M NaCl in D2O. 
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6.4.2. Characterization of two-component systems 

 The nanoparticle-protein interaction is same as discussed in Chapters 4 and 5, where the 

non-adsorption of protein on nanoparticles result in depletion force induced nanoparticle 

aggregation [219,225]. Therefore, the other two-component interactions which are important for 

the there-component system with nonionic surfactant are nanoparticle-surfactant and               

protein-surfactant interactions. SANS data of 1 wt% HS40 silica nanoparticles with 50 mM 

C12E10 surfactants are given in Figure 6.4. These data are clearly very different from that of the 

sum of individual components. The features in the low Q region are that of the nanoparticle 

aggregation in the system. It is known that C12E10 micelles in salt free solutions have tendency 

to adsorb on the nanoparticles and enhance their stability [81,226]. However, in the present case 

where there is salt (0.2 M) in the system, the micelles become non-adsorbing. This                        

non-adsorption of micelles similar to that of protein gives rise to the depletion induced 

aggregation of the nanoparticles [227-229]. The SANS data of nanoparticle-C12E10 surfactant 

system compared with nanoparticle-BSA protein under the solution condition with micelle and 

protein contrast-matched are shown in Figure 6.5). There are differences in the data of silica 

nanoparticles with C12E10 and BSA in the low as well as in intermediate Q regions. The slope 

of the data is higher for C12E10 than BSA in the low Q region and Bragg-peak like behavior is 

observed only for C12E10 surfactants. The slope of data for C12E10 is around 3.5, which 

suggests the surface fractal morphology of nanoparticle aggregates. However, the aggregation of 

nanoparticles with BSA protein is mass fractal (chapters 4 and 5). The different morphology of 

nanoparticle aggregates with C12E10 and BSA protein is expected from the different charge 

nature of C12E10 and BSA, whereas the effective sizes of both of them are very similar. The 

non-ionic surfactants form surface fractals with nanoparticles as they show strong depletion 

interaction because of week micelle-micelle repulsion as compared to protein-protein charged 

repulsions. SANS data have also been taken from the two-component system with nonionic 

surfactant, where nanoparticles are contrast-matched. One would have expected the data of two-

component system to match with that of individual nonionic micelles, however the data show 
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strong additional scattering in the low Q region. This contribution can be explained by the 

trapped micelles in the nanoparticle aggregates [228].  
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Figure 6.4. SANS data of 1 wt% HS40 nanoparticles with 50 mM of nonionic C12E10 surfactants 

compared to the sum of scattering of individual components (1 wt% HS40 nanoparticles and                   

50 mM nonionic C12E10 surfactants) at pH=7 and 0.2 M NaCl in D2O. 
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Figure 6.5. SANS data of (a) 1 wt% HS40 nanoparticles with 50 mM of nonionic C12E10 surfactants 

compared with individual nanoparticles and 1 wt% HS40 nanoparticles with 1 wt% BSA protein under 

micelles contrast matched, (b) 1 wt% HS40 nanoparticles with 50 mM of nonionic C12E10 surfactants 

compared with individual nonionic C12E10 surfactants with nanoparticles contrast matched at pH=7 and 

0.2 M NaCl.  
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The interaction behavior of silica nanoparticles with mixed nonionic-ionic surfactants is 

examined in Figure 6.6. It has already been observed that silica nanoparticles show aggregation 

with DTAB and C12E10 surfactants. The individual nanoparticles coexist with the micelles in 

the case of SDS surfactant. However, both the DTAB and SDS mixed with the C12E10 

surfactant show nanoparticle aggregation (Figure 6.6). The mechanism of the nanoparticle 

aggregation with mixed surfactants is further examined by the contrast-matching SANS 

experiments. SANS data of the same system with (a) micelles contrast-matched and                      

(b) nanoparticles contrast-matched are shown in Figure 6.7. The features of C12E10-SDS mixed 

surfactants seem to be more like that of C12E10 surfactant with nanoparticles, whereas those     

of C12E10-DTAB mixed surfactants similar to DTAB surfactant with nanoparticles                   

[inset in figure 6.7(a & b)].  In the case of C12E10-SDS, both components C12E10 and SDS are 

non-adsorbing on nanoparticles. The mixed micelles of these components behave like nonionic 

micelles and hence induce a depletion interaction between nanoparticles similar to that of 

C12E10 micelles [25,203,228]. The nanoparticle aggregates are surface fractal with               

C12E10-SDS mixed surfactants [Figure 6.7(a)]. In the case of nanoparticles contrast matched 

[Figure 6.7(b)], the scattering of C12E10-SDS mixed micelles is significantly lowered because 

of the smaller volume fraction of the mixed micelles than that of nonionic micelles for the same 

molar concentration of surfactants [Figure 6.1.(a)]. The scattering data of C12E10-DTAB mixed 

micelles are significantly different from that of C12E10 surfactant, but similar to that DTAB 

surfactant with nanoparticles. If C12E10-DTAB mixed micelles will behave more like nonionic 

micelles, then they cannot adsorb on nanoparticles. This contradicts to the experimental 

observation of similar behavior of C12E10-DTAB and DTAB with nanoparticles                            

[inset of Figure 6.7(a & b)]. Therefore, the modeling of C12E10-DTAB mixed surfactants with 
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nanoparticles has been done using two kinds of micelles: (i) ionic micelles of DTAB which 

adsorb on the nanoparticles and lead to their aggregation and (ii) remaining DTAB surfactant 

forming non-adsorbing mixed micelles with C12E10 surfactant.  
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Figure 6.6. SANS data of 1 wt% HS40 nanoparticles with 50 mM of mixed C12E10/SDS, 

C12E10/DTAB and nonionic C12E10 surfactants at pH=7 and 0.2 M NaCl in D2O.  
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Figure 6.7. SANS data of 1 wt% HS40 nanoparticles with 50 mM of mixed C12E10/SDS, 

C12E10/DTAB and nonionic C12E10 surfactants under different contrast conditions, (a) surfactant 

contrast matched and (b) nanoparticles contrast matched at pH=7 and 0.2 M NaCl. Inset in both the 

figures shows the comparison of nanoparticles-C12E10/DTAB surfactant system with nanoparticles-

DTAB surfactant system under micelles and nanoparticles contrast matched condition. 
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The two-component protein-surfactant interaction has been found to be strongly 

depending on the charge nature of the surfactant (chapter 3). SANS data of BSA protein 

interaction with nonionic surfactant and mixed nonionic-ionic surfactants are given in Figure 6.8. 

The BSA protein and nonionic surfactant do not show any interaction [193]. Figure 6.8(a) clearly 

supports to this point where the scattering from BSA with C12E10 micelles is sum of the 

scattering from BSA and C12E10 micelles. This is believed to be due to absence of electrostatic 

interaction between the components. The BSA protein interaction with nonionic-ionic mixed 

surfactants is found to be similar to nonionic surfactants [Figure 6.8(b)]. The protein and mixed 

micelles coexists individually in the system. The non-adsorption of mixed micelles to protein is 

driven by the dominance of ionic-nonionic mixed micellization over the binding of ionic 

surfactants with the protein. 
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Figure 6.8. SANS data of 1 wt% BSA protein with (a) 50 mM C12E10 surfactant compared with sum of 

scattering of individual components and (b) C12E10/SDS, C12E10/DTAB mixed surfactants and 

nonionic C12E10 surfactants at pH=7 and 0.2 M NaCl in D2O. 
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6.4.3. Characterization of three-component systems 

The three-component, nanoparticle-protein-surfactant system with nonionic surfactant 

show nanoparticle aggregation, which could arise because of either nanoparticle-BSA and/or 

nanoparticle-surfactant [Figure 6.5(a)] interactions. The role of these two-component interactions 

in the three-component system is compared in Figure 6.9. It is clearly observed that the data of 

nanoparticle-protein are very different from that of nanoparticle-protein-surfactant system. 

However, the data of nanoparticle-surfactant match with that of the nanoparticle-protein-

surfactant system. In the present nanoparticle-protein-surfactant system, both the protein and 

surfactant are non-adsorbing to the nanoparticles (Figure 6.5). Also the protein and surfactant do 

not form any complex and remain individually [Figure 6.8(a)]. Therefore, the aggregation of 

nanoparticles is expected to be induced by the combined depletion interaction of protein and 

surfactant. The fact that overall sizes of the protein and nonionic micelle are almost same, the 

nanoparticle aggregation is believed to be dominated by the nonionic micelles because of the 

absence of electrostatic repulsion between them [228]. 
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Figure 6.9. SANS data of 1 wt% HS40 nanoparticles with 1 wt% BSA protein and 50 mM of            

C12E10 surfactant compared with two-component 1 wt% HS40 nanoparticle with 1 wt% BSA protein 

and 1 wt% HS40 with 50 mM of C12E10 surfactant systems at pH=7 and 0.2 M NaCl in D2O. 
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The three-component nanoparticle-protein-surfactant system with nonionic surfactant     

is further examined under the contrast conditions (a) micelles are contrast matched and                

(b) nanoparticle are contrast matched. Figure 6.10(a) shows that nanoparticle-protein-surfactant 

system exactly match to the nanoparticle-surfactant system when the micelles are contrast 

matched. In this contrast condition, the scattering from protein is also minimized. The results 

thus confirm that protein-surfactant effect is identical to the surfactant effect alone with 

nanoparticles. The data are fitted in linear low Q region with the surface fractal aggregates of the 

nanoparticles and for hump in the inter-mediate Q region with hard sphere interaction for the 

nanoparticles within the aggregate. The surface fractal dimension (Ds) is found to be 2.75. The 

volume fraction of nanoparticles within the aggregates is around 0.40, which is quite low as 

compared to that in crystalline systems. In the case when silica nanoparticles are              

contrast-matched [Figure 6.10(b)], the data of nanoparticle-protein-surfactant and             

nanoparticle-surfactant systems are again found similar. The scattering from BSA protein is not 

observed because of the low contrast of protein as compared to that for micelles (Figure 3.1).  
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Figure 6.10. SANS data of 1 wt% HS40 nanoparticles with 1 wt% BSA protein and                                       

50 mM C12E10 surfactant system compared with scattering from nanoparticle-surfactant system under 

different contrast conditions (a) Micelles contrast matched and (b) nanoparticles contrast matched at 

pH=7 and 0.2 M NaCl. 



Chapter 6: Structure of nonionic-ionic mixed surfactants with protein in presence of nanoparticles 

 

143 
 

SANS data of three-component nanoparticle-protein-surfactant system with          

nonionic-ionic (C12E10/SDS) surfactants under the solution conditions (a) micelles contrast-

matched and (b) nanoparticles contrast-matched are shown in Figure 6.11(a & b). It had been 

observed that the structures of nanoparticle-C12E10 surfactant and nanoparticle-C12E10/SDS  

surfactants  are  similar.  Also  the  interactions  of  protein-C12E10  and  protein-C12E10/SDS  
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Figure 6.11. SANS data of 1 wt% HS40 nanoparticles with 1 wt% BSA protein and 50 mM of mixed 

C12E10/SDS surfactants compared with scattering from nanoparticle-protein-C12E10 surfactant system 

under different contrast conditions (a) surfactant contrast matched (b) nanoparticles contrast matched. 

SANS data of 1 wt% HS40 nanoparticles with 1 wt% BSA protein and 50 mM of mixed C12E10/DTAB 

surfactants compared with scattering from nanoparticle-C12E10 surfactant system under different contrast 

conditions (c) surfactant contrast matched (d) nanoparticles contrast matched at pH=7 and 0.2 M NaCl. 
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surfactants are similar. Therefore, the SANS data of nanoparticle-protein-surfactant having 

mixed C12E10/SDS surfactants are compared with the nanoparticle-protein-surfactant having 

C12E10 surfactant for their similarity. The measured data are found to quite similar. These 

systems consist of surface fractal aggregates of nanoparticles coexisting with individual protein 

and mixed micelles. In the case of nanoparticles are contrast-matched, the data show two 

populations of micelles as trapped in nanoparticle aggregates (buildup in low Q data) and free 

micelles in solution [228]. Unlike the case of C12E10/SDS, the two-component interaction of 

C12E10/DTAB with nanoparticles is decided by the nanoparticle-DTAB interaction [185,225]. 

However, the protein-mixed surfactant interaction for both C12E10/SDS and C12E10/DTAB is 

same (chapter 3). The micelle contrast-matched SANS data of nanoparticle-protein-surfactant 

having C12E10/DTAB mixed surfactants are found to be similar to that of nanoparticle-DTAB 

surfactant [Figure 6.11(c)]. The data are fitted with the mass fractal aggregates of nanoparticles 

and aggregation is believed to be mediated by the DTAB micelles. The protein-micelle complex 

mediated aggregation as observed for nanoparticle-protein-DTAB system (chapter 5) is not 

favored for nanoparticle-protein-C12E10/DTAB system since no protein interaction has been 

found with C12E10/DTAB. Figure 6.11(d) shows the comparison of nanoparticle-protein-

C12E10/DTAB with nanoparticle-DTAB when nanoparticles are contrast-matched. The data of 

these two systems almost match in the low Q region, whereas significant difference in the higher 

Q region. The similarity in the low Q region confirms the similar mechanism of nanoparticle 

aggregation in these systems and differences in the high Q regions are due to different free 

micelles in the systems.    
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Figure 6.12. Schematic of structures formed in three-component system of anionic silica nanoparticles, 

anionic BSA protein and nonionic C12E10 surfactant. 

Table 6.2. The fractal dimension of nanoparticle aggregates in presence of different components.  

Sample Morphology of aggregates Fractal dimension 

HS40 + C12E10 Surface fractal Ds=2.75±0.20 

HS40 + C12E10/SDS Surface fractal Ds=2.45±0.20 

HS40 + C12E10/DTAB Mass fractal Dm=2.75±0.20 

HS40 + C12E10 + BSA Surface fractal Ds=2.75±0.20 

HS40 + C12E10/SDS + BSA Surface fractal Ds=2.55±0.20 

HS40 + C12E10/DTAB + BSA Mass fractal Dm=2.75±0.20 

The nonionic C12E10 micelles show depletion force induced fractal aggregation in 

nanoparticles (Figure 6.5). The use of C12E10/SDS and C12E10/DTAB mixed micelles will add 

additional charge to micelles, which will tune the depletion force experienced by nanoparticles as 

well as nanoparticle aggregation in solution. SANS scattering profile of 1 wt% HS40 silica 

nanoparticles with 50 mM of C12E10/SDS, C12E10/DTAB and C12E10 micelles are compared 

under micelle contrast matched condition to understand the correlation among nanoparticles is 
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shown in [Figure 6.7(a)]. The common feature among the three scattering curves is the linear 

scattering profile in low Q range [163,185,228]. The slope of linearity in the low Q range is 

highest for mixed surfactants C12E10/SDS followed by nonionic C12E10 and then mixed 

surfactants C12E10/DTAB with nanoparticles. The corresponding morphology of nanoparticle 

aggregates and fractal dimension is surface fractal for mixed surfactants C12E10/SDS (Ds=2.45) 

followed by nonionic C12E10 (Ds=2.75) and mass fractal for mixed surfactants C12E10/DTAB 

(Dm=2.75) with nanoparticles. The another common feature in C12E10/SDS and C12E10 system 

is the hump in intermediate Q range which disappears for the case of C12E10/DTAB mixed 

surfactant system. The hump in intermediate Q range is the correlation peak for the cluster 

formation in C12E10/SDS and C12E10 system [203,228]. The scattering profile of 

C12E10/DTAB mixed surfactant system is very similar to that of DTAB surfactant system with 

similar fractal dimension (Dm=2.75) [inset of figure 6.7(a)]. The results propose that the 

depletion force which is responsible for aggregating the nanoparticles is weaken for 

C12E10/DTAB and strengthen for C12E10/SDS as compared to C12E10 micelles based on 

packing of nanoparticles in aggregates. The possible reason for enhanced depletion force for 

C12E10/SDS with nanoparticles is the soft repulsion of depletant C12E10/SDS micelles with 

nanoparticles and corresponding reduced depletion force is because of adsorption of DTAB 

micelles on nanoparticles [25].  

6.5. Conclusions 

The structure and interaction in three-component nanoparticle-protein-surfactant systems 

with nonionic C12E10 surfactant and mixed nonionic-ionic (C12E10-SDS and C12E10-DTAB) 

surfactants have been investigated. The systems are analyzed in terms of two-component 

(nanoparticle-protein, nanoparticle-surfactant and protein-surfactant) interactions. The non-

adsorption of both BSA protein and nonionic C12E10 surfactants show depletion force induced 
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aggregation in two-component nanoparticle-protein and nanoparticle-surfactant systems [26]. 

The morphology of nanoparticle aggregates is surface fractal with more close packing for 

nonionic C12E10 and mass fractal for anionic BSA protein mediated nanoparticle aggregates. 

BSA protein and nonionic C12E10 surfactants remains independently in solution. In the three-

component nanoparticle-protein-surfactant system, the strong depletion force of nonionic 

C12E10 micelles dominates over that of BSA protein to aggregate nanoparticles with 

morphology similar to nanoparticle-surfactant system coexisting with free BSA protein and 

nonionic C12E10 surfactants in solution. In the case of C12E10-SDS mixed surfactants, the 

mixed micelles behave very similar to nonionic C12E10 surfactant to produce depletion force 

induced nanoparticle aggregates and for the case of C12E10-DTAB mixed surfactants behave 

similar to cationic DTAB surfactant to produce adsorption-mediated nanoparticle aggregates in 

solution. For the case of C12E10-DTAB mixed surfactants the aggregates are mediated by 

adsorption of cationic DTAB micelles instead of DTAB/C12E10 mixed micelles in solution. In 

all these systems, BSA protein remains unaffected and resultant structures are driven by the 

interaction of surfactant micelles with nanoparticles. 
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Chapter 7 

Summary  

Nanoparticles, proteins and surfactants are three major components in soft condensed 

matter [3,12,230].
 

Each one of these is extensively used for specific applications 

[106,119,127,171,231-233]. Further, many additional applications arise by adjoining these 

components together to obtain interesting functional objects [34,37,99,129,131,134,234-235]. 

The nanometer length scale in these systems is believed to be important to decide their 

macroscopic properties [118,185]. The present thesis provides an understanding of the complex 

structures in these multi-component systems. The charged silica nanoparticles, BSA protein and 

three different surfactants (SDS, DTAB and C12E10) have been used as model systems. The 

systems are characterized by scattering techniques SANS and DLS. In particular, SANS with 

easy possibility to vary the contrast is an ideal technique to study such multi-component systems.      

 The thesis consists of seven chapters including this chapter on summary of thesis. 

Chapter 1 gives a general introduction on structure and function of proteins, self-assembly of 

surfactants and characteristics of nanoparticles. The interest in nanoparticle-protein-surfactant 

complexes and layout of thesis are also discussed in chapter 1. The details of experimental 

techniques SANS and DLS as used are described in chapter 2. The results of thesis are given in 

chapters 3 to 6. The structure and interaction of protein-surfactant complexes under different 

solution conditions are presented in chapter 3. The nanoparticles effect on protein-surfactant 

complexes with different surfactants are discussed in chapters 4-6. The results of anionic 

nanoparticles on anionic protein-anionic surfactant complexes (all the components are similarly 
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charged) are discussed in chapter 4. The study on nanoparticle effect on protein-surfactant 

complexes using cationic surfactant and their comparison with anionic surfactant (chapter 4) are 

reported in chapter 5. The nanoparticle effect on protein-surfactant complexes using nonionic 

surfactant and tuning by nonionic-ionic mixed surfactants is studied in chapter 6.  

A general introduction to proteins, surfactants, nanoparticles is given in chapter 1. 

Proteins are the polymers of amino acids with a specific three-dimensional shape and charge on 

them. The structures of proteins, interactions in protein solutions and types of proteins are 

discussed in details. In this thesis, globular protein BSA has been used as a model system, which 

has a molecular weight of 66.4 kDa and its isoelectric point is at pH=4.7 [50]. Surfactants are 

amphiphilic molecules and can self-assemble to different structures [13,67]. Their classification, 

micelle formation and different structures of micelles are discussed. The three different 

surfactants [anionic sodium dodecyl sulphate (SDS), cationic dodecyl 

trimethylammoniumbromide (DTAB) and nonionic polyoxyethylene 10 lauryl ether (C12E10)] 

have been used in this thesis. Nanoparticles are particles between 1 and 100 nm in size. The 

characteristics of nanoparticles, synthesis methods and some important applications requiring 

their conjugation with protein-surfactant are also discussed [105,115,118,201]. Charge-stabilized 

silica nanoparticles have been used in the present thesis because of their easy preparation, high 

stability, low toxicity and ability to be functionalized with a range of macromolecules [115-116]. 

A layout of thesis is discussed in the end of this chapter. 

The experimental techniques SANS and DLS are described in chapter 2. These 

techniques can be used for characterization of length scale (1 to 100 nm) where most of the 

structures of protein, micelles and nanoparticle exist. SANS is a diffraction experiment 

measuring the scattered neutron intensity as a function of wave vector transfer Q (=4sin/, 
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where  is the incident neutron wavelength and 2 is the scattering angle). The scattered 

intensity as given by I(Q) ~ (p - s)
2 
 P(Q)  S(Q), where P(Q) is the intraparticle structure 

factor and S(Q) is  the interparticle  structure  factor [143]. P(Q) is the square of particle form 

factor and decided by the shape and size of the particle. S(Q) depends on the spatial arrangement 

of particles and is thereby sensitive to interparticle interactions. The magnitude of the scattered 

neutron intensity in the SANS experiments depends on contrast factor [(p - s)
2
], the square of 

the difference between the average scattering length densities of the particle and the medium. 

Due to the fact that the scattering lengths are very different for hydrogen and deuterium, SANS 

is ideally suited for studying the multi-components systems by selectively contrast matching the 

components with the partial deuteration of the components. In addition to SANS, DLS is used 

wherever possible to compliment the SANS results [144]. This technique is also described in 

chapter 2.  

The main results of the thesis as given in Chapters 3 - 6 are: 

The structure and interaction of anionic BSA protein with anionic SDS, cationic DTAB 

and nonionic C12E10 surfactants have been studied in chapter 3. It is found that ionic and 

nonionic surfactants show very different interactions with protein [193,217-218]. The ionic 

surfactants bind to the protein by the site-specific electrostatic interaction and forming micelle-

like clusters along the unfolded protein chain. On the other hand, nonionic surfactants do not 

interact with protein and coexist independently with unperturbed folded protein. The interaction 

of protein and ionic surfactant can be enhanced by increasing ionic strength and/or surfactant 

concentration. The ionic surfactant binding to proteins follows three concentration regions 

(specific binding, cooperative binding, and saturation). Further, the use of nonionic-ionic mixed 

surfactants is shown to fold back unfolded protein as well as to prevent ionic surfactant induced 
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protein unfolding. This behavior is explained as a result of the dominance of hydrophobic 

interaction of mixed surfactants over the electrostatic binding of ionic surfactant with protein. 

The bead-necklace structure of protein-surfactant system is characterized by the mass fractal 

structure and results are interpreted in terms of change in the fractal dimension, overall size of 

the protein-surfactant complex and number of micelles attached to the protein.  

The effect of anionic silica nanoparticles with anionic BSA protein and anionic SDS 

surfactant has been examined in chapter 4 [219-220,236]. Although all the components are 

similarly charged, strong structural evolutions amongst them have been observed. The properties 

of nanoparticle interaction with protein-surfactant system are determined by the different 

possible interactions of components with each other (e.g. nanoparticle-protein, nanoparticle-

surfactant and protein-surfactant). Surfactants interact cooperatively with the protein to form 

bead-necklace structure comprising micelle-like clusters of the surfactant along the unfolded 

protein chain. In nanoparticle-protein system, the nanoparticle aggregates are formed through the 

depletion force of non-adsorbing protein to the nanoparticles. On the other hand, no physical 

interaction is observed between the components for nanoparticle-surfactant system. The resultant 

structural behavior of the three-component system is explained via synergetic effect of two-

component nanoparticle-protein and protein-surfactant interactions. The non-adsorption of 

protein-surfactant complex on nanoparticles result in depletion induced nanoparticle aggregation 

(similar to nanoparticle-protein system) coexisting with the protein-surfactant complexes. Both 

the bead-necklace structure of protein-surfactant complexes and nanoparticle aggregates are 

characterized by the mass fractals. The protein unfolding as well as nanoparticle aggregation is 

found to be enhanced in the three-component system as compared to the corresponding two-

component systems.  
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The modifications in the structure and interaction of cationic DTAB vs. anionic SDS 

surfactant for nanoparticle effect in protein-surfactant systems are reported in chapter 5. In both 

the cases (DTAB and SDS), the structure of nanoparticles in protein-surfactant systems is 

predominantly determined by the interactions of individual two components [225,237]. The 

nanoparticle-surfactant and protein-surfactant interactions for DTAB unlike nanoparticle-protein 

and protein-surfactant for SDS are found to be responsible for the resultant structure of 

nanoparticle-protein-surfactant complexes. Irrespective of the charge on the surfactant, both of 

them form the similar kind of bead-necklace structure with the protein. The adsorption of these 

protein-surfactant complexes for DTAB on oppositely charged nanoparticles gives rise to the 

protein-surfactant complex mediated aggregation of nanoparticles (similar to that as observed 

with DTAB surfactant). It is different from that of depletion induced aggregation of 

nanoparticles with non-adsorption of protein-surfactant complexes for SDS in similarly charged 

nanoparticle systems (similar to that of protein alone). The micelles are found to be rearranging 

on adsorption of protein-surfactant complex on the nanoparticles in leading to their 

(nanoparticle) aggregation. The role of DTAB than SDS is found to be interestingly different, 

where nanoparticle-protein (mediated through protein-surfactant complex) and protein-surfactant 

for SDS decide their resultant structure. It is thus shown that the structure and interaction of 

three-component nanoparticle-protein-surfactant systems can simply be modified by the change 

in the charge state of the surfactant. 

Chapter 6 provides the effect of nanoparticles on protein-surfactant systems with 

nonionic C12E10 and mixed nonionic-ionic (C12E10-SDS and C12E10-DTAB) surfactants 

[238]. The interactions in three-component system with nonionic surfactant are interpreted in 

terms of competition of two-component nanoparticle-protein and nanoparticle-surfactant 
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interactions. The non-adsorption of both anionic BSA protein and nonionic C12E10 surfactants 

show depletion force induced aggregation in two-component nanoparticle-protein and 

nanoparticle-surfactant systems [228]. The morphology of nanoparticle aggregates is surface 

fractal with more close packing for nonionic C12E10 and mass fractal for anionic BSA protein 

mediated nanoparticle aggregates. BSA protein and nonionic C12E10 surfactants remains 

independently in solution. In the ternary nanoparticle-protein-surfactant system, the strong 

depletion force of nonionic C12E10 micelles dominates over that of anionic BSA protein to 

aggregate nanoparticles with morphology similar to nanoparticle-surfactant system coexisting 

with free BSA protein and nonionic C12E10 surfactants in solution. In the case of C12E10-SDS 

mixed surfactants, the mixed micelles behave very similar to nonionic C12E10 surfactant to 

produce depletion force induced nanoparticle aggregates and for the case of C12E10-DTAB 

mixed surfactants behave similar to cationic DTAB surfactant to produce adsorption-mediated 

nanoparticle aggregates in solution. For the case of C12E10-DTAB mixed surfactants the 

aggregates are mediated by adsorption of cationic DTAB micelles instead of DTAB/C12E10 

mixed micelles in solution. In all these systems, BSA protein remains unaffected and resultant 

structures are driven by the interaction of surfactant micelles with nanoparticles. 

To conclude, the structural evolution of nanoparticle effect in protein-surfactant systems 

have been investigated. The charged silica nanoparticles, BSA protein and three different 

surfactants (SDS, DTAB and C12E10) have been used as model systems. The structure and 

interaction of BSA protein with ionic (anionic SDS and cationic DTAB) and nonionic C12E10 

surfactants are found to very different. The ionic surfactants strongly bind to the protein and 

form bead-necklace structure, whereas protein does not show any change with the nonionic 

surfactant. The silica nanoparticle effect in each of these protein-surfactant systems shows that 
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the surfactant-dependent different microstructures of nanoparticle aggregates (mass and surface 

fractals) are formed along with enhanced protein-surfactant interactions in the resultant 

nanoparticle-protein-surfactant systems. The interactions in these systems are governed by the 

competition of electrostatic (repulsive and/or attractive) and attractive depletion interaction. This 

thesis provides useful results which can be utilized in nanoparticle applications of drug delivery, 

phase separation processes and synthesis of functional materials. Future studies will involve 

examining the nanoparticle effect in protein-surfactant systems with magnetic nanoparticles and 

other model proteins such as lysozyme [125,209]. 
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