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1 Introduction  

Enzymes are proteins that act as biological catalysts accelerating chemical reactions. 

Almost all reactions in cells are catalyzed by the cooperation of various enzymes, and enzyme 

catalysis also plays an essential role in biochemical industrial processes. Among all the different 

classes of enzymes, oxidoreductases are of special importance for the elimination of reactive 

oxygen species (ROS) such as superoxide radical anions and hydrogen peroxide (H2O2). 

Normal biochemical reactions exposed to environmental influences result in overproduction of 

ROS that gives rise to oxidative stress, which leads to damage of cellular components as well 

as to significant quality loss in industrial products. In some of the latter cases, only peroxidase 

enzymes are required, however, the joint application with superoxide dismutase (SOD) enzyme 

results in cascade reactions to completely decompose ROS to water and molecular oxygen. 

Enzymes, on the other hand, are sensitive biocatalysts that can partially or totally lose 

their enzymatic activity as a consequence of any major changes occurring in their surrounding 

environment. This major drawback of their environmental response can be overcome by 

immobilization on solid supports, which also offers several technical advantages in industrial 

applications. Nanostructured materials offer ideal characteristics for the co-immobilization of 

different enzymes to obtain multi-enzyme cascade systems. However, one of the main 

limitations of this type of supports is particle aggregation in dispersions, which leads to 

inefficient function of the antioxidant enzymes and consequently, to failure of ROS 

decomposition. Besides, since these composite materials are used in heterogeneous systems 

such as blood, aqueous environmental samples, or industrial manufacturing media, colloidal 

stability (i.e., whether particles are homogeneously distributed in the liquid, or they tend to 

aggregate) is a critical issue. Experimental conditions such as ionic strength, temperature and 

pH significantly influence the charge and aggregation processes and thus, the colloidal stability 

of these dispersions. 

Polyelectrolytes (PE) have proved to be efficient aggregating or stabilizing agents for 

nanoparticles dispersed in an aqueous medium. Accordingly, the charging and aggregation 

processes can be controlled by adsorption of oppositely charged PE layers on the surface of the 

particles. The sequential adsorption of oppositely charged PEs presents a versatile way to 

formulate multi-enzymatic systems, by immobilization and incorporation of more than one 

natural enzymes in/on larger support nanostructures. In this method, the PE multilayers serve 

as support and also as separator between the proteins. On the other hand, they usually ensure 

high colloidal stability (i.e., they prevent aggregation processes) of the system.  
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In the present work, we demonstrate two examples for co-immobilized multi-enzymatic 

composite systems based on different support materials and built-up by the sequential 

adsorption method. First, the adsorption mechanism of PEs on titanium dioxide nanosheets and 

of the papain (PPN) enzyme on polymer latex particles were investigated. Systematic light 

scattering experiments were performed to determine the surface charge properties and 

aggregation rates of the bare and functionalized particles in the presence of PEs, enzymes, and 

electrolytes to elucidate the main interparticle forces in aqueous dispersions. The dosage of PEs 

and enzymes was optimized to achieve high colloidal and functional stability for further 

immobilization of enzymes. Second, antioxidant enzymes were co-immobilized on the 

functionalized particles by the sequential adsorption method using oppositely charged PEs as 

support layers. The resistance of the obtained composites against salt-induced aggregation was 

determined in the presence of electrolytes and the dual enzymatic activity of the hybrid 

materials was tested in biochemical assays.
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2 Literature rev iew 

2.1 Enzymes  

Life depends on a well-orchestrated series of chemical reactions. However, many of 

these reactions proceed too slowly on their own to sustain life. Therefore, nature has designed 

catalysts, which we now refer to as enzymes, to greatly accelerate the rate of these chemical 

reactions.1 Enzymes belong to a larger biochemical family of macromolecules known as 

proteins, which share the common characteristic of being polypeptides consisting of a linear 

sequence of Ŭ-amino acid building blocks linked together by amide bonds (Figure 1). This linear 

polypeptide chain then ófoldsô to give a unique three-dimensional structure. The molecules, 

upon which enzymes can act on are called substrates and are converted into products by the 

enzymes.2 Each enzyme catalysis a single chemical reaction to a specific chemical substrate 

with very high enantioselectivity and enantiospecificity at rates, which approach 'catalytic 

perfection'.3 The activity of enzymes, however, can be influenced by inhibitors and activators, 

which can decrease and increase enzymatic activity, respectively. 

 

Figure 1 Schematic 3D structure of the enzymes included in this dissertation.4-6 

The earliest known references to natural biocatalysts come from ancient texts dealing 

with the production of cheese, bread and alcoholic beverages, and the tenderization of meat. 

Today, enzymes continue to play a key role in many food and beverage manufacturing 

processes and are ingredients in many consumer products, such as laundry detergents (which 

use proteolytic enzymes to dissolve protein-based stains).1 They are also of fundamental interest 

to the health sciences, as many health conditions can be linked to aberrant activity of one or a 

few enzymes. The study of enzymes and their action has therefore fascinated scientists, since 

the dawn of history, not only to satisfy scholarly interest, but also because of the utility of such 

knowledge for many practical needs of society.3 
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2.1.1 Enzyme cascades 

Biocatalysis, the use of enzymes in chemical transformations, is an important tool in 

green chemistry. In cascade reactions, different enzyme activities are combined in a sequential 

set of successive reactions. Enzyme cascades are an extension of biocatalysis, in which different  

enzymes work together to carry out several reaction steps that trigger two or more sequential 

processes without the need to isolate intermediates.7 In nature, countless enzyme cascade 

reactions can be observed in a large number of metabolic pathways within the cell.7 They are 

used to ensure the integrity of enzyme-catalysed synthetic pathways and to mimic chemical 

processes. Inspired by multi-enzymatic reactions in vivo, researchers have attempted to 

construct functional multi-enzyme systems in vitro to produce the desired product. The oldest 

example of a multi-enzymatic reaction is the use of indigenous microorganisms for 

fermentation, e.g. for brewing beer or producing vinegar. Compared to an in vivo fermentation 

process, in vitro enzyme synthesis offers clear advantages. The flexibility in developing in vitro 

processes can overcome challenges such as cell viability, complexity and physiology, as well 

as penetration through cell membrane. In recent past, these multi-enzyme reactions have 

experienced rapid growth for scientific and industrial applications, especially for 

biotransformations, biosensors and biomedical engineering. In addition, multi-enzyme 

processes are considered as an alternative route for the production of many pharmaceuticals, 

biofuels and fine chemicals.8 Various strategies for constructing multi-enzyme systems have 

been reported, including enzyme fusion, enzyme-scaffold complexes and co-immobilization.9 

2.2 The oxidative stress 

Several types of "reactive species" are of interest in biology and medicine. They are 

named after the type of reactive atom, i.e., oxygen, nitrogen or sulphur. ROSs are derived from 

molecular oxygen and are formed by redox reactions or by electronic excitation. They can be 

divided into non-radicals and free radicals (with at least one free electron).10 ROS is a collective 

term for a number of related molecules with vastly divergent reactivity. Two-electron (non-

radical) ROS include H2O2, organic hydroperoxides (ROOH), singlet molecular oxygen (1O2), 

electronically excited carbonyl compounds, ozone (O3), hypochlorous acid and hypobromous 

acid. Free radical ROS, on the other hand, include superoxide radical anions (O2
-), hydroxyl 

radicals (ĿOH), peroxyl radicals (ROOĿ) and alkoxyl radicals (ROĿ). The source of ROS can be 

endogenous i.e., produced by living organisms during normal cell metabolism. On the other 

hand, the harmful environmental effects are triggered by the exogenous source of oxidants 
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produced by cigarette smoke, ozone exposure, hyperoxia, ionising radiation and heavy metal 

ions.11 

ROS are involved in physiological cellular process at low to moderate concentrations, 

but at high concentrations, their presence leads to harmful changes in cellular components such 

as lipids, proteins and DNA. The shift in the balance between oxidants and antioxidants in 

favour of the oxidants is called "oxidative stress", which contributes to many pathological 

conditions including cancer, neurological disorders, atherosclerosis, hypertension, 

ischaemia/perfusion, diabetes, acute respiratory distress syndrome, idiopathic pulmonary 

fibrosis, chronic obstructive pulmonary disease and asthma.11 

As a result, combatting oxidative stress has found widespread applications such as 

biomedicines and pharmaceuticals. Anti-ageing compounds are found in 80% of products in 

the cosmetics industry, as UV radiation, smoking and in vivo factors are played major roles in 

skin ageing.12, 13 Besides, oxidative stress also leads to significant quality losses in industrial 

products. In the food industry, lipid oxidation is the main factor affecting food quality and poses 

a real challenge to food manufacturers and scientists. Lipids tend to be oxidized in the presence 

of heat, light, enzymes, metals, metalloproteins, and microorganisms leading to flavor reversion 

and loss of bioactive molecules such as essential amino acids and lipid soluble vitamins.14 Due 

to the overuse of detergents, surfactant metabolism in aquatic animals can produce ROS and 

cause oxidative stress in organisms. Therefore, it is crucial to remove them in wastewater 

treatment processes.15 

2.3 Antioxidant enzymes and enzyme cascades 

For more than two and half decades, numerous studies have pointed to the nutritional and 

health benefits of antioxidants and the inverse correlation between their level and the 

concentrations of free radicals. Antioxidants are molecules that inhibit or quench free radical 

reactions and delay or prevent cell damage. If the antioxidants are overwhelmed by free 

radicals, the evolved imbalance causes oxidative stress.16, 17 The antioxidant molecules that 

form the antioxidant defense network in living systems act on different lines of defense. The 

third and fourth line of defense antioxidants are the radical-induced damage repair agents, such 

as the DNA repair enzyme systems (proteinases, proteases and peptidases). The scavenging 

antioxidants are in the second line, including ascorbic acid, uric acid and glutathione (so-called 

molecular antioxidants). They neutralize or scavenge free radicals by donating an electron to 

them, and in the process, they become free radicals themselves, but with less harmful effects. 
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In the first line, there are a range of enzymatic antioxidants that suppress or prevent the 

formation of free radicals or reactive species in cells. The role and effectiveness of the first line 

defense antioxidants are therefore important and indispensable to the overall antioxidant 

defense strategy, particularly in relation to the superoxide anion radical (ĿO2), which is 

constantly produced in normal body metabolism by various processes.2 Besides, the most vital 

first line antioxidant enzymes are the SOD, catalase (CAT) and glutathione peroxidase (GPX). 

The cooperation of these antioxidant enzymes not only fundamental but also an 

indispensable need in the antioxidant protective capacity of biological systems against 

excessive presence of free radicals. Schematic illustration the function of an antioxidant enzyme 

cascade is shown in Figure 2. The superoxide radical (ĿO2) produced in tissues by metabolism 

or reactions in cells is catalytically converted into H2O2 and molecular oxygen (O2) by SOD.16 

CAT, which is abundant in peroxisomes, breaks down H2O2 into water and molecular oxygen, 

preventing potential damage caused by original radicals. In the absence of CAT, the reduction 

of H2O2 to water and to lipid peroxides or their corresponding alcohols is carried out by 

glutathione peroxidase (GPX). This collective protective action is the first-line antioxidant 

defense, and the antioxidants involved are called first-line antioxidants.2  

 

Figure 2 Schematic illustration of the function of an antioxidant 

enzyme cascade reaction. 

Antioxidants or antioxidant-enriched extracts are commercially used to prevent 

oxidative processes as well as to preserve the flavor, texture and color of foods during storage. 

They are also used as refining, bleaching and deodorizing agents in the food industry, to extend 

the shelf life of lubricating oil and reduce vehicle emissions, and to stabilize synthetic fibers, 
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rubber, thermoplastics and adhesives by stopping autocatalytic reactions. In cosmetic products, 

antioxidants are used to prevent skin ageing and UV-related skin damage and to treat the 

appearance of wrinkles and erythema.12 Global demand for antioxidants was estimated at ~USD 

2.25 billion in 2014 and grew at a CAGR (compounds annual growth rate) of ~5.5% between 

2015 and 2020, as reported by the Market Research Store. This increasing global demand is 

driving the search for new synthetic and natural-derived antioxidants. In the present work, we 

demonstrate an immobilized antioxidant enzyme cascade using horseradish peroxidase (HRP) 

enzyme alongside SOD to mimic the natural antioxidant enzyme cascades, as detailed later. 

2.4 Enzyme immobilization 

Enzymatic processes are carried out under mild conditions (near ambient temperature, 

atmospheric pressure and physiological pH) in water at high rates and high selectivity. 

Literature data evidence that enzyme-based catalytic processes have numerous advantages over 

conventional synthetic routes. Therefore, enzyme-mediated catalytic bioprocesses are 

becoming increasingly important in large-scale industrial and biotechnological applications, 

such as in chemical, food and pharmaceutical industry as well as the development of medical 

devices and sensors.18, 19 Consequently, biocatalysis has emerged as an important technology 

over the last two decades to meet the growing demand for green and sustainable chemicals. 

Thanks to advances in biotechnology and protein engineering, it is now possible to produce 

most enzymes at commercially acceptable prices and to manipulate them to exhibit desired 

properties including substrate specificity, activity, selectivity, stability and pH optimum.20 

However, the enormous catalytic potential that enzymes offer for innumerable transformations 

has stimulated intensive studies to improve their properties. Among several proposed methods, 

immobilization of the enzymes appears to be the most commonly used one to broaden the 

applicability of such natural catalysts.21 

Despite all advantages, the industrial application of enzymes is often hampered by a 

lack of long-term operational stability and difficulty in recovering and reusing the enzyme.22 

Maintaining their structural stability during any biochemical reaction is a major challenge. 

These disadvantages can generally be overcome by immobilizing the enzyme. Apart from ease 

of storage in solid rather than in liquid form, immobilized enzymes can also be easily separated 

from the product and thus, minimizing or eliminating protein contamination. In addition, an 

immobilized enzyme cannot easily penetrate the skin and therefore, has little or no allergenicity. 

Such a heterogenization also facilitates efficient recovery and reuse of the enzyme, enabling its 
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cost-effective use, e.g., in continuous fixed-bed operation. Another advantage is the improved 

stability, both under storage and operating conditions, e.g., against denaturation by heat, organic 

solvents, or autolysis.20 

Multi -enzyme immobilization is a technology, in which multiple enzymes are co-

attached in/on suitable supports/carriers or enzymes are conjugated using a linker without a 

support. This is an effective method for mimicking enzymatic cascade pathways offering 

numerous advantages, such as fewer steps with smaller reactor volumes, higher volumetric flow 

rates and shorter reaction cycles with less waste generation. The enzymes are in close proximity 

to each other and mass transfer limitations can be reduced through co-immobilization. It has 

been proven that enzymatic activity can be increased via substrate channeling along with 

improvement in stability and reusability.8 

Support selection has been considered as a hot topic in the field of enzyme 

immobilization, as supporting materials can greatly affect the properties of enzymes as well as 

the resulting composites.9 The link by adsorption is the simplest technique and allows enzymes 

to be immobilized on solid supports by physical interactions, such as van der Waals or 

hydrophobic forces, hydrogen and ionic bonds, among others.23 Moreover, there are many 

different methods for enzyme immobilization, but industry always prefers simple and 

inexpensive approaches, such as adsorption or physical entrapment as well as chemical 

immobilization such as covalent bonding and cross-linking18 (Figure 3).  

 

Figure 3 Different approaches recently used for enzyme immobilization. 

As per co-immobilization of different enzymes, there are three main techniques for such 

a multi-enzyme immobilization (Figure 4). Random co-attachment is the simplest strategy for 

creating a multifunctional system, where multiple enzymes are randomly attached to the surface 

or embedded inside the carrier via adsorption, encapsulation, covalent bonding, cross-linking, 

etc.24 Position-dependent co-immobilization has been shown to be an effective strategy for the 
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ordered fixing of multiple enzymes, which can control and improve enzymatic cascade reaction 

rates by adjusting the immobilized sequence.25 Mimicking natural enzyme organization in 

cellular environments, compartmentalization can spatially separate enzymes with different 

patterns and ratios.24 Sequential adsorption of enzymes with the application of PEs is a 

combination of the latter two methods (Figure 4). Since one can control the order and position 

of the enzymes in the structure with the adsorption of the PE layers, the PEs can also act as a 

separator between the enzymes at the same time and thus, protecting them from proteolysis, 

microbial degradation or other harmful environmental effects.26 In this dissertation, this dual 

role of PEs will be introduced by two examples.27, 28 

 

Figure 4 Techniques for multi-enzyme immobilization. 

The landmark development in nanotechnology has led to significant improvements in 

carrier material properties such as multifunctionality, stability and multi-compartmentalization. 

Nanoparticles have been extensively studied for enzyme immobilization and serve as very 

efficient support materials in such procedures, as their ideal properties balance the key factors 

including specific surface area, strong adsorption capacity, mass transfer resistance and 

effective enzyme loading that determine the efficiency of the biocatalysts. In addition, enzyme 

containing nanoparticles with high biocatalyst content can be easily synthesized without 

surfactants and toxic reagents or solvents. One can obtain one-phase or well-defined core-shell 

nanoparticles with a thick enzyme shell, which can be designed and optimized for certain 

applications. In addition, immobilization on nanocarriers can protect the enzymes from 

chemical damage by heat, acid or moisture during transfer and long-term storage, giving them 

similar bioactivity to native bare enzymes.22 The numerous publications released in the 

literature indicate that the growing interest in the use of nanoscale particles for the 

immobilization of enzymes is mainly due to their inherent advantageous properties. Recently, 

the enhancement of enzyme stability and activity in some nanostructures such as nanoparticles, 
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nanofibers, mesoporous materials, sol-gel silica, cross-linked enzyme aggregates 

(CLEAs)/crystals (CLECs) and single enzyme nanoparticles has been reported.23, 29, 30  

2.4.1 Immobilization of antioxidant enzymes 

Beside the numerous advantages, the use of the free forms of antioxidant enzymes in 

industrial and biomedical processes is impractical because of the impossibility of recycling of 

the biocatalyst, high cost of the preparations of pure enzymes, and low resistance to inhibitory 

factors. The native antioxidant enzymes also suffer from structural and functional sensitivity to 

environmental effects. At the same time, the use of immobilized antioxidant enzymes on/in the 

surface of an insoluble support is technologically simpler, more economical and 

environmentally safe and thus, has a number of advantages like simplified separation, 

controllable parameters of the catalyzed reaction, enzyme structure stabilization and activity 

preservation.31 The applications of immobilized antioxidants are expanding every year, but 

none of the existing methods applied for enzyme immobilization is universal, which increases 

the interest of researchers dealing with this topic.32 

Immobilization of individual antioxidant enzymes such as SOD, HRP, CAT, and GPX 

has been frequently reported in the past on various support materials such as metal and metal 

oxide nanoparticles,33, 34 clays,35, 36 and polymeric supports.37 However, co-immobilization of 

such enzymes could be a suitable mimic of the cellular environment, in which ROS are 

decomposed to molecular oxygen and water in tandem reactions catalyzed by the usually redox 

active enzymes. Among them, antioxidant enzyme cascades immobilized in/on different 

substrates represent an important class of materials that help combatting oxidative stress, for 

example polymersomes and artificial peroxisomes containing SOD together with CAT and 

lactoperoxidsase.38, 39 To the best of our knowledge, only a few systems have been published, 

in which SOD and peroxidase or CAT were co-immobilized on particles or covalently grafted 

on polymer chains.40, 41 These examples demonstrate that the co-attachment of antioxidant 

enzymes to the same support is possible and remarkable activities in degrading ROS can be 

achieved by applying a single particle support. However, the synthetic methods often involved 

complicated reactions and difficult-to-access building blocks, which could hinder the potential 

mass production of the biocatalytic systems. 

In addition to antioxidant cascades, the combined use of peroxidase enzymes with other 

types of enzymes is desirable in certain industrial areas,24 for example joint use of peroxidase 

and protease enzymes in the food industry. However, to the best of our knowledge, no studies 

were concerned with the co-attachment of these enzymes to the same support. Often, co-
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immobilizing peroxidase enzymes together helps to prevent inactivation that can result from 

high local concentrations of intermediates or reaction products that may act as inhibitors. For 

instance, limiting the local concentration of H2O2 is a common goal to preserve enzyme 

activity.42, 26 In this doctoral study, a co-immobilized multi-enzyme cascade, in which a protease 

enzyme was used alongside with a peroxidase enzyme, will be discussed. 

2.5 Nanoparticle dispersions 

Nanoparticle dispersions or so-called colloids consist of at least two phases, with one solid 

phase dispersed in the second, often liquid, phase. The size of the suspended solid particles 

ranges from 1 to 100 nanometers in diameter, yet they are still able to remain evenly distributed 

throughout the solution and kept in suspension by thermal fluctuations. Nanoparticle 

dispersions can also be formed naturally in waters, soils, deep-sea hydrothermal vents, natural 

ores, and microbial systems. On the other hand, synthetic colloids or man-made nanoparticles 

with well-controlled size distributions and interactions are model systems for understanding 

phase transitions.43 Suspended particles have a very large diversity in size, composition, and 

morphology. In addition, the properties of colloidal particles can be easily tuned. These particles 

often serve as building blocks for various functional materials through the process of self-

assembly (Figure 5).  

Due to their beneficial properties, nanoparticles play an important role in industrial 

(formulation of food and paints), environmental (water purification) or biomedical applications 

(delivery systems). In addition, particle dispersions are also used to produce novel sensors and 

catalytic systems. Depending on the type of application, either stable suspensions or 

aggregation of the particles may be desired (Figure 5). 

 

Figure 5 Applications of colloidal particles in different fields and the role of the colloidal 

stability in these applications. 
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For example, there is a great demand for stable colloidal suspensions in the food and 

paint industries. For instance, the development of colloid science has made it possible to replace 

toxic organic solvents in the paint industry with water. The discovery of novel substances for 

stabilizing pigments in aqueous medium led to water-based paints. Similarly, many 

biocompatible particles and polymers are added to foods because they can accumulate at the 

water-oil interface in emulsions or at the water-air interface in foams.44-46 In contrast to these 

applications, inducing particle aggregation in suspensions (flocculation) is an important step in 

wastewater treatment. This is an efficient way to remove any solid particles suspended in the 

wastewater by adding natural polymers in appropriate dosages, which cause the formation of 

larger aggregates that can then be easily removed by sedimentation and subsequent filtration.47 

Similarly, in paper manufacturing, large amounts of cellulose fibers combined with filler 

particles are present in the suspension. To obtain the raw material, the cellulose fibers must be 

aggregated. This is achieved by adding positively charged flocculants, which can reduce the 

charge of the fibers and induce aggregation.48 In addition, various types of fillers are added to 

the suspension prior to the coagulation process, namely natural clays, silica, titanium dioxide 

or other particles, to influence the mechanical and optical properties of the final product. In 

heterogeneous catalytic processes, both stabilization and destabilization may be desirable, since 

in stable systems, one avoids the loss of active sites, while destabilization of the nanoparticles 

may lead to the removal of the catalyst after the reaction is completed. The most complex 

application from a stability perspective can be found in materials science49 and in drug delivery 

systems,50 where aggregation must be controlled. In the latter case, stable suspensions in 

biofluids are required because aggregation of the delivery particles can cause blood clots and 

thrombosis, for example.51 

As can be seen from the applications described above, colloidal stability is an important 

issue that must be well understood and controlled. Stabilization or/and aggregation can only be 

achieved under suitable conditions. Colloidal stability depends critically on the size, 

composition and surface charge of the particles.52 In addition, type of dispersants play an 

important role too. The elevated salt concentration in the biological and industrial environment 

can often lead to aggregation, while the presence or addition of macromolecules (such as PEs) 

has important effects on stability, depending on the dose applied. This effect can be related to 

the change in surface charge or to introduction additional interparticle forces. In addition, the 

type of solvent and the pH of the medium can also affect the stability of the dispersions by 

modifying surface forces between the particles responsible for the aggregation process. It is 
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important to mention that the aggregates can sediment, cream or form gels depending on their 

composition and properties.53, 54 

2.5.1 Titania nanosheets (TNS) 

The application of inorganic nanomaterials is widespread in numerous fields because of 

their high reactivity, increased surface area, high thermal stability, ductility, and potential 

biocompatibility.55-57 Nanosized titanium oxides and their derivatives are used as catalysts,58-

60 food additives,61 sunscreens,62 parts of photovoltaic devices,63-65 environmental purification 

agents,66-70 and carriers in delivery processes, among other applications.27, 33, 34, 71-74 Despite the 

extensive use of titanium oxide nanomaterials in other fields, their history in medical, 

biological, or pharmaceutical science is relatively short.75 For example, the photodynamic 

therapeutic properties of titanate particles have recently been used against cancer 

cells.76 Another bio-related field, in which titanium oxides are widely used is drug delivery. In 

addition to biocompatibility, the improved physicochemical properties and ease of processing 

allow relatively facile immobilization of biologically active molecules in/on various titanium 

oxide structures.27, 33, 34, 71 

Depending on the synthesis conditions, titanium oxides have been prepared in various 

shapes and compositions. Among them, spherical nanoparticles are the most commonly used 

structures,77 but due to the potential for development and application, interest in other titanium 

oxide morphologies, such as nanotubes,78 nanowires,79 and nanosheets, also increased.80 For 

example, TNS possess well-defined layered or unilamellar structures (Figure 6) which are 

associated with high surface area, good thermal stability, pH-tunable properties, 

biocompatibility, and versatile surface modification capabilities, making these two-dimensional 

materials highly advantageous for bioscience-related applications, for example. 

 

Figure 6 Dimensions, pH-dependent surface charge and the crystal structure of TNS.80 

PZC 
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An important parameter for understanding the charging behavior in aqueous TNS 

suspensions is the point of zero charge (PZC). We refer to the PZC as the value corresponding 

to charge neutralization of the material by the pH of the medium. Positively charged particles 

can be obtained at low pH and negative ones at higher pH, below and above the PZC, 

respectively due to protonation and deprotonation reactions of the surface hydroxyl groups 

(Figure 6).81 Taking these aspects into account, the charge balance can be tuned by varying the 

surface charge of the titanium oxide material from positive to negative by pH adjustment. 

2.5.2 Functionalized polystyrene (PS) latexes 

Latex dispersions, i.e., aqueous polymer colloids, have well-defined properties that 

enable their wide range of applications in biotechnology,82 sensing83 and materials science to 

produce novel composite materials.84-87 Moreover, they proved to be excellent spherical beads 

with well-defined size and surface charge properties for the study of fundamental colloid 

phenomena in aqueous suspensions88-93. Highly monodisperse PS beads of different sizes, 

narrow size distribution and various surface functional groups can be prepared mainly by 

emulsion polymerization94 (Figure 7). They are dispersible in water due to their surface 

functionalities. The most commonly used surface groups are sulfates, amidines, and carboxyls. 

Due to the relatively low surface coverage by the functional groups, the particles are considered 

partially hydrophobic. The latexes used in this present study are negatively charged sulfate 

functionalized commercial products (see details in chapter 4.1.1.2). 

 

Figure 7 Schematic illustration of the structure of latex particles. The polystyrene beads 

are functionalized with sulfate, amandine and carboxylic groups. 

https://www.sciencedirect.com/topics/chemistry/deprotonation
https://www.sciencedirect.com/topics/chemistry/hydroxyl-group


LITERATURE REVIEW  

 19 

 University of Szeged 

2.6 Colloidal stability  

It is evident from the previous chapters that the colloidal stability of particle dispersions 

plays a key role in various biomedical as well as industrial applications. Many experiments over 

the past centuries have shown that neutral particles tend to attract each other and sediment. It 

was clear that gravitational forces would not be sufficient to explain this process. Colloidal 

stability of particles was first successfully described by the DLVO theory. This theory was 

initially proposed in the middle of the last century by Boris Derjaguin and developed together 

with Lev Landau.95 Simultaneous improvement of this theory was made by Evert Verwey and 

Jan Overbeek.96 The main statement of the aforementioned scientists was that the colloidal 

stability of particles depends decisively on the interplay between attractive van der Waals forces 

(London forces) and electrical double layer (EDL) forces (Coulomb forces).  

Let us first explain the electrical properties of charged colloidal particles in an 

electrolyte solution, which is determined by the spatial distribution of ions at the solid/liquid 

interface. They originate from the dissolved salts leading to the presence of coions and 

counterions in the suspensions. The spatial distribution of these ions (point charges) near the 

particle surface leads to the formation of an EDL.52 The structure of EDL is shown in Figure 8 

with charge and potential profiles as a function of distance.  

 

Figure 8 Schematic illustration of the EDL and the characteristic distance-potential profile within the 

EDL.  

 In case of negatively charged particles, the positive ions (which are the counter ions) 

are collected in the Stern layer (also called Helmholtz layer).97 near the surface. Their 

concentration gradually decreases from the surface to the bulk concentration. In contrast, most 

of the cations (acting as coions in this case) are displaced from the vicinity of the particle 
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surface, and their concentration gradually increases from zero near the surface to the bulk 

concentration with the distance from the surface.98 In addition, there is also the possibility of 

specific adsorption of counterions, which can lead to charge neutralization and/or overcharge.99, 

100  

The three characteristic potentials from the surface are the (i) surface potential (ɣ0), 

which corresponds to the potential at the surface in contact with ions, (ii) the diffuse layer 

potential corresponding to the Stern plane (also called Helmholtz plane) (ɣD) at the start of the 

diffuse layer of the EDL, and the (iii) zeta potential (ɕ) represents the potential at the slip plane, 

or in other words, it is a potential difference between the dispersion medium and the stationary 

liquid layer adhering to the particle.97, 101, 102 The zeta potential depends on the ionic strength of 

the medium, but is always smaller than the diffuse layer potential.  

The classical DLVO theory states that the 

total interaction energy ὠὬ  between two 

identical particles at distance Ὤ equals the sum of 

EDL (ὠ Ὤ) and van der Waals potential energy 

(ὠ Ὤ) (Figure 9): 

Based on later findings , equation (1) was 

completed with an additional term to describe the 

potential between two particles, if some non-DLVO 

forces (ὠ Ὤ) exist. These are, on the one 

hand, attractive hydrophobic interaction,103 ion-ion 

correlation,104 patch-charge effects105, 106 or depletion 

forces,107 on the other hand, repulsive steric and 

electrosteric forces, for instance.108 

 ὠὬ ὠ Ὤ ὠ Ὤ ὠ Ὤ (2) 

If the particle size (Ὑ) is significantly larger than the distance (Ὤ) between the particles, 

the van der Waals interaction potential energy (ὠ Ὤ) can be calculated, if one applies the 

Derjaguin approximation, as:53  

 ὠὬ ὠ Ὤ ὠ Ὤ (1) 

Figure 9 Illustration of the force profile 

between two colloidal particles. The 

DLVO force (black) is the sum of the 

repulsive EDL (blue) and thee attractive 

van der Waals forces (red). The barrier 

indicates that the overall interparticle force 

is repulsive. 
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ὠ Ὤ

ὙὌ

ρςὬ
 (3) 

where Ὄ is the Hamaker constant. Repulsive EDL forces for particles of high electrostatic 

potential can be calculated by solving the complex Poisson-Boltzmann equation.98 This type of 

interaction can be also estimated well with the Debye-H¿ckel model109 in the case of particles 

of low surface charge density. Thus, the final equation for double layer potential energy is 

simplified and can be expressed as a function of electrostatic potential (‪ ): 

 ὠ Ὤ ς“‐‐Ὑ‪Ὡ  (4) 

where ‐ and ‐ are vacuum permittivity (8.9 Ĭ 10-12 F/m) and dielectric constant (78.5) of 

water, respectively and ə is the inverse Debye length. The latter parameter can be calculated 

as,98 

 

‖
ςὔὩὍ

‐‐ὯὝ
 (5) 

where ὔ  is the Avogadro constant, kB is the Boltzmann constant, T is the absolute temperature. 

I is the ionic strength expressed in (mol/L) is given by,  

 
Ὅ
ρ

ς
ὧᾀ (6) 

where ὧ is the concentration of all ionic species in the solution and ᾀ  is their valence. 

Depending on the superposition of these two potential energies, the energy barrier may 

rise at a certain distance. This barrier plays a major role in the colloidal stability of particle 

dispersion. Accordingly, particles in dispersions undergo thermal (Brownian) motion. Stable 

colloidal suspensions are obtained, when the salt concentration of the surrounding particles is 

low, and a large energy barrier develops that cannot be overcome by thermal motion and the 

particles are separated at larger distances.98 The Debye length (ə) is increasing with the ionic 

strength (Ὅ) (equation (5)), which is lead to the decrease of the EDL potential ὠ )  

(equation (4)) and the charge of the particles is shielded, leading to a decrease in the extent of 

EDL repulsion and to vanishing of the energy barrier due to predominating attractive van der 

Waals forces. Consequently, the particles reach the primary minimum and form dimers 

(unstable suspension). The aggregation process can be described by an aggregation rate of 



LITERATURE REVIEW  

 

22 

University of Szeged 

dimer formation (Ὧ). The relationship developed on the basis of theoretical assumptions by 

Smoluchowski to quantify the diffusion-limited aggregation rate is,52, 54 

 
Ὧ
ψὯὝ

σ–
ρȢς ρπ ά ί  (7) 

where – is the viscosity of the water (0.89 mPas ). The numerical result (Smoluchowski rate) is 

valid at 25 ÁC and water as dispersant. This type of fast aggregation occurs only, when the salt 

concentration is high, so that the energy barrier is negligible or non-existing. In reality, weak 

repulsive forces are present even at elevated ionic strength, so that the energy barrier prevents 

the success of all particle collisions leading to dimer formation and only slower aggregation 

rates were determined experimentally.110 Besides, the half time of aggregation refers to the time 

interval, under which the concentration of the primary particles decrease by 50% and it can be 

calculated as: 

 
ὝȾ

ς

Ὧὔ
 (8) 

where ὔ  is the initial particle number concentration. 

As predicted by the DLVO theory, 

aggregation rates of charged particles are small 

or not even detectable at low ionic strengths, 

whereas particles aggregate rapidly at high 

electrolyte concentrations. These two regimes 

are separated by the critical coagulation 

concentration (CCC), which represents a sharp 

transition between the slow and fast aggregation 

conditions. Accordingly, the aggregation rate 

increases progressively with ionic strength and 

remains constant above the CCC. Figure 10 

illustrates this tendency for the early stages of 

aggregation, where mainly dimers of the 

particles are formed. More information on this topic can be found in chapter 4.4.1.  

Figure 10 Illustration of the trend in the 

aggregation rates of charged colloidal particles 

with increasing salt concentrations. 
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2.6.1 Tuning the colloidal stability with polyelectrolytes 

For optimal operation in various dispersion applications, it is necessary to control the 

aggregation processes. This can be achieved by addition of surface active compounds such as 

multivalent ions, surfactants and polymeric compounds, as discussed below. 

PEs are charged macromolecules containing ionized or ionizable groups located either 

in the polymer backbone or as a side group of the chain.111 The long macromolecular chain 

combined with the high charge place this type of polymers in the focus of interest in research 

and also in more applied disciplines. Due to the the great diversity of PEs, they can be classified 

from many point of views. Depending on their occurrence in nature, a distinction is made 

between natural (e.g., heparin (HEP), DNA, albumin), modified natural (e.g., 

carboxymethylcellulose), or synthetic (e.g., poly(diallyldimethylammonium) chloride 

(PDADMAC), poly(ethyleneimine) (PEI), poly(acrylamide) (PAM)) PEs. Based on the 

ionization constant of their functional groups, one can distinguish strong and weak PEs. The 

main parameters characterizing the PEs are the type and charge of the functional group, the line 

charge density and the molecular mass. The PEs used in this work are shown in Figure 11. 

 

Figure 11 Chemical structure of PE parts in their ionized form used 

in the doctoral work. The negatively charged ones include HEP (red) 

and poly(styrene sulfonate) (PSS) (black), while the positively 

charged is PDADMAC (blue). 

Depending on these parameters, the use of PEs as stabilizing agents for a colloidal 

dispersion is one of their most important applications in colloid science. It is based on the strong 

adsorption of PEs on oppositely charged surfaces driven mainly by electrostatic forces,112, 113 

but there are also some examples of adsorption on like-charged surfaces mediated by cations114 

and/or hydrophobic forces.115 The present dissertation focuses primarily on the physical 

adsorption processes. However, topic of covalently grafted PE brushes will not be discussed.84  
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Tuning the charge of particles 

in colloidal suspensions can lead to 

both stabilizing and destabilizing 

effects, as shown above, depending on 

the PE dose used. Let us discuss the 

adsorption process and the stabilizing 

and destabilizing forces in an ideal 

model system containing negatively 

charged particles and a positively 

charged PE in different doses  

(Figure 12). Without the addition of the 

PE, the particles carry significant 

charges that leads to the formation of 

the EDL. This ensures strong repulsive 

Coulomb forces, which dominate over the attractive van der Waals forces and maintain the 

colloidal stability of the system. This is the so-called electrostatic stabilization (Figure 13). 

At low polymer doses (shown as mg/g, which corresponds to mg PE per gram of 

particle), the colloidal particles still exhibit a negative charge that is only partially compensated 

by the adsorbed PE, and the electrostatic stabilization still exists. Further adsorption of PE leads 

to charge neutralization at the isoelectric point (IEP), where the attractive van der Waals forces 

dominate over the repulsive electrostatic forces, which vanish in the absence of charge resulting 

in the breakdown of electrostatic stabilization and rapid aggregation in the system. With further 

PE addition, there is still enough space for additional adsorption of PE due to the heterogeneity 

of the surface, and the particles reverse their charge, resulting in positively charged particles 

beyond the IEP. Such a phenomenon of charge reversal (or overcharging) is typical for systems 

containing PEs and oppositely charged surfaces.113, 116, 117 This can be originated from 

hydrophobic interactions between the PE chains,118 an entropic effect due to the release of 

solvent and counterions of the highly charged PE119 during its adsorption, and ion-ion 

correlation forces.99, 100 The dose at the onset of the adsorption saturation plateau (ASP) is the 

limit of adsorption at high PE concentrations. After this dose, the surface is unable to adsorb 

more PE under the experimental conditions applied and further added PEs remained dissolved 

in the bulk.120 Because of the charge reversal, the functionalized particles have sufficient 

positive charge for domination of the repulsive forces over the attractive ones, and electrostatic 

stabilization is resumed, i.e., the dispersion is re-stabilized. The colloidal behavior of this model 

Figure 12 Electrophoretic mobility and stability ratio of a 

negatively charged particle upon adsorption of cationic PE 

in different amounts. 
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system can be well explained qualitatively by the DLVO theory. However, this theory is not 

sufficient to explain the colloidal behavior in many other PE-particle systems, because 

additional non-DLVO forces are also present. The possible origin of interparticle forces of bare 

and PE-coated particles are shown in Figure 13. 

 

Figure 13 Possible attractive and repulsive DLVO and non-DLVO forces between bare 

and PE-coated particles acting in aqueous suspensions. 

Additional attractive forces were observed, e.g., for the bare particles and at low PE doses. 

On the one hand, for metal oxides, the hydroxyl groups of the surface may be in different 

protonated stages and interact through electrostatic attraction or hydrogen bonding. On the other 

hand, when the surface coverage is low, PE tends to form islands (patches) on the surface, while 

there are still empty, oppositely charged sites on the surface (charge) and the patches are 

electrostatically attracted to these charges, resulting in additional attractive forces. This is the 

so-called patch-charge effect.113 In the case of PE coated particles, when a large portion of the 

polymer backbone is not attached to the surface and dangled into the solution, the chains overlap 

upon approach of two particles and osmotic pressure is created leading to an additional 

repulsive interaction and the formation of more stable dispersions (Figure 13). Obviously, EDL 

forces are also present and the joint effect is called electrosteric stabilization.108, 116, 121 In the 

present dissertation, there will be several examples for the non-DLVO forces mentioned above, 

but the bridging effect,113 when long PE chains form tails and loops on the surface allowing 

adsorption on multiple particles and the depletion forces122 resulting from the mismatch in the 

osmotic pressure within the gap between two approaching particles and the bulk solution, will 

not be mentioned. 
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2.6.2 Sequential adsorption of polyelectrolytes and enyzmes 

The layer-by-layer (LbL, also called sequential adsorption) method allows the 

controlled deposition of multiple PE and enzyme layers on colloids.26-28, 123 In this strategy, the 

first species added has an opposite charge to that of the colloidal particle or planar surface and 

thus, adsorption occurs through electrostatic interactions. The bottom line of the process is that 

overcharging takes place in all individual steps, in which PEs are involved.113 This facilitates 

the sequential adsorption of subsequent layers of a wide range of charged components such as 

PEs and enzymes. As with planar supports,124 a PE is usually used to nanoscale LbL 

arrangements of nanoparticles, proteins, organic molecules at least in one dimension. These PE 

interlayers not only act as a molecular "glue" but can also impart enhanced colloidal stability 

to the coated particles through electrostatic and steric repulsions.125 

Although there are several experimental parameters that need to be optimized to achieve 

uniform LbL coating on particles (e.g., particle concentration and size, polymer type, length, 

and concentration as well as total salt concentration in the adsorbing solution, as shown later). 

LbL assembly of PEs on colloidal particles can be achieved in two ways. Either adsorption is 

performed with an excess concentration of PE,126 or the concentration of PE added at each step 

is just sufficient to form a saturated layer. 27, 28 The latter approach was applied in the present 

work. In the case of sequential addition of PEs at a concentration sufficient to coat the entire 

available particle surface, formation of aggregates can be prevented due to strong repulsion 

between the surfaces. In addition, once the conditions for multilayer coating are determined, 

the coating process can be carried out within a relatively short time, since adsorption of a PE 

layer  usually takes only a few minutes. The major drawback of this procedure is the probability 

of formation of PE complexes and particle aggregates. This can be overcome to some extent by 

using dilute particle suspensions. However, the concentrations of all components of the 

suspensions need to be accurately determined and controlled throughout the coating process, 

which is laborious and time-consumed.125 

The enzymes adsorb on the surface of particles in a similar manner to other natural PEs. 

However, few studies have addressed the tuning of aggregation properties upon enzyme 

adsorption.34 This phenomenon is influenced by the lower line charge density and non-

homogeneous monomer distribution of the proteins, which often leads to reversible adsorption 

processes at higher doses. In most studies, the immobilization of enzymes on the particles was 

performed at low doses, where the surface charge properties and aggregation processes do not 

change significantly and irreversible enzyme adsorption is guaranteed.28 On the other hand, the 
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high turnover number and the considerable price of the enzymes also argue for a low application 

dose with respect to the support material.27, 33, 127 In this work, examples at both high and low 

adsorption doses of the enzymes will be presented. 

Due to the non-appropriate charging features of the enzymes, their co-immobilization 

on the particles with a single PE layer is not always feasible. However, the LbL approach has 

also been shown to be suitable for the construction of protein and PE multilayer architectures 

on colloidal particles. By the alternate deposition of protein and oppositely charged polymer on 

PS spheres, multilayer films of various proteins have been formed including SOD,27 HRP,28, 33 

glucose oxidase.126 In such a multilayer formation, the optimization of the enzyme dosages 

between the PE layers is a key issue due to the above mentioned reasons. The sequential 

adsorption of the PEs is a self-evident way to improve colloidal stability and leads to the 

immobilization of enzymes between and on the PE layers.125 In addition, PE layers can also act 

as separators between different enzymes that exert a negative catalytic effect on each other. 

2.6.3 Practical assessment of colloidal stability 

With reference to the above discussion, colloidal stability and particle aggregation are 

widely used phenomena in fundamental and applied research. Owing to the continuous 

instrumental development in the field, there are various methods available to study the stability 

of colloidal systems and understand the aggregation mechanisms. For instance, techniques 

developed to explore particle aggregation include direct imaging, rheology, turbidity, and light 

scattering. 

Imaging techniques, namely scanning electron (SEM), transmission electron (TEM) and 

atomic force (AFM) microscopy, are used to study the morphology of particles or aggregates 

and to learn more about the structure of these formations. The main drawback of these methods 

on one hand the relatively high number of particles has to be processed in order to obtain size 

and polydispersity with a decent error, on the other hand, if the cryo technique is not applied 

prior to experiments the particles tends to form "false" aggregates and sensitive deformation of 

the particles due to the drying process. It is important to note that the electron microscopy 

techniques are suitable to study structure of aggregates, but not for determination of aggregation 

kinetic parameters. While optical tweezers and AFM-based direct force measurements between 

individual colloidal particles can be attributed to surface charge heterogeneities, which leads to 

stability ratios that are calculated form direct force measurements.128 

Given the interactive relationship between the macroscopic properties and the 

microscopic structure of a colloidal suspension, the structural parameters of the aggregate can 
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be determined by rheology experiments. Accordingly, numerous studies have been conducted 

to determine the relationships between the stage of particle aggregation and the rheological 

features of the colloidal suspensions.129 Another commonly used method to study particle 

aggregation is performing turbidity measurement with a spectrophotometer.130, 131 This is a 

simple method that follows the loss of intensity of transmitted light due to the scattering effect 

of particles suspended in it. The major disadvantage of the latter two methods is that high 

particle concentration is required, and it is usually not possible to follow the evolution of the 

low ranked aggregates, i.e., dimer formation and the corresponding aggregation rates. This is 

because only the application of highly concentrated dispersions can lead to a sufficient change 

in the optical or in the rheological properties upon aggregation. 

Accordingly, spectroscopy and rheology are not suitable for the detection of early stages 

of aggregation. For the estimation of the nature of interparticle forces, on the one hand, 

electrophoresis has proven to be an important method for studying the charge properties of 

particles, which, moreover, can be related to the stability of the particles, in particular if 

interparticle forces of electrostatic origin are involved.98  

Light scattering methods such as dynamic and static light scattering (DLS and SLS) are 

very effective, simple, and non-destructive experimental approaches to measure the 

hydrodynamic radius, polydispersity, aggregation kinetics, and shape factor (which provides 

information about the structure of the particles) in a liquid medium and provide information 

from a relatively large number of particles.132 Due to the above facts, light scattering techniques 

are widely used to determine and measure the aggregation features of suspensions. 

Electrophoresis and DLS were widely used in the present work and thus, the instrumental 

background is detailed in the experimental part. 

2.6.4 Estimation the CCC from electrophoretic mobility  

The usual quantity used to estimate the colloidal stability of a particle dispersion is the 

CCC (or critical coagulation ionic strength (CCIS)), which indicates the electrolyte level 

necessary to destabilize the dispersion.54 Accurate knowledge of the CCC is therefore a critical 

factor in estimating the colloidal stability and developing stable or unstable particle dispersions. 

It can be determined by measuring the aggregation rates of particles using an appropriate 

technique, as mentioned in chapter 2.6.3.133 Measurement of CCC or CCIS through aggregation 

rates is often time consuming and not possible due to non-ideal sample conditions (e.g., high 

polydispersity, size, and concentration of particles) and to presence of electrolyte mixtures, as 

in many industrial and environmental processes. 

https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Scattering
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CCC values often correlate with the magnitude of the charge or electrokinetic potential 

of the particles, i.e., particle aggregation occurs at low magnitudes of electrokinetic potentials 

or electrophoretic mobilities.134-136 Conventional wisdom states that suspensions lose stability, 

when the electrokinetic potential magnitude falls below 25 mV. However, a threshold 

electrokinetic potential, below which the dispersion can be considered unstable cannot be 

established for individual systems because aggregation processes depend on several factors, 

including the size of the particles and the ionic composition of the surrounding solution.136, 137 

In this dissertation a novel simple method for caclulation of CCC was implemented, which was 

developed by Galli et. al.138 The estimation of the CCC is based on experimental electrophoretic 

mobility measurements. The developed method relies on the DLVO theory, which takes into 

account electrostatic and van der Waals interactions.



OBJECTIVES 

 

30 

University of Szeged 

3 Objectives 

The main goals of this work was to develop bio-nanocomposites that mimic the functions 

of antioxidant and proteolytic enzymes in stable dispersions. To achieve this goal it is essential 

to determine the surface charge properties and aggregation rates of the bare and functionalized 

particles in the presence of PEs, enzymes, and electrolytes to elucidate the main interparticle 

forces in aqueous dispersions. By optimizing the PE and enzyme doses we able to create 

composite nanostructures with co-immobilized enzymes on particle supports with high 

colloidal stability. 

First we perform systematic light scattering measurements to determine the surface charge 

properties and colloidal stability of the bare and functionalized TNS in the presence of 

PDADMAC and PSS. The measurements are carried out at different pH to study the interactions 

between oppositely and like charged TNS-PE systems. The main interparticle forces is 

determined by salt induced aggregation measurements of the bare and the functionalized 

particles. The bottom line of these experiments is to obtain a highly stable dispersion of 

functionalized TNS for further sequential adsorption and enzyme immobilization. 

Second we study the bi-layer formation of oppositely charged PEs on TNS and optimize 

the doses to make a support with high colloidal stability for further enzyme immobilization. 

After, SOD and HRP enzymes are co-immobilized between or on the PE layers by the 

sequential adsorption process. We optimize component order and doses to obtain the best 

enzyme activity and colloidal stability. The enzymatic activity of the immobilized enzymes is 

determined by biochemical assays. 

In the third part we study the surface charge properties and the colloidal stability of SL 

particles in the presence of PPN enzyme. The objective of this part to obtain a stable dispersion 

of polymeric SL particles functionalized with PPN. The irreversible adsorption of the enzyme 

is proved by Bradford protein test. We shed light on the main interparticle forces by electrolyte 

induced aggregation measurements. 

In the last part we aimed to co-immobilize PPN and HRP with the application of HEP PE 

as a separator between the enzymes. The objective of this part to obtain a composite material 

with high colloidal stability and dual oxidative-hydrolytic function. The successful 

immobilization of HRP is proved by high resolution confocal microscopy and the dual 

enzymatic activity is tested by biochemical assays. 

A novel method is implemented for the determination of the CCC of the individual systems 

in the study. The procedure is able to estimate the necessary electrolyte concentration for the 
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destabilization of the dispersions solely from electrophoretic mobility data by the DLVO theory 

and shed light on the origin of the possible interparticle forces. Furthermore the developed 

computational method is able to qualify and quantify the present non-DLVO forces in the 

systems. 
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4 Experimental 

4.1 Materials 

The following analytical grade chemicals used for the experiments without further 

purification can be found in Table 1. 

Table 1 All chemicals used in the experiments with formula and the manufacturer. 

Name/Abbreviation Formula Manufacturer  

Sodium chloride NaCl VWR International 

Hydrochloric acid HCl VWR International 

Sodium hydroxide NaOH VWR International 

Poly(diallyldimethylammonium chloride) 

(PDADMAC) 
Figure 11 Sigma-Aldrich 

Poly(styrene sulfonate) (PSS) Figure 11 Sigma-Aldrich 

Superoxide dismutase (SOD) from bovine liver Figure 1 Sigma-Aldrich 

Xanthine oxidase - Sigma-Aldrich 

Horseradish peroxidase (HRP) from horseradish Figure 1 VWR International 

Hydrogen peroxide H2O2 VWR International 

Monosodium hydrogen phosphate NaH2PO4 VWR International 

Disodium hydrogen phosphate Na2HPO4 VWR International 

Xanthine C5H4N4O2 Acros 

Nitro blue tetrazolium (NBT) C40H30Cl2N10O6 Acros 

Papain from Carica papaya (PPN) Figure 1 Sigma-Aldrich 

Sodium acetate CH3COONa VWR International 

Sodium carbonate anhydrous Na2CO3 VWR International 

Calcium acetate Ca(C H O ) VWR International 

Dipotassium hydrogen orthophosphate trihydrate K2HO4PĀ3H2O VWR International 

Casein from bovine milk C81H125N22O39P VWR International 

Trichloroacetic acid (TCA) C2HCl3O2 VWR International 

Methanol CH3OH VWR International 

Folin & Ciocalteuôs reagent C6H6O Sigma-Aldrich 

fluorophore conjugated secondary antibody 

(Donkey anti-mouse Alexa 647) 
- 

Thermo Fischer 

Scientific 

Heparin (HEP) from porcine intestinal mucosa Figure 11 Sigma-Aldrich 

Anti-HRP primary antibody - Sigma-Aldrich 

Glucose oxidase - Sigma-Aldrich 

Catalase (CAT) - Sigma-Aldrich 

Glucose  hydrochloride C6H13NO5 HCl Sigma-Aldrich 

Cysteamine hydrochloride C2H7NS HCl Sigma-Aldrich 

Coomassie brilliant blue C45H44N3NaO7S2 VWR International 

Ethanol C2H6O VWR International 

Guaiacol C7H8O2 Acros 
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Paraformaldehyde (PFA) OH(CH2O)nH Alfa Aesar 

Bovine serum albumin (BSA) - PanBiotech 

All samples were prepared with ultrapure water produced by a Puranity TU 3 UV/UF+ 

(VWR) device. The ultrapure water and the salt solutions were filtered using a Millex syringe 

filter of 0.1 ɛm pore size to remove insoluble impurities. The experiments were performed at 

room temperature (25ÁC) unless otherwise indicated. 

4.1.1 Particles and polyelectrolytes 

4.1.1.1 TNS 

The synthesis of the TNS used in this work as well as the structural characterization 

have already been described in detail. A hydrothermal method was used for the synthesis of 

TiOF2 nanosheets.139-141 One can use these compounds as precursors to obtain anatase 

nanosheets. Such transformation can be achieved by calcination,141 washing of the fluorinated 

material with alkaline solutions.139, 142 The precursor powder and the final product were 

characterized by XRD measurements. The XRD pattern of TiOF2 (Figure 14) shows two 

characteristic peaks, namely at 2ɗ = 23.4Á and at 2ɗ = 25.3Á. The broader peaks observed at 

these two 2ɗ values indicate weak crystallization of the material. This is due to the effect of the 

F- ions on the titania lattice during the 

hydrothermal treatment.139 However, the 

intensity of the TiOF2 peak at 2ɗ = 23.4Á 

is much lower than that of the anatase 

peak at 2ɗ = 25.3Á in the precursor 

product. This result suggests that our 

material is essentially anatase TiO2 and 

that some F- ions may have been 

incorporated into its structure or on its 

surface. 

TEM images show the same 

morphology and dimensions of the 

nanosheets before (Figure 15a) and after 

the alkali treatment of the material 

(Figure 15b). Moreover, the thickness of 

the nanosheets treated with NaOH was 

Figure 14 XRD diffractograms of the precursor TiOF2 

and the final TNS product obtained by alkaline treatment. 

The theoretical diffractograms for TiOF2 and anatase 

(obtained from the JCPDS sheets no. 04-007- 8589 and 

no. 00-021-1272, respectively) are also shown for 

comparison.80 



EXPERIMENTAL PART  

 

34 

University of Szeged 

determined by AFM (Figure 15c) and was found to be 9 Ñ 2 nm. The PZC of the TNS 

suspension was also determined by electrophoretic light scattering measurements in previous 

work. 

 

Figure 15 TEM images of the nanosheets (a) before and (b) after the NaOH 

treatment. (c) AFM image of a single TNS with the corresponding height 

profile.80 

 We refer to the PZC as the value corresponding to the neutralization of the charge of 

the material by the pH of the medium. Below the PZC, the material has a positive charge, while 

above the PZC it has a negative charge. We found the point of charge inversion at pH 5.2 Ñ 0.2 

(Figure 16) which means that the TNS are negatively charged at pH 10, where our experiments 

were performed. The PZC obtained is similar 

to other titanium dioxide compounds.143-145 

DLS measurements in stable TNS 

suspensions yielded a hydrodynamic radius 

of 92 nm and a polydispersity index (PDI) of 

0.36. On the other hand an average particle 

radius of 47 nm and a PDI of 0.30 were also 

determined by TEM. The PDI values are in 

good agreement in the different 

measurement method, whereas significant 

Figure 16 Determination of the point of  PZC of the 

TNS from the pH dependence.80 
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difference was observed in the hydrodynamic radii. This is due to the higher contribution of the 

presence of some aggregates to the intensity of the scattered light. 

4.1.1.2 SL 

The negatively charged surfactant-free polystyrene microspheres with sulfate functional 

groups on the surface were purchased from Thermo Fischer Scientific (Batch number: 1720544, 

Lot number: 1833726). Due to the functional groups the surface charge is independent and 

stable over a wide pH range and the surface is hydrophobic in nature. The mean diameter of the 

particles is 430 Ñ 8 nm according to TEM measurements and the coefficient of variation in 

diameter is 1.8%. The specific surface area of the particles is 1.3 × 105 cm2/g. The surface 

charge density was measured by potentiometric titration and it is given 1.2 ÕC/cm2. 

4.1.1.3 Polyelectrolytes  

PDADMAC is a high charge density strong cationic PE with quaternary ammonium groups 

prepared by the radical polymerization of diallyldimethylammonium chloride (DADMAC) in 

presence of a catalyst in the form of an organic peroxide. PDADMAC can be used as an 

electrolytic solution in a variety of applications such as drug delivery, biomedical systems, and 

sensors, which include biosensors and chemical sensors. The used PDADMAC is in liquid form 

with 20.2 Ñ 0.2% solid content. The average molecular weight of the PDADMAC is 275 kg/mol.  

PSS is a high charge density strong anionic PE with sulfate groups prepared by the radical 

polymerization of sodium styrene sulfonate (NaSS). It is widely used in biomedical 

applications. The used PSS is in powder form. The average molecular weight is 96.8 kg/mol, 

provided by the manufacturer.  

HEP sodium salt from porcine intestinal mucosa is naturally occurring glycosaminoglycan. 

Heparin is a mixture of natural sulfated mucopolysaccharides, which are generally found in 

granules of mast cells. It is a low molecular weight biocompatible PE widely used in medical 

applications.  

4.2 Enzymatic assays 

4.2.1 SOD assay 

To determine the SOD-like activity of the obtained materials, the Fridovich method was 

used.146 In this probe, the reaction between xanthine and xanthine oxidase in the presence of 

dissolved molecular oxygen yields the superoxide radical ions, which is captured by NBT 

https://en.wikipedia.org/wiki/Glycosaminoglycan
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molecules that change color (from yellow to blue) upon reduction. This transformation can be 

followed by UV-Vis spectroscopy. However, the protocol for the enzymatic assay must be 

slightly modified to account for the light scattering by the suspended particles. Each sample 

consisted of xanthine (3 mM, 0.1 mL), NBT (3 mM, 0.1 mL), xanthine oxidase (3 mg/mL,  

0.3 mL), and a dispersion containing the catalyst (bare or immobilized SOD, 0-2.5 mL) in 

phosphate buffer and was made up to a final volume of 3 mL. The phosphate buffer 

concentration in the samples was 2.7 mM and the pH was adjusted to 7. Once all reagents were 

mixed, the increase in absorbance band at 565 nm was observed for 6 minutes. The increase in 

absorbance (ῳὃ) was determined for different SOD concentrations. Due to the scattering of 

colloidal particles, the corresponding samples without SOD were used as reference (ῳὃ). The 

inhibition (I) of the (ὕ )-NBT reaction was then calculated as follows: 

 Ὅ 100 
(9) 

The O2
ī scavenging activities were expressed as IC50 values, which correspond to the SOD 

concentration needed to dismutate 50% of the O2
ī formed in the probe reaction. 

4.2.2 Guaiacol (peroxidase) assay 

To determine the HRP activity, the chemical decomposition of H2O2 was quantified. To 

follow this reaction, guaiacol, a reagent that can be easily oxidized and whose oxidation leads 

to a colored product (tetraguaiacol), was used.147, 148-150 The accumulation of this product can 

be easily detected by UV-Vis spectrophotometry. Briefly, 240 ɛL of the bare or immobilized 

HRP sample containing 10 mg/L enzyme was mixed with 240 ɛL of phosphate buffer  

(100 mM), followed by the addition of the appropriate amount of guaiacol solution at a 

concentration of 100 mM and made up to a volume of 1680 ɛL with ultrapure water. Finally, 

720 ɛL of H2O2 (9 mM) was added to the cuvette, which was vortexed again and immediately 

measured by UV-Vis. The formation of guaiacol degradation products is detected at a 

wavelength of 470 nm.151 The increase in absorbance was observed as a function of reaction 

time and the linear part of the curve was fitted to calculate the reaction rate (ὺ). The Michaelis 

constant (ὑ ) and the maximum reaction rate (ὺ ) were calculated using Lineweaver-Burk 

equation as follows Ὓ refers to the guaiacol concentration):152  
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ὺ
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For the time-dependent measurements, the above procedures were performed on consecutive 

days. The relative ὺ  values are related to the activity on the first day. Samples were stored 

at room temperature between measurements. 

4.2.3 Protease-like activity measurements 

For the determination of protease-like function, the universal protease activity assay 

protocol based on the Lowry method153 was used with some modifications. Accordingly, a 

calibration curve was constructed by adding various amounts of 1.1 mM tyrosine standard 

solution to several samples and making up to a final volume of 2 mL with ultrapure water. The 

final tyrosine concentrations in the samples ranged from 0.01 to 1 ɛM. Note that tyrosine is the 

product of hydrolysis in the assay. After incubation at 37 ÁC for 30 min, the color change of the 

samples was measured using a spectrophotometer at 660 nm. The absorbance recorded at this 

wavelength was used to determine the tyrosine concentration in the samples. For the estimation 

of protease-like activity, the concentration of the native and immobilized PPN in the stock 

solutions was 2500 mg/L. For the measurements, 0.4 mL was added to 3.6 mL of 10 mM 

phosphate and 5 mM acetate buffer with a pH of 7, so that the PPN concentration was 250 mg/L 

in the buffered solution. During the measurements, 0.65 w/v% casein was first diluted with  

50 mM phosphate buffer solution as substrate stock. Then, 0.1 mL of  the free or immobilized 

enzymes was added to 0.5 mL of the casein solution. The reaction was terminated after  

20 minutes by adding 0.5 mL of 110 mM TCA solution, and then an appropriate volume of 

native or immobilized PPN solution was added to the blank to reach the final volume of 1 mL. 

After 30 minutes of incubation at 37 ÁC, the samples were centrifuged at 10000 rpm for 10 

minutes. Then, 0.75 mL of 500 mM sodium carbonate and 0.1 mL of Folin & Ciocalteus reagent 

were added to 3 mL of the supernatant. After incubation at 37 ÁC for 30 min, the absorbance of 

the samples was measured in the range of 400-800 nm. Protease activity was determined from 

absorbance values measured at 660 nm. One unit of protease activity corresponded to the 

amount of enzyme required to release 1 ɛg tyrosine per mL and per minute under the standard 

assay conditions described above. For time-dependent measurements, the same procedure was 

used at different time. For the temperature dependent measurements, the procedure mentioned 

above was performed after 1-hour incubation at the given temperature. Samples were stored at 
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room temperature between such measurements. Relative enzyme activity is refers to activity on 

the first day or samples incubated at 37ÁC. 

4.3 Determination of the enzyme content  

The amount of the enzyme in solutions was determined by the Bradford protein assay, 

based on the absorption shift of the Coomassie Brilliant Blue dye that binds to the protein of 

interest.154 100 mg of the dye was dissolved in a mixture of 50 mL of 95% ethanol and 100 mL 

of 85% phosphoric acid. The solution was then made up to 1000 mL with ultrapure water. 

Standard solutions of PPN ranging from 1-100 mg/L and SL-PPN with a particle concentration 

of 1000 mg/L were then prepared. After mixing 0.4 mL of the test solution with 1.6 mL of dye 

solution, the UV-Vis spectra of the samples were recorded after 5 minutes equilibration period. 

The changes in absorbance at 464 nm and 594 nm wavelengths were monitored. The amount 

of PPN in the samples was calculated from the ratio of these absorbance values.  

4.4 Measurement techniques 

4.4.1 Following the colloidal stability with dynamic light scattering (DLS) 

DLS is a suitable non-destructive technique to measure the hydrodynamic radius of 

dispersed particles. It is based on two properties of dispersions, namely the Tyndall effect 

(scattering of light) and Brownian motion (thermal motion of particles).155 It is based on the 

fluctuations (related to particle size) of the scattered light.  

A typical DLS device consists of a laser that focuses coherent, monochromatic light 

onto the dispersion. The particles in the dispersion are struck by the light (Figure 17), causing 

them to behave as a new source of illumination leading to light scattering.156 A small portion 
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Figure 17 Schematic representation of a DLS setup in backscattering mode with obtained 

fluctuation of scattering intensity and correlation function for two different particle sizes. 

of the light scattered by the particles leaves the dispersion and is collected by the detector, which 

is placed at a predefined angle and distance. 

Due to the interference of the scattered electromagnetic waves with the particles, the 

intensity fluctuates over time as the relative positions of the particles change. The fluctuations 

in the intensity of the scattered light depend on the diffusion coefficient (D) of the particles, 

which is correlated to the hydrodynamic radius (Ὑ ),155 since the diffusion coefficient is 

inversely related to the particle size. Using the autocorrelation technique, it is possible to obtain 

quantitative information, if we consider the intensity at a certain time, I(0), and the intensity 

after a sort delay I(0+Ű). For these two intensities, one can write the intensity correlation 

function as follows:157 

 

ộὍπὍ†Ớ ὰὭά
ᴼ

ὍὸὍὸ †Ὠ† (11) 

where t stands for an actual time, † for the time delay and Ὕᴂ is the total measurement time. 

When Ű approaches 0, the entire function equals ộὍỚ, while if it goes to infinity, the function 

has a value of ộὍỚ. The normalized intensity correlation function can be written as:158 

 
Ὣ †

ộὍπὍ†Ớ

ộὍỚ
 (12) 

The intensity correlation function was measured and electric field correlation function gives the 

correlation between different the positions of the particles at different † as:158 
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 Ὣ † ÅØÐ Ὀή† (13) 

where Ὀ stands for the diffusion coefficient. The intensity correlation function Ὣ †, and 

electric-field correlation function, Ὣ † are related by the Siegert relation:158 

 Ὣ † ὃρ ὄὫ †  (14) 

where A is baseline and B is coherence factor. Considering a suspension of monodispersed 

spherical particles, this correlation function decays exponentially according to the following 

equation: 

 Ὣ ὸ Ὡὼὴː ὸ (15) 

where the decay rate constant ( )ː is given by:159 

 ː ήὈ (16) 

where ή is the magnitude of the scattering vector:159 

 
ή
τ“ὲ

‗
ÓÉÎ
Ὸ

ς
 (17) 

where ὲ is refractive index of the sample, ‗ is a wavelength of light and Ὸ is a scattering angle. 

In this way, the diffusion coefficient (Ὀ) of monodisperse colloidal particles can be calculated, 

which is directly related to the hydrodynamic radius (Ὑ ) by the Stokes-Einstein equation:159 

 
Ὑ

ὯὝ

φ“–Ὀ
 (18) 

where T is a temperature in K, – is viscosity of the medium. It is important to mention that in 

order to obtain diffusion coefficient from the Siegert equation we need to know the scattering 

vector that comes from the DLS setup (Figure 17).160  

Accordingly, information on colloidal stability can be obtained by measuring the 

hydrodynamic radius of the particles with DLS and following its evolution over time. To 

quantify the colloidal stability, we should discuss the process of particle aggregation. As 

mentioned earlier, particles are attached to each other when the attractive forces overcome the 

repulsive forces, and dimers are initially formed. Time-resolved light scattering methods have 
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been proven useful in determining the rate of dimer formation. The formation of dimers (AA) 

associated with the loss of monomers (A) can be expressed by the following equation:161 

 Ὠὔ

Ὠὸ

ρ

ς
Ὧὔ  (19) 

where, NA and NAA are the number concentrations of monomers and dimers, respectively, t is 

time, and k is the aggregation rate constant. 

When the particles are undergo to Brownian motion and there is no additional stabilizing 

force between the particles, aggregation is controlled only by their diffusion. The aggregation 

rate constant was estimated by von Smoluchowski (equation (7)). The apparent rate constant 

(Ὧ ) can be determined by time-resolved DLS measurements (Figure 18) as follows:91, 161 

 
Ὧ

ρ

Ὑήȟπ

ὨὙήȟὸ

Ὠὸ ᴼ
 (20) 

where Ὑήȟπ and Ὑήȟὸ represent initial hydrodynamic radius and the one after a short period 

of time. 

Stability ratio of the actual measurement 

(ὡ) can be obtained by comparing the apparent 

rate constant (Ὧ ) with the one from the fast or 

diffusion-limited rate (Ὧ ) measured at the 

same particle concentration:54, 161, 162 

When ὡ  equals one, aggregation is 

diffusion limited and therefore rapid aggregation 

occurs. High values of the stability ratio indicate 

stable colloidal dispersions, while values between 1 and 100 correspond to slow aggregation. 

The value of the stability ratio can also be interpreted as the necessary number of particle 

collisions leading to the formation of one dimer (W of 1 corresponds to the case where each 

collision has enough energy to overcome the barrier and form a first-order aggregate). The W 

values can be measured at different ionic strengths, PE, or enzyme doses. The dose or salt 
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(21) 

Figure 18 Illustration of the different 

suspension stabilities on a Hydrodynamic 

radius versus Time plot. 
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concentration, at which the transition from fast aggregation (W = 1) to stable dispersion  

(W >> 1) occurs is the CCC. It is an important parameter for any colloidal systems and can be 

predicted by the DLVO theory as follows:163  

 
ὡ ρ

ὅὅὅ

ὧ
 

 
(22) 

where ὧ  is the molar concentration of the applied monovalent salt and ɓ is obtained from the 

stability ratios in the slow aggregation regime before the CCC as follows:163  

 
‍
ὨὰέὫ ρȾὡ

ὨὰέὫ ὧ
 (23) 

To determine the hydrodynamic radius (Rh) of the particles, dynamic light scattering 

(DLS) experiments were performed. For TNS particles, the same Litesizer 500 instrument as in 

the mobility study was used, while for SL particles, an ALV-NIBS High Performance Particle 

Sizer instrument equipped with a 3 mW He-Ne laser with a wavelength of 633 nm in backscatter 

mode was applied. The measurement concept of the two instruments is identical and the 

cumulant fit158 was used to fit the correlation function, which was collected for 20 seconds. 

Time-resolved experiments were performed for 30 minutes to collect sufficient experimental 

points for the linear fits of the Rh versus time data. Sample preparations for the DLS 

measurements were similar as electrophoresis measurements in the next chapter. The only 

difference was that the total volume for DLS was 2 mL and measurements were started 

immediately after the particles were added to the solutions containing PE, enzyme, and NaCl. 

4.4.2 Electrophoretic Light Scattering  

Electrophoretic light scattering is a simple, nondestructive technique for determining 

the surface charge properties of colloidal particles.113, 164, 165 The technique is based on the 

movement of charged scattering objects in a liquid subjected to an external electric field. In the 

suspension under study, which is between two electrodes, the charged particles move toward 

the oppositely charged electrode due to Coulomb forces, and the movement of the particles is 

measured using the frequency or phase shift between the reference light and the one scattered 

from the sample due to the Doppler-effect. The electrical properties of charged colloidal 

particles in an electrolyte solution, was detailed in chapter 2.6. 
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The velocity (ὺ) of charged particles depends on the applied electric field (Ὁ) and is 

proportional to the electrophoretic mobility (А) and can be written as follows:98 

 ὺ АὉ (24) 

Since the velocity of the particles is measured by light scattering the simplifeid mobility of an 

isolated charge, which moves due to the electric field is given by the ratio between the charge 

(ὗ) and the friction coefficient (Ὢ):166  

 
А
ὗ

Ὢ

ᾀὩ

φ“–Ὑ
 (25) 

The electrokinetic potential or zeta potential can be calculated from the mobilities by 

using different models. To choose the correct model, one must consider the magnitude of 

surface charge, the size of the particles (measured by an independent technique), and the ionic 

strength (controlled during sample preparation) in the dispersion.97 The latter is included in the 

Debye length (‖ ) by the ionic strength (Ὅ) as follows: 

 

‖
‐‐ὯὝ

ςὔὩὍ
 (26) 

where NA is Avogadroôs number. When the ionic strength is high (the Debye screening length 

is small, low potentialȿzȿ ¢ 50 mV) and particles are large (kR>>1), one can use the 

Smoluchowski model to calculate ‒: 

 ‒
А–

‐‐
 (27) 

Oppositely, if kR<<1, the recommended equation was given by H¿ckel: 

 
‒
ςА–

σ‐‐
 (28) 

Finally, in the situation between, when kR º1, the best estimation is given by Henryôs  

model:97, 167 
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where Ὢ‖Ὑ is referred to as Henryôs function, which can vary from 1 to 1.5 depending on the 

ionic strength and size of the particles.  

However, the above scenario is 

applicable for potentials less than 50 mV in 

magnitude. For high potentials, other models, 

such as the one developed by O'Brien and 

White, must be used.165 In this work, the 

electrokinetic potentials of the particles were 

always below 50 mV and the particle size is 

relatively high (kR>>1). The comparison of 

the different models is shown in Figure 19. 

Accordingly, the Smoluchowski model was 

used to convert the electrophoretic mobility 

data to zeta potentials. The zeta potentials of 

each system can be found in the 

supplementary part, while only the electrophoretic mobilities are given in the results. 

The surface charge density of the particles at the slip plane can be estimated from the 

electrokinetic potentials. The relation between the potentials and the ionic strength is described 

by two theories. On the one hand, the Gouy-Chapman model was developed to calculate the 

surface charge density („) from the potentials of charged planar surfaces immersed in 

electrolyte solutions. The theory defines the decay of the potential with ionic strength by the 

following relation.168 

 
‪

ςὯὝ

Ὡ
ÓÉÎÈ
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ςὯὝ‐‐‖
 (30) 

Equation (30) is also known as Grahame's equation. It was developed on the basis of the 

Poisson-Boltzmann description of the charge distribution in the EDL and is applicable in high 

potential regions.96, 169, 170 On the other hand, the Debye-H¿ckel model defines the change of 

potential with electrolyte concentration for spherical colloids or plane surfaces as:52 

Figure 19 Comparison between models for the 

conversion of zeta potential from electrophoretic 

mobility. 
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 „ ‐‐‖‪ (31) 

This model is also derived from 

Poisson-Boltzmann theory by a linearization 

equation and is valid for low potential 

regions. The discrepancy between the two 

models is illustrated in Figure 20. 

In this work, the surface charge 

densities of the individual systems are 

calculated using the Gouy-Chapman model, 

and the full fits of the Grahame equation of 

the zeta potential versus ionic strength plots 

can be found in the supplementary part. Note 

that the Gouy-Chapman model is valid only 

for high ionic strengths (> 100 mM). 

Electrophoretic light scattering (ELS) 

was used to determine the electrophoretic 

mobility of the particles with a Litesizer 500 

instrument (Anton Paar) equipped with a 40 mW semiconductor laser operating at a wavelength 

of 658 nm in backscattering mode using the phase analysis technique. Different amounts of 

samples were prepared for the measurements of the different systems, but the procedure was 

the same. For example, 0.1 mL of the particle dispersions was added to 0.9 mL of solution 

consisting of the calculated amount of PE, enzyme, and electrolyte, the latter being used to 

adjust the ionic strength. The particle concentration was 1 and 10 mg/L in the case of TNS and 

the SL, respectively. Samples were allowed to settle for 2 hours at room temperature before 

electrophoretic mobilities were measured after 1 minute of equilibration time in the instrument. 

The values reported are the average of five individual measurements. Experiments were 

performed in omega-shaped plastic cuvettes (Anton Paar) with a volume of 350 ɛL.  

4.4.3 Determination of the CCC from electrophoretic mobility  

In this work, a new computational method was developed to predict the CCC values 

using only electrophoretic mobility data, without the need to measure particle aggregation 

rates.138 The model relies on DLVO theory; contributions from repulsive double layer forces 

Figure 20 Electrostatic potential values as a function 

of ionic strength. The points were measured by 

electrophoresis with negatively charged particles. 

The solid lines were calculated using the Gouy-

Chapman and the Debye-H¿ckel models, applying a 

surface charge density of -11 mC/m2 



EXPERIMENTAL PART  

 

46 

University of Szeged 

and attractive van der Waals forces are included. In some systems, non-DLVO interactions shift 

the CCC significantly, and in these cases the proposed approach is also applicable in the 

quantification of the non-DLVO forces. 

As written in equation (1) the interaction energy between two particles is composed of 

the van der Waals (VvdW) and the double layer (VEDL) contributions. At CCC, the repulsive 

energy barrier vanishes, which can be described mathematically as follows: 

 
ὠ π ὥὲὨ 

Ὠὠ

ὨὬ
π (32) 

Combining equations (1),(3),(4),(5) and (31) with conditions in the equation (32) permits to 

calculate the CCIS,136 
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where e = 2.7182 is the base of the natural logarithm. In order to convert the CCIS to the CCC 

the relation between ionic strength and concentration has to be used in equation (6), ὰ (0.71 

nm in water at 25ÁC) is the Bjerrum length, which given by the following equation: 

 
ὰ

Ὡ
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where Ὡ is the elementary charge, The relation between CCIS and the surface charge density 

given in equation (30) has been tested in this work on different types of particles and different 

electrolytes and gives relatively accurate results.110, 136, 171, 172  

Based on the above presented relation in this work we employ a simple numerical 

procedure to predict CCC solely from electrophoretic mobility measured at different salt 

concentrations.  Smoluchowski equation (27) was used to convert electrophoretic mobility (Õ) 

to an electrokinetic potential or zeta potential.52 At relatively low potentials the electrokinetic 

potential is usually a good approximation for the diffusion layer potential (ɣdl).
173, 174 If the 

dimensions of the particles are larger than the thickness of the diffuse layer at the CCC the 

Derjaguin approximation is valid and one can use the appropriate effective radii in the 

equations.52 However some inaccuracies resulting from the use of the Derjaguin approximation 

are to be expected in the case of small particles of arbitrary shape. Based on the equations 

described above, a simple algorithm was created to calculate CCC from electrophoretic 

mobility versus concentration data. The pseudocode for this algorithm can be found in the 
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supplementary information (Figure S1). This algorithm was implemented in Python and the 

source code is also available at [https://github.com/colloidlab/ccc-

calculator(doi:10.5281/zenodo.3725518)]. The developed algorithm is provided as free and 

open source software, allowing other researchers to determine CCCs from electrophoretic 

mobility data alone. 

4.4.4 Transmission Electron Microscopy (TEM )  

The morphology of the materials was studied by transmission electron microscopy 

(TEM). The TEM images were acquired using a Tecnai G2 Sphera microscope (FEI, Hillsboro, 

USA) at an accelerating voltage of 120 kV with a LaB6 cathode. Samples were prepared by 

placing 5 ɛL of the solution on a plasma-treated carbon mesh and removing the excess liquid 

after 2 min. The obtained mesh with the material was placed on the sample holder and placed 

in the electron microscope. Note that the drying process during the measurement resulted in the 

formation of some particle aggregates in the systems. 

4.4.5 UV-Vis Spectroscopy 

The antioxidant assays and Bradford protein tests were performed by recording the  

UV-Vis spectra using a Genesys 10S spectrophotometer (Thermo Scientific). The wavelength 

range used was 190-1100 nm with a scale of 0.1 nm. 

4.4.6 Direct Stochastic Optical Reconstruction Microscopy (dSTORM) 

The presence of enzymes was confirmed by direct stochastic optical reconstruction 

microscopy (dSTORM). The particle suspensions were placed on cover glass (VWR). Samples 

were incubated for 20 minutes to promote adhesion. After fixation with 4% PFA in PBS for  

5 minutes, the specific binding sites were blocked by applying 10% BSA in PBS for 2 hours at 

37 ÁC. The primary anti-HRP antibody was used during a 2-hour incubation step at room 

temperature. The sample was washed three times with PBS for 10 minutes. The fluorophore-

conjugated (Alexa 647) secondary antibody was applied before the next wash step (three times 

for 10 minutes). For dSTORM imaging, cover glasses were placed on slides filled with blink 

buffer and sealed with a two-component adhesive. Blink buffer contained 100 U glucose 

oxidase, 2000 U CAT, 55.6 mM glucose, and 100 mM cysteamine hydrochloride in 1 mL final 

volume supplemented with sterile PBS. The dSTORM images were acquired using Nanoimager 

S (Oxford Nanoimaging ONI Ltd) device. 

https://github.com/colloidlab/ccc-calculator(doi:10.5281/zenodo.3725518
https://github.com/colloidlab/ccc-calculator(doi:10.5281/zenodo.3725518
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4.5 Preparation of the composite particles 

4.5.1 Preparation of the polyelectrolyte functionalized TNS  

TNS powder was dispersed in ultrapure water under sonication and stirred to obtain a well-

dispersed 10000 mg/L stock dispersion at pH 7. This dispersion was always sonicated for  

20 minutes before use. The particle dispersions were prepared below and above the PZC of the 

TNS by adjusting the pH of the samples. Accordingly, 100 mg/L stock solutions were prepared 

by diluting the 10000 mg/L dispersion with pH 4 and pH 10 ultrapure water adjusted with HCl 

and NaOH solutions, respectively. PE stock solutions of PDADMAC and PSS in the 

concentration range of 0.01-1000 mg/L were prepared by dissolving the PE in pH adjusted 

ultrapure water followed by appropriate dilution. PE functionalized nanoparticle dispersions 

were prepared by mixing the TNS dispersions with the calculated amount of PE to obtain a 

solution in which the final particle concentration was 10 mg/L. The applied PE doses can be 

found in Table 2. 

Table 2 Applied PE and enzyme dose of the functionalized particles. 

 

pH 
Applied PE/enzyme dose (mg/g)a 

 PDADMAC PSS HEP SOD HRP PPN 

TNS-PSS 
4  100     

10  100     

TNS-PDADMAC 

4 400      

7 150      

10 400      

TNS-PDADMAC-SOD 7 150   10   

TNS-PDADMAC-SOD-HRP 7 150   10 10  

TNS-PDADMAC-SOD-PSS-HRP 7 150 300  10 10  

SL-PPN 4      400 

SL-PPN-HEP 4      400 

SL-PPN-HEP-HRP 4   200  10 400 
a The unit mg/g indicates mg of PE/enzyme per 1 g of the particle. 

4.5.2 Preparation of the TNS supported enzyme cascade system 

To prepare the immobilized enzyme cascade systems, the same TNS suspensions were 

used as described above. The only difference is that the TNS and PE stock solutions were 

diluted in ultrapure water at pH 7. Enzyme solutions of SOD and HRP in the concentration 

range of 0.01-1000 mg/L were prepared fresh at pH 7. According to the sequential adsorption 

method, the TNS stock solution was first added to the calculated amount of PE or enzyme 
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solution depending on the sequence. The samples were gently stirred on a rotary stirrer for  

2 hours, which time was enough for proper adsorption. Additional enzyme and PE solutions 

were then added to the solution, followed by 2 hours of adsorption time until the desired 

composition was achieved. A schematic illustration and overview of the synthesis can be found 

in Figure 21. The applied PE and enzyme doses can be found in Table 2. 

 

Figure 21 Schematic illustration of the synthesis of the TNS-PDADMAC-

SOD-PSS-HRP composite. 

4.5.3 Preparation of the PPN functionalized SL beads 

 The SL particle dispersions functionalized with PPN were prepared at different particle 

concentrations prior to the measurement method, but the preparation methods were identical. 

Accordingly, the SL dispersion was prepared by diluting the stock solution with pH 4 water. 

The PPN solutions in the concentration range of 0.01-10000 mg/L were prepared by dissolving 

the enzyme in ultrapure water at pH 4. The SL stock dispersions were added to the solution 

containing the calculated amount of enzyme to obtain a solution, in which the final particle 

concentration in the stock solutions was 100 and 1000 mg/L. The samples were gently stirred 

on a rotary stirrer for 2 hours. The applied PPN doses can be found in Table 2. 

4.5.4 Preparation of the co-immobilized multi -enzyme system on SL 

The composite material SL-PPN-HEP-HRP was constructed based on the sequential 

adsorption method (Figure 22). Accordingly, SL particles were added to a solution containing 

a calculated amount of PPN at pH 4. The sample was stirred with a rotary stirrer for 1.5 hours 

and HEP solution was added to the dispersion at an appropriate concentration. After 1.5 hours 

of additional stirring, HRP was added to the samples, followed by continuous stirring for  

1.5 hours. The samples were then mixed with HRP. The applied PE/enzyme doses can be found 

in Table 2.  
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Figure 22 Schematic illustration of the synthesis and enzymatic 

activity of the SLïPPNïHEPïHRP composite.
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5 Results and Discussion 

5.1 Colloidal stability of PE functionalized TNSs 

In this chapter, the colloidal behavior of the TNS in the presence of oppositely and like-

charged PEs is discussed. The main interparticle forces were identified based on the results of 

the salt-induced aggregation measurements of the bare and the functionalized particles and 

interpreted in terms of DLVO theory and beyond it. 

5.1.1 Charging and aggregation of TNS in the presence of polyelectrolytes 

Systematic electrophoretic and DLS measurements were performed to evaluate the 

surface charge properties and aggregation processes of TNS in the presence of the PEs, namely 

PDADMAC and PSS. The measurements were carried out at pH values below or above the 

PZC. In this way, both PEs were studied as equally or oppositely charged substances. In the 

case of PDADMAC, experiments were also performed at neutral pH, below the PZC. The 

results provide information about the adsorption mechanism of PDADMAC or PSS on TNS 

and about the origin of the major interparticle forces generated by the adsorption of the PEs. 

5.1.1.1 Positively charged TNS at pH 4 

The electrophoretic mobilities and stability ratios of TNS were determined first at pH 4 

in the presence of PSS (oppositely charged) and PDADMAC (like-charged). At low PE doses, 

the TNS were positively charged and its charge was only partially compensated by the adsorbed 

PE, as indicated by the positive mobility values under these experimental conditions, as shown 

in Figure 23. However, with the adsorption of additional PDADMAC and PSS, the trend in the 

electrophoretic mobilities was completely different. 

By increasing the PSS concentration, significant adsorption was indicated by the 

decrease in mobilities. Such an adsorption process resulted in charge neutralization at the IEP 

and charge reversal at higher doses. The main forces responsible for the latter phenomenon are 

the entropy gain due to the release of the solvent molecules during the adsorption of the 

PE119 and the electrostatic attraction between the PSS and the vacancies on the oppositely 

charged TNS surface. With further addition of PSS, the adsorption continued until the 

mobilities reached a plateau. The onset of this plateau (ASP) corresponds to the PE dose, at 

which a saturated PSS layer forms on the surface of the oppositely charged TNS. Similar 
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charging behavior has been reported in other works with titania particles in the presence of 

oppositely charged PEs.121, 175-177  

In the case of the PDADMAC  

(Figure 23), mobilities remained positive 

throughout the range of PE concentrations, as 

expected, but increased slightly above the dose 

of  

10 mg/g. This result indicates that despite the 

same sign of charge of the PE and the surface, 

adsorption of equally charged PDADMAC 

can also occur on the positively charged TNS 

at high PE loading. A similar adsorption 

process of like charged PEs has been observed 

for negatively charged titanium oxides above 

the PZC,178-180 but to our knowledge, this is the 

first time that adsorption of positively charged 

PEs on titanium oxide compounds with the 

same sign of charge has been reported. 

Stability ratios were determined under identical experimental conditions as in the 

mobility study. The increase in Rh in Figure 24a was remarkably different by increasing the PE 

dose. Accordingly, the Rh of the bare TNS particles did not change significantly in the entire 

time period of the measurement. By increasing PSS dose, moderate stability is observed at low 

PSS doses, while unstable dispersions are assessed at 5 mg/g dose. Further increase in the PSS 

dose led to stable dispersions again, where the slope of the curves was close to 0. Thus, 

significant differences were observed in the colloidal stability of TNS by varying the dose of 

PSS. Figure 24b shows that the dispersions have limited stability at low PE doses, as indicated 

by the relatively low stability ratio values in this range. As the amount of PSS increased, the 

stability ratio values decreased and reached a minimum, followed by an increase at high PSS 

doses leading to stable samples at appropriately high PSS concentrations. A similar 

destabilization-restabilization mechanism has been reported earlier for titanium oxide 

compounds in the presence of oppositely charged PEs,80, 120, 121, 176, 181 also with titanate 

nanowires and PSS.168 

Figure 23 Electrophoretic mobility of TNS as a 

function of the PE dose at pH 4. The ionic strength 

and the TNS concentration were set to 1 mM and 1 

mg/L, respectively. The unit in the x-axis indicates 

mg of PE per 1 g of TNS. The lines serve to guide 

the eyes. 
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Figure 24 (a) Hydrodynamic radius as a function of the time at different PSS doses. The lines are the 

linear fits to the points used to calculate aggregation rate coefficients (equation (20)). (b) The stability 

ratio of TNS as a function of the PSS dose at pH 4 (equation (21)). The ionic strength and the TNS 

concentration were set to 1 mM and 1 mg/L, respectively. The unit in the x-axis indicates mg of PE per 

1 g of TNS. The lines in (b) serve to guide the eyes. 

Comparing the trend of mobilities and stability ratios, note that the minimum of the 

latter values is close to the IEP. Therefore, the aggregation characteristics of TNS at different 

doses of PSS resemble those predicted by the classical DLVO theory described in chapter 2.6.96, 

98 Indeed, nanosheets aggregate rapidly once the surface charges are neutralized at the IEP and, 

thus, the repulsive EDL interaction is absent and the attractive van der Waals force prevails. 

Dispersions with moderate stability as well as stable dispersions were observed at low and high 

doses of PSS respectively, where the double layer forces overcome the attractive forces due to 

the sufficient charge on the nanosheets. 

However, DLVO theory cannot explain the difference in the slopes of the stability ratios 

in the slow aggregation regimes at low and high doses. This discrepancy suggests the presence 

of additional (non-DLVO) attractive forces, and this difference is due to the so-called patch-

charge effect,182, 183 that is often caused by the adsorption of strong PEs onto oppositely charged 

particles, as mentioned in the literature review (Figure 13)105, 106, 184. In this situation,  

patch-charge attraction forces are exhibited because PSS at low PE coverage tends to form 

islands (patches) on the surface during adsorption, while empty positive sites (charge) are still 

present on the TNS surface. The patches are electrostatically attracted to the charges, leading 

to the development of an attractive interaction in addition to the van der Waals forces already 

present. The patch-charge interaction leads to faster aggregation of the TNS, than the diffusion 

controlled case, resulting in lower stability ratios and smaller slope in the slow aggregation 
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region at low surface coverage. However, when the PSS coverage on the TNS surface is high, 

this additional attraction above the IEP is not pronounced, because the insufficient number of 

positive charges on the surface prevents electrostatic attraction with the PSS patches. Although 

bridging interaction between PSS-functionalized particles has been reported previously105, 113 

no evidence of this phenomenon was found in the present system, most likely due to the 

relatively low molecular mass of the PSS and the low ionic strength applied in the experiments. 

Moreover, no stability ratios could be determined for positively charged TNS in the 

presence of PDADMAC. As shown by the results of the mobility measurements, PDADMAC 

adsorbs on the like-charged surface to some extents, leading to an increase in the surface charge 

and thus, to a stronger EDL repulsion. Since the bare particles were stable at pH 4 and 1 mM 

ionic strength and the presence of PDADMAC further enhanced the stabilizing electrostatic 

forces, the nanosheets formed stable dispersions throughout the range of PDADMAC 

concentrations studied. Therefore, stability ratio measurements were not possible to be 

performed under these experimental conditions. 

5.1.1.2 Negatively charged TNS at pH 10 

Measurements were carried out at a pH 

of 10, above the PZC of the TNS in a similar 

manner (similar concentration range and ionic 

strength) as for the positively charged particles. 

Since the charge of the PEs in this situation is 

pH-independent, the PDADMAC and the PSS 

are oppositely and like-charged, respectively. 

In the case of the like-charged PSS (Figure 25), 

the mobilities remained negative and constant 

within the experimental error in the 

concentration range studied. This fact indicates 

negligible adsorption on the surface of the same 

sign of charge. This result is somewhat 

unexpected since the like-charged PDADMAC 

adsorbed to the TNS at low pH and adsorption of other like-charged PEs has already been 

reported for negatively charged titanium oxide materials.121, 178, 179 A possible explanation for 

this phenomenon is that the negatively charged TNS is more hydrophilic than the positive one 

and hence, the development of a hydrophobic interaction with the PSS, which remains hydrated 

Figure 25 Electrophoretic mobility of TNS as a 

function of the PE dose at pH 10. The ionic 

strength and the TNS concentration were set to 1 

mM and 1 mg/L, respectively. The lines serve to 

guide the eyes. 



RESULTS AND DISCUSSION 

 55 

 University of Szeged 

and dissolved in the solution, is not possible. Moreover, such a hydrophobic character is more 

typical for PSS with much higher molecular masses than the one used in the present study. 

Another possible explanation for the negligible adsorption is that, due to the lower molecular 

mass of the PSS, the release of solvent molecules during adsorption and the subsequent entropy 

gain119 could not overcome the electrostatic repulsion between the PE and the surface. 

In the oppositely charged system, PDADMAC adsorbed strongly on the nanosheets, and 

charge neutralization occurred at the IEP (Figure 25). The adsorption continued after the IEP, 

resulting in charge reversal and formation of a saturated PE layer on the TNS at ASP. Similar 

trends were observed in the magnitude of the electrophoretic mobilities as shown in the previous 

chapter for oppositely charged systems, since the main interactions between the PEs and the 

surfaces are the same regardless of the charge balance. 

The increases in Rh in the time-resolved DLS measurement at different PE doses are 

shown on Figure 26a. Accordingly, constant Rh values and stable dispersions were observed at 

low and high PDADMAC doses, while higher slopes and unstable dispersions were observed 

in the intermediate regime around 20 mg/g. Consistently to these results, the trend in the 

stability ratios (Figure 26b) in the PDADMAC system resembles a U-shaped curve typical for 

charged particles in the presence of oppositely charged PEs.113, 121, 184  

 

Figure 26 (a) Hydrodynamic radius as a function of the time at different PDADMAC doses and the 

linear regressions to be used for calculation of aggregation rates (equation (20)) and (b) stability ratio 

of TNS as a function of the PDADMAC dose at pH 10 (equation (21)). The ionic strength and the TNS 

concentration were set to 1 mM and 1 mg/L, respectively. The unit in the x-axis indicates mg of PE per 

1 g of TNS. The lines in (b) serve to guide the eyes. 
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A similar trend was observed in the PSS systems at pH 4, except for the differences in 

the slopes. This difference sheds light on the fact that PDADMAC adsorbs in a more extended 

conformation on the TNS and hence, no PE patches are formed on the surface. As mentioned 

earlier, such a destabilization-restabilization mechanism can be qualitatively described by the 

DLVO theory,96 which states that particles with a neutralized surface charge aggregate rapidly 

at the IEP due to the lack of double layer repulsion and the presence of van der Waals attraction. 

On the other hand, nanosheets with sufficiently high charge below or above the IEP are 

stabilized by electric double layer repulsion. 

5.1.1.3 Negatively charged TNS at pH 7 

The strong adsorption of PDADMAC at pH 10 on an oppositely charged surface was 

demonstrated in the previous chapter. However, measurements of enzyme immobilization often 

take place at neutral pH because of the close pI values of the enzymes, as shown later. For this 

reason, mobility and stability measurements were also performed at pH 7 for the bare particles 

in the presence of PDADMAC. The adsorption of like-charged PEs was not investigated at pH 

7, since the PSS did not show any remarkable adsorption on the negatively charged surface at 

pH 10. On the other hand, higher stability can be achieved by using PDADMAC at 150 mg/g 

dose, as shown in the following chapters.  

The adsorption process was 

clearly indicated in Figure 27 by the 

progressive increase of the mobility 

values, when the PDADMAC 

concentration was increased. Such 

adsorption resulted in charge 

neutralization at the IEP. Moreover, 

the adsorption continued after the 

point of charge neutralization and 

charge reversal of TNS particles 

occurred. At high doses, the surface 

became saturated with the adsorbed 

PDADMAC and therefore the 

electrophoretic mobilities reached a 

plateau at 150 mg/g. When 

comparing the mobilities measured 

Figure 27 Stability ratio (red circle) and electrophoretic 

mobility (blue square) of the TNS versus the PDADMAC 

dose at pH 7. The ionic strength and the TNS concentration 

were 1 mM and 1 mg/L, respectively. The unit in the x-axis 

indicates mg of PDADMAC per 1 g of TNS. The lines serve 

to guide the eyes. 



RESULTS AND DISCUSSION 

 57 

 University of Szeged 

at the lowest and highest PDADMAC doses, it can be seen that charge reversal resulted in a 

higher charge magnitude, from -1.5 to 2.2 Ĭ 10-8 m2/Vs expressed in mobility values 

The stability ratio values in Figure 27 were calculated from rate constants obtained at 

various PDADMAC doses in time-resolved DLS experiments. The stability ratios near unity 

indicate unstable dispersions near to the IEP, while they increase steeply beyond the IEP, 

leading to stable dispersions at high doses, after the ASP (see in the mobility study). However, 

limited stability indicated by low stability ratios were observed at low doses in contrast to the 

above results obtained at pH 10. 

The aggregation characteristics of TNS at various PDADMAC doses were similar to 

those predicted by DLVO theory98 except at low PE doses. Because of its closer position to the 

PZC at pH 7, the mobility value of the bare TNS (-1.5 Ĭ 10-8 m2/Vs) is lower in magnitude than 

at pH 4 and 10. Limited stability was obtained at low PE doses, where the adsorbed PDADMAC 

cannot overcompensate the low charge of the bare particles. Similar stability values were later 

observed in the salt-induced aggregation measurements at low ionic strength suggesting that 

steric stabilization cannot be developed due to the small amount of adsorbed PE. 

The following conclusions can be drawn by comparing the charging behavior of the 

negatively and positively charged TNS (Figure 28) in the presence of PEs. First, the like-

charged PE was adsorbed only on the positive nanosheets at low pH. This is most likely due to 

the hydrophobic interaction between the TNS and the polymeric backbone. Besides, under 

acidic condition, there are some protonated hydroxyl groups present on the surface and interact 

with the PE via hydrogen bonding. Second, patch-charge attraction was observed at pH 4 and 

7 in the PSS and PDADMAC systems, respectively, with low surface coverage. However, this 

type of interaction was not present in the PDADMAC samples at pH 10, as in this case very 

similar slopes in the 

stability ratios were 

measured in the slow 

aggregation regimes at low 

and high PE doses. This 

result sheds light on the 

fact that PDADMAC 

adsorbs on the TNS at a 

higher pH in a more 

extended conformation. 

Due to the higher charge 

Figure 28 Schematic illustration of the electrophoretic mobilities as a 

function of the PE dose and the representation of the  adsorption process 

of the PEs on the oppositely and like charged TNS surfaces. 



RESULTS AND DISCUSSION 

 

58 

University of Szeged 

density, the PDADMAC molecules are attached to the surface via multiple links, resulting in 

the extended conformation and the lack of patch-charge forces. On the other hand, the lower 

charge density of the TNS is allowed less links with the PE and resulted in a less extended 

conformation at neutral pH and the PE patches form on the surface only at low doses.  

5.1.2 Salt induced aggregation measurements  

To further explore the nature of the interparticle forces, the ionic strength in the 

dispersions containing bare TNS, TNS-PSS, and TNS-PDADMAC was systematically changed 

at pH 4, 7, and 10. The doses of the PEs were adjusted to match those previously determined 

ASP values (Table 2). In general, the trends in the absolute values of the mobilities were very 

similar regardless of charge balance. Although the values were system specific, the magnitude 

of the mobilities decreased with increasing ionic strength due to the shielding effect of the 

dissolved salt constituents on the surface charges.113 

Regarding stability ratios, well defined CCC values separated the slow and fast 

aggregation regimes in each case. This behavior is consistent with the DLVO theory. According 

to this theory, at low salinity, the EDL repulsions are strong and stabilize the dispersions, 

whereas at higher ionic strengths, these repulsive forces are weak or even disappear due to 

charge screening by the ions of the salt constituents. Similar DLVO-like interparticle forces 

were also reported for titanium oxide particles of different shapes in different ionic 

environments.121, 171, 185 Although the trends in both mobility and stability obtained at different 

pH values by changing the ionic strength were similar, the absolute values showed remarkable 

system specificities.  

5.1.2.1 Salt induced aggregation at pH 4 

A closer look at the magnitude of the mobilities at pH 4 and low ionic strength reveals 

that the values follow the TNS < TNS-PDADMAC å TNS-PSS order (Figure 29a). To access 

the charge density of the bare and functionalized particles, the electrophoretic mobilities (ɛ) 

were converted to zeta potentials (ɕ) using the Smoluchowski model97 (equation (27)) and the 

surface charge densities (ů) were calculated with the Grahame equation98 (equation (30)) 

(Figure S2). From the ů-values (Table 3), it can be concluded that the trend in the absolute 

charge data determined at the slip plane agree with the above order in mobility values, such as  

TNS < TNS-PDADMAC å TNS-PSS. 
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On the other hand, the CCC values were determined using equations (22) and (23) and 

a clear sequence of TNS < TNS-PDADMAC < TNS-PSS was observed (Figure 29b). The fact 

that the trends in the stability ratio versus ionic strength graphs are very similar, indicates that 

the aggregation mechanisms are similar and independent of the type of PEs used. However, the 

differences in CCC values are striking and due to the different magnitude of the charge, which 

is the highest for TNS-PSS and lowest for bare TNS. Therefore, for the destabilization of  

TNS-PSS, which has the strongest EDL forces, an increased salt concentration is required to 

shield the repulsive interactions leading to the highest CCC values. 

 

Figure 29 (a) Electrophoretic mobility and (b) stability ratio of TNS and its PE functionalized 

derivatives as a function of the ionic strength adjusted with NaCl at pH 4 and 1 mg/L particle 

concentration. The solid lines with mobilities (a) are just to guide the eyes, while the lines with stability 

ratios (b) are the results of calculations using equation (22). 

5.1.2.2 Salt induced aggregation at pH 10 

For the negatively charged TNS and TNS-PSS at pH 10, the electrophoretic mobilities 

(Figure 30a), stability ratios (Figure 30b), and corresponding CCC values were identical, 

indicating again negligible adsorption of the like-charged PE on the nanosheets. However, in 

the case of TNS-PDADMAC, a sharp increase in the CCC value was observed once the TNS 

surface was saturated with a self-assembled PDADMAC layer. This finding is a clear indication 

of a remarkable stabilizing effect of the PE layer. Moreover, the slope in the slow aggregation 

regime was different compared to the bare TNS or to the TNS-PSS systems. Considering that 

the charge density (determined by fits shown in Figure S3) of TNS-PDADMAC (Table 3) was 
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only slightly higher than that determined for the bare nanosheets, the stabilization mechanism 

cannot be explained by the DLVO theory but it is clearly related to the adsorbed PDADMAC 

chains. 

 

Figure 30 (a) Electrophoretic mobility and (b) stability ratio of TNS and its PE functionalized 

derivatives as a function of the ionic strength at pH 10 and 1 mg/L particle concentration. The solid lines 

with mobilities are just to guide the eyes, while the lines with stability ratios represent the results of 

calculations using equation (22). 

Similar behavior in shifting CCC values has already been observed for other negatively 

charged particles with a saturated PDADMAC layer on their surface.80, 120, 123 The additional 

non-DLVO forces are most likely due to the steric stabilization mechanism presented on  

Figure 13,108 which results from the overlap of adsorbed PE chains, when two particles 

approach each other. When the chains overlap, an osmotic pressure raises leading to a repulsive 

interaction and the formation of stable dispersions. The joint effect of the steric and EDL forces 

is the so-called electrosteric stabilization (Figure 13).108, 116, 121 

5.1.2.3 Salt induced aggregation at pH 7 

The TNS still possesses negative charge at pH 7 (Figure 31a), but because of its closer 

position to the PZC at low ionic strength, the mobility values of the bare TNS were about 

-1.5 Ĭ10-8 m2/Vs, which is much lower in magnitude than at pH 4 and 10 indicating a lower 

charge density (Table 3, Figure S4). In the case of TNS-PDADMAC, the lower amount of 

adsorbed PE (150 mg/g) led to slightly smaller mobility values (1.5 Ĭ 10-8 m2/Vs) at low ionic 

strengths compared to the higher pH values. As the ionic strength increased, the magnitude of 
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the mobilities decreased in both systems, which may be attributed to the charge screening by 

the dissolved salt constituents. 

 

Figure 31 (a) Electrophoretic mobility and (b) stability ratio of TNS and its PE functionalized 

derivatives as a function of the ionic strength at pH 7 and 1 mg/L particle concentration. The solid lines 

with mobilities are just to guide the eyes, while the lines with stability ratios represent the results of 

calculations using Equation (22). 

In the case of the bare TNS particles, the stability ratios are correlated with the mobilities 

(Figure 31b). Accordingly, even at low ionic strengths, the stability of the TNS was very limited 

due to the low charge of the particles, and the CCC of the bare particles was determined around 

10 mM. However, the TNS-PDADMAC with similar charge characteristics possessed much 

higher stability values throughout the ionic strength range applied. Considering that the charge 

density of TNS-PDADMAC was only slightly higher than that determined for the bare 

nanosheets (Table 3), the higher stability of the system can be explained by stabilization 

mechanisms similar to those experienced at pH 10. The determined CCC was lower (122mM) 

than at pH 10 (400mM) due to the lower amount of the adsorbed PDADMAC which is resulted 

in lower charge density. However, the significant increase in the CCC values (10 to 122 mM) 

at pH 7 by the PDADMAC adsorption clearly indicate the presence of the electrosteric repulsive 

forces in the system. 

5.1.3 Origin  of the interparticle forces 

To confirm the origin of the interparticle forces in the individual systems the 

experimentally obtained and the calculated (with the DLVO model) CCC values were compared 

(Table S1). On the one hand, from the stability ratios measured with time resolved DLS in the 
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salt induced aggregation measurements, the CCCMeasured values were determined by equation 

(22) and (23) as described in chapter 4.4.1. The zeta potential at the CCC (ɕCCC) were 

determined from the interpolation of the zeta potential versus ionic strength data, which can be 

found in the Supplementary information for the individual systems. These values were 

compared to the theoretical CCC values, predicted by the DLVO model as:98 

 
ὅὅὅ
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‐‐‒

Ὄ
 (35) 

where Ὡ (2.72) is the base of the natural logarithm, and Ὄ (1.70 Ĭ 10ï20 J) is the Hamaker 

constant. The ɕCCC is the zeta potential at the CCC (Table 3) in this case. The calculated and 

measured data are shown in Figure 32a and Table 3. 

On the other hand CCCCalculated values were determined solely from measured 

electrophoretic mobility versus ionic strength data with newly developed computational method 

by equation (32) and (33) detailed in chapter 2.6.4. As discussed, this method is also based on 

the DLVO theory through conversation of mobilities to zeta potentials (Figure S1). The 

obtained values in the individual systems are presented in Table 3. 

Table 3 Characteristic composition, charge, and aggregation data for TNS in the bare and PE-

functionalized forms. 

 Bare TNS TNS-PDADMAC TNS-PSS 

 pH 4 pH 7 pH 10 pH 4 pH 7 pH 10 pH 4 pH 10 

Õ (Ĭ 10-8 m2/Vs)a 2.0 -1.5 -3.1 2.5 1.6 1.6 -2.5 -3.1 

ů (mC/m2)b 16 -9 -17 16 8 19 -18 -17 

ɕCCC (mV)c 24.6 -19 -27 25 12 17.7 -27 -27 

CCCMeasured (mM)d 17 1.6 100 45 122 400 100 80 

CCCCalculated (mM) 39 8.7 84 47 11 34 80 67 

a The electrophoretic mobility (Õ) measured at 1 mM ionic strength. 
b Surface charge density (ů) calculated using Equation (30). 
c Zeta potentials at CCC (ɕCCC) determined from zeta potential versus ionic strength diagrams. 
d CCCMeasured determined from the stability ratio versus ionic strength plots using equation (22) and (23). 
e Calculated CCC values (CCCCalculated) determined by equation (32) and (33) 

 The experimental data agree well with the results of theoretical calculations for four 

systems, indicating the presence of DLVO forces as the main interactions between particles 

(Figure 32a). Nevertheless, the four other systems behaved differently, indicating that  

non-DLVO forces play significant role during particle aggregation or stabilization. At pH 4 and 

7, closer to the PZC, the CCCs of the bare TNS are lower than those predicted by DLVO, which 
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is a clear indication of the presence of additional attractive forces. Since the pH in these samples 

is close to the PZC, the hydroxyl groups may be in a different protonated state81 and they may 

interact through electrostatic attraction or via hydrogen bonding (chapter 2.6.1, Figure 13). 

These interactions lead to additional (non-DLVO) attraction and to a lower CCC value. 

 

Figure 32 (a) CCC values of bare and PE functionalized TNS as a function of the absolute zeta potentials 

at the CCC. The solid line indicates the results of calculations using the DLVO theory by equation (35). 

(b) Calculated (equation (32) and (33)) versus measured (equation (22) and (23)) CCCs for different 

systems. Theoretical values of Hamaker constants for titania particles were 1.7Ā10-20 J. Values 

determined for the bare particles, PDADMAC coated and PSS coated are indicated by black diamonds, 

blue squares and red circles, respectively.  

On the other hand, the CCCs of the systems TNS-PDADMAC at pH 7 and 10 were 

significantly higher than the values calculated using the DLVO theory. The higher CCC value 

is a clear signal of the action of strong repulsive interparticle forces that are not attributed to the 

so-called DLVO forces. As mentioned earlier, this repulsion is due to the steric interaction 

between the adsorbed PE chains. The joint effect of steric and EDL repulsions leads to the 

formation of highly stable TNS-PDADMAC dispersions due to the electrosteric stabilization 

mechanism.108 These results clearly confirm that the TNS functionalized with PDADMAC is a 

promising carrier for the further experiments regarding enzyme immobilization. 

Since the developed calculation method (see algorithm in Figure S1) is also based on 

DLVO theory, similar tendencies and deviations were observed between the calculated (by the 

algorithm and equation (32) and (33)) and measured (fitted with equation (22) and (23)) CCC 

values (Figure 32b). Accordingly, the method estimates the CCC near the diagonal line in the 

case of the systems where the DLVO forces dominate. However, in the case of the TNS 

functionalized with PDADMAC, the calculation underestimates the CCC by almost an order of 
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magnitude. In other words, the system is more stable than predicted due to the additional 

repulsive forces. Besides, in the case of the bare TNS particles near the PZC, the calculation 

overestimates the CCC values due to the specific attraction interaction between the particles. 

5.2 Immobilization of  antioxidant enzymes by sequential adsorption on TNS support 

This chapter focuses on the development of stable dispersions of nanoparticle-supported 

antioxidant enzyme cascades using PEs as building blocks. Co-immobilization of HRP and 

SOD was achieved by sequential adsorption of oppositely charged PEs (PDADMAC and PSS) 

onto TNS particles. TNS was selected as a solid support based on earlier experience with 

immobilization of individual SOD34 and HRP33 enzymes. Light scattering techniques were used 

to optimize the charge and aggregation characteristics of the subsystems during the preparation 

process to determine the conditions, under which the colloids are stable to obtain processable 

particle dispersions of high surface area. The enzymatic activity of the nanocomposites was 

determined in biochemical assays for different ROS substrates to evaluate the antioxidant 

activity. 

5.2.1 Build -up of PDADMAC/PSS bilayer on TNS 

Based on the results of the previous chapter, a PDADMAC dose of 150 mg/g was chosen 

(denoted as TNS-PDADMAC) for the further steps in sequential adsorption process. Under this 

condition, as mentioned in chapter 5.1.1.3, a saturated layer of PDADMAC was formed on the 

surface of TNS, resulting in a stable dispersion of positively charged particles, which have 

higher colloidal stability than the bare particles. The net positive charge of the surface allows 

immobilization of the negatively charged SOD enzyme primarily through electrostatic 

interactions. 

To build a PSS layer on TNS-PDADMAC, the conditions were optimized, and the main 

requirement was to achieve high colloidal stability along with a significant negative surface 

charge after the formation of the bilayer on the TNS particles. Accordingly, negatively charged 

PSS was adsorbed on the TNS-PDADMAC hybrid. The formation of PDADMAC/PSS bilayer 

has been frequently reported on planar substrates,186-188 but very little information is available 

on nanoparticles acting as carriers for the multilayer.123 The influence of PSS concentration on 

the colloidal behavior of TNS-PDADMAC was first determined by measuring the 

electrophoretic mobilities. 
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The trend in the magnitude of 

the electrophoretic mobilities was 

very similar to the oppositely 

charged systems mentioned earlier, 

as can be seen in Figure 33. The 

decrease in mobility with increasing 

PSS concentration clearly indicates 

PSS adsorption. Such adsorption 

process resulted in charge 

neutralization at the IEP and charge 

reversal at higher doses. Adsorption 

continued until mobilities reached 

the ASP at 300 mg/g. 

Stability ratio measurements 

yielded a V-shaped curve with a 

minimum near the IEP and the particles were stable at low and high PE doses (Figure 33). Note 

that the region of rapid aggregation is extremely narrow, which is rather unusual for PE-particle 

systems. However, the behavior is again qualitatively consistent with the DLVO theory, i.e., 

the forces acting between particles are of electrostatic origin.98 These results ensure that the  

TNS-PDADMAC-PSS particles are negatively charged at a dose of 300 mg/g and form highly 

stable colloids. DLVO theory predicts a minimum at a stability ratio value of 1. However, as 

can be seen in Figure 33, the minimum is located around 3, indicating the presence of additional 

stabilizing forces. Since the stability ratio values were calculated using the fast aggregation rate 

of the TNS in equation (21), which was determined for bare TNS at high salt level, the 

additional stabilizing effect must originate from the adsorbed PE layers. When PSS is adsorbed 

onto the PDADMAC layer of the particles, intrinsic polymer-polymer and extrinsic polymer-

ion charge compensation occurs.189 The ion-compensated PSS charges on the polymer 

backbone tend to form tails and loops that dangle in solution190 resulting in steric repulsion 

between the particles due to increasing osmotic pressure upon approach by the PE-coated 

surfaces.191 These repulsive steric forces, together with the electrostatic double layer forces, 

lead to electrosteric stabilization,108 which has also been observed in the TNS-PDADMAC 

system at pH 10 and has been reported in various particle-PE systems.80, 123, 192 Nevertheless, 

such electrosteric repulsion is not sufficient to completely prevent aggregation of the particles, 

Figure 33 Stability ratio (red circle) and electrophoretic 

mobility (blue square) of the TNS-PDADMAC as a function 

of the PSS dose at 1 mg/L TNS concentration and 1 mM ionic 

strength at pH 7. The solid lines are just to guide the eyes. 
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since the value of the stability ratio is 3 at the minimum indicating that 30% for particle 

collisions result in dimer formation. 

5.2.2 Co-immobilization of the enzymes 

The pI values of the SOD and HRP enzymes are 4.95193 and 8.80,194 respectively, i.e., 

SOD is negatively charged and HRP is positively charged at pH 7. Therefore the electrostatic 

attraction is expected to drive the adsorption of the enzyme on the oppositely charged  

surface,33, 34 but hydrophobic interactions and hydrogen bonding may also play a role in the 

adsorption mechanism.113 In chapter 5.1.1.3 it was clearly confirmed that TNS-PDADMAC 

forms highly stable colloids at pH 7 and therefore, with its positively charged surface, it is a 

suitable carrier for SOD immobilization. On the other hand, the aggregation properties of  

TNS-PDADMAC may be affected by the extensive adsorption of SOD. In other words, it is 

important to avoid a significant decrease in the surface charge during the adsorption of 

enzymes, as this may lead to weak EDL repulsion and thus, to undesirable particle aggregation. 

Therefore, the effect of SOD adsorption on the electrophoretic mobilities was first investigated 

by recording the mobilities at different SOD concentrations. 

Figure 34 shows that the mobilities of TNS-PDADMAC were not significantly affected 

by the added amount of SOD until an enzyme dose of 100 mg/g and that the mobilities slightly 

decreased above this concentration. Note that 

in the investigated SOD concentration range, 

no stability ratio values could be determined 

due to the high stability, i.e., absence of 

aggregation processes, of the colloidal 

dispersion. Therefore, a SOD dose of 10 mg/g 

was chosen for further steps. Previous studies 

on a somewhat different system34 showed that 

the enzyme quantitatively adsorbed at this 

concentration and did not desorb from the 

particle surface. The TNS-PDADMAC-SOD 

material obtained (150 mg/g PDADMAC and 

10 mg/g SOD) was then used to build up the 

PSS layer with a 300 mg/g PSS loading (later 

referred as TNS-PDADMAC-SOD-PSS), as 

described in the previous chapter.  

Figure 34 Electrophoretic mobility of the hybrid 

materials TNS-PDADMAC (red circles) and  

TNS-PDADMAC-SOD-PSS (blue squares) as a 

function of the enzyme doses at pH 7, 1 mM ionic 

strength, and 1 mg/L TNS concentration. 
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Since the same requirements apply to HRP adsorption on TNS-PDADMAC-SOD-PSS, 

the electrophoretic mobilities were determined at different HRP loadings (Figure 34). Indeed, 

it is of primary importance to determine the HRP dose that does not affect the colloidal behavior 

of the functionalized TNS particles. The trends in mobility values were similar to the SOD case, 

and based on the results of a previous study,33 a concentration of 10 mg/g was chosen for the 

HRP. At this dose, HRP adsorption does not significantly alter the charging and aggregation 

behavior of TNS-PDADMAC-SOD-PSS, and on the other hand, no partitioning between the 

surface and the bulk is expected. Accordingly, a dose of 10 mg/g was used for both SOD and 

HRP embedded in the TNS-PDADMAC-SOD-PSS-HRP composite. 

 An overview of the 

electrophoretic mobilities and 

hydrodynamic sizes of the 

subsystems during the sequential 

adsorption are shown in Figure 35, 

while the trends in mobilities and 

stability ratios are presented in 

Figure 36. The applied PE and 

enzyme doses can be found in  

Table 2. 

The electrophoretic mobility 

of the bare particles is -1.5Ĭ10-8 

m2/Vs. This slight negative charge 

resulted in moderate stability even at 

low PE doses and a higher value of 

hydrodynamic radius due to the 

presence of particle aggregates. Nevertheless, the formation of the saturated PDADMAC layer 

provided a higher stability ratio values at the ASP (Figure 36 blue squares) and thus, the radius 

of the positively charged TNS-PDADMAC decreased from 145 nm (bare TNS) to about  

100 nm. The immobilization of SOD did not significantly change the mobility up to 10 mg/g 

dose (Figure 36 orange triangles) and slightly decreased the size (Figure 35). Functionalization 

with the PSS resulted in a charge reversal and such a saturated PSS layer (Figure 36 red circles), 

the TNS-PDADMAC-SOD-PSS system possesses negative charge with a mobility of about -

1.9 Ĭ 10-8 m2/Vs. Note that a very similar value for the TNS (without functionalization) resulted 

in limited stability and the formation of particle aggregates. 

Figure 35 Electrophoretic mobility (red circle) and 

hydrodynamic radius (blue square) data at different steps 

during the sequential adsorption process. Ionic strength and 

TNS concentration were adjusted to 1 mM and 1 mg/L, 

respectively. The PDADMAC and PSS doses (Table 2) used 

were 150 and 300 mg/g, respectively, while 10 mg/g loading 

was applied for each of the enzymes (SOD and HRP). The 

dashed connecting lines are eye guidances and the horizontal 

line indicates zero electrophoretic mobility. 
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Figure 36 Schematic representation of the charge and aggregation trends during the preparation of the 

TNS-PDADMAC-SOD-PSS-HRP composite by the sequential adsorption method. The evolution of 

electrophoretic mobility (top) and stability ratio (bottom) as a function of the enzyme and PE doses are 

shown. The particle concentration was 1 mg/L and the measurements were performed at pH 7 and 1 mM 

ionic strength. The PDADMAC and PSS doses (Table 2) used in the consecutive steps were 150 and 

300 mg/g, respectively, while 10 mg/g was used for the enzymes (both SOD and HRP). 

However, the radius of TNS-PDADMAC-SOD-PSS (Figure 35) was much smaller 

compared to the bare TNS due to the lack of the aggregated particles. This result again sheds 

light on the importance of steric forces in the stabilization mechanism, as electrostatic repulsion 

alone cannot stabilize completely the colloids at this low mobility, i.e., at in the presence of 

weak EDL forces. The surface charge and hydrodynamic size (Figure 35) did not change upon 

immobilization of HRP up to 10 mg/g dose (Figure 36 green triangles) in the final step of the 

sequential adsorption procedure indicating that the colloidal stability was not altered by HRP 

adsorption. 

5.2.3 Resistance against salt-induced aggregation 

Considering that immobilized enzymes are often used in liquid environments with 

electrolytes,195 the resistance of the prepared hybrid material against salt-induced aggregation 

was tested. Accordingly, the ionic strength was systematically changed in the dispersions of the 

bare TNS and the TNS-PDADMAC-SOD-PSS-HRP material to compare the effect of  
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enzyme-PE layers on the colloidal stability. The electrophoretic mobilities and stability ratios 

are shown in Figure 37, while the zeta-potential values can be seen in Figure S5. 

 

Figure 37 (a) Electrophoretic mobility and (b) stability ratio of bare TNS (black diamonds) and  

TNS-PDADMAC-SOD-PSS-HRP (green triangles) hybrid material as a function of the ionic strength 

adjusted with NaCl. TNS concentration was 1 mg/L (pH 7). The solid lines with mobilities are eye 

guides only, while the lines with stability ratios represent the results of calculations using Equation (22). 

At low ionic strength, the mobility values of bare TNS and  

TNS-PDADMAC-SOD-PSS-HRP were approximately -1.5 Ĭ 10-8 m2/Vs and -2.4 Ĭ 10-8 m2/Vs, 

respectively (Figure 37a), whereas the surface charge density values calculated with the 

Grahame equation (30) were -9 and -14 mC/m2, respectively (Figure S5). This difference 

indicates the development of a higher surface charge during the formation of the multilayers. 

As the ionic strength increased, the mobilities in both systems increased, which can be attributed 

to the screening effect of the dissolved salt components on the surface charges. 

The aggregation behavior at different ionic strengths was investigated using time- 

resolved DLS. The slow and fast aggregation regimes separated by the CCC were observed in 

each case (Figure 37b). The stability of the TNS was very limited even at low ionic strengths 

due to the low surface charge of the particles. The difference in the CCC values is striking as: 

10 and 300 mM were obtained for TNS and TNS-PDADMAC-SOD-PSS-HRP, respectively. 

The stabilizing effect is twofold. On the one hand, higher surface charges, i.e., higher magnitude 

of charge densities, lead to stronger repulsion by the overlapping EDLs, in line with the DLVO 

theory. However, DLVO typically predicts CCC values around 100 mM for colloidal TNS 

particles, so additional repulsive forces are most likely present in the composite system. Like 

the TNS-PE subsystems, this repulsion originates from steric interactions between the loosely 
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adsorbed PE chains extending from the multilayer structure toward the solution phase. The 

overlap of the PE tails and loops leads to the raise of osmotic pressure, when two particles 

approach each other and subsequently, to the development of non-DLVO repulsive forces 

between the particles. 

The interparticle forces between the composite material were also confirmed within the 

DLVO theory by the above mentioned two methods and compared with the bare TNS and the 

PDADMAC coated particles at pH 7 (Figure 38, Table S1). The magnitude of surface charge 

density of the particles increased with the multilayer formation from 8 (TNS-PDADMAC) to 

14 mC/m2 and as expected, the ɕCCC value also increased as shown in Figure 38a. Due to this 

higher charge density the CCCMeasured value of the composite particles also increased from 122 

to 300 mM. However the presence of additional non-DLVO forces are clearly indicated by the 

deviation from the theoretical DLVO line in both calculation methods. Furthermore, the 

agreement beween experimental and theoretical results (Figure 38b) did not change 

significantly upon adsorption of the additional PE and enzyme layers compared to the  

TNS-PDADMAC particles. These results confirm that the multilayer formation on the  

TNS-PDADMAC did not affect significantly the presence of non-DLVO steric forces and that 

these additional forces ensure the excellent colloidal stability of the composite system. 

 

Figure 38 (a) CCC values of bare and functionalized TNS as a function of the absolute zeta potential at 

the CCC. The solid line indicates the results of calculations using the DLVO theory by equation (35). 

(b) Calculated (equation (32) and (33)) versus measured (equation (22) and (23)) CCCs for different 

systems. Theoretical values of Hamaker constants for titania particles were 1.7Ā10-20
. Values determined 

for the TNS, TNS-PDADMAC and TNS-PDADMAC-SOD-PSS-HRP are indicated by black diamonds, 

blue squares and red circles, respectively. 
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5.2.4 Morphology of the composite particles 

TEM images taken with the TNS-PDADMAC-SOD-PSS-HRP (Figure 39) show the 

rectangular shape of the TNS. The morphology of the particles remained unaffected during the 

multi-layer formation, as shown by the very similar images compared to those of the bare TNS 

without surface functionalization.80 However, some low-order aggregates of the particles can 

be observed. This is due to the drying of the samples, which could not be avoided during the 

TEM measurements. The average radius of the particles is around 50 nm by the TEM images, 

however, DLS measurements are yielded 83 nm. This significant difference originates the 

difference in the background of the two methods. Accordingly, the polydispersity of the 

particles and from the presence of some aggregates, which are weighted more in the DLS 

measurements due to their higher contribution to the intensity of the scattered light, leads to 

higher DLS sizes. In addition, the number of particles investigated by DLS is higher by 

magnitudes than the ones counted in TEM images. So a better statistical data can be obtained 

by the formed method. 

 

Figure 39 Dried-stage TEM images of the TNS-PDADMAC-SOD-PSS-HRP material. 

5.2.5 Enzymatic activity 

Figure 40 shows the results of the enzymatic activity measurements. The activities of 

the second sequence (TNS-HRP-PDADMAC-SOD-PSS) indicated with blue color will be 

discussed later in this chapter. The Fridovich assay was used to test the O2
- scavenging activities 

of the native and immobilized SOD enzyme146 as described in the experimental section  

(chapter 4.2.1). The plot of inhibition (equation (9)) versus enzyme concentration (Figure 40a) 

shows a maximum inhibition of about 65% for the TNS-PDADMAC-SOD-PSS-HRP material, 

indicating limited accessibility of the immobilized SOD enzyme to O2
-. A significantly higher 

IC50 value (1.3 mg/L) was determined than for the TNS-PDADMAC-SOD subsystem  
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(Table 4). Note that the higher IC50 value means lower SOD-activity and that  

TNS-PDADMAC did not show SOD-like activity in this concentration range. These data 

suggest that the buildup of the PSS-HRP outer layers on TNS-PDADMAC-SOD resulted in a 

significant loss of SOD-like activity. This could be due to some conformational changes of the 

enzyme during immobilization and/or to a blocking effect of the outer PE layer, i.e., hindered 

diffusion of O2
- to the active site of SOD. 

 

Figure 40 (a) Inhibition of the NBT-O2
- reaction by the TNS-PDADMAC-SOD-PSS-HRP (red circles) 

and the TNS-HRP-PDADMAC-SOD-PSS (blue squares) hybrid particles. The inhibition values were 

determined using Equation (9). The solid line is a mathematical function used to interpolate the IC50 

value. (b) Lineweaver-Burk plot for the peroxidase activity of the TNS-PDADMAC-SOD-PSS-HRP 

and the TNS-HRP-PDADMAC-SOD-PSS hybrid particles, where v is the reaction rate and [S] is the 

guaiacol concentration. The solid line was obtained using Equation (10) 

HRP-like activities were determined using the guaiacol assay.151 With the linearization 

of the Michaelis-Menten equation the LineweaverïBurk plot (equation (10)) is obtained, which 

was used to analyze the results of the HRP assays, and the Michaelis constants (Km) were 

calculated along with the maximum reaction rates (vmax) from the plots of the double reciprocal 

reaction rate versus substrate concentration (Figure 40b). The Km value corresponds to the 

affinity of the enzyme toward the substrate. For example, a decrease in the Km value means a 

higher a nity of the enzyme toward guaiacol. The vmax is the maximum reaction rate that the 

system can reach once the active site of the enzyme is completely saturated with the substrate 

molecules. 

The determined Km and vmax values for the TNS-PDADMAC-SOD-PSS-HRP were 

23.50 mM and 0.10 mM/s, respectively (Table 4). These data indicate lower activity compared 

to the native enzyme, but it is still considered as a highly active peroxidase-like material. A 
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possible explanation lies in the fact that the HRP is located on the outer surface of the  

TNS-PDADMAC-SOD-PSS-HRP particles and therefore, interacts strongly with the PSS after 

immobilization leading to a distortion of the structure of its active site, resulting in a lower 

activity of the developed system compared to the native enzyme dissolved in solution. 

Table 4 Enzyme function and kinetic parameters determined in the HRP and SOD assays.27 

Material IC50 (mg/L)a 

Maximum 

inhibition 

(%)b 

Km (mM)c vmax (mM/s)d 

SOD 0.10Ñ0.00 90Ñ5 - - 

HRP - - 3.41Ñ0.15 0.59Ñ0.02 

TNS-PDADMAC-SOD 0.22Ñ0.01 70Ñ3 - - 

TNS-PDADMAC-SOD-PSS-HRP 1.30Ñ0.04 65Ñ3 23.50Ñ2.27 0.10Ñ0.01 

TNS-HRP - - 13.13Ñ1.17 0.41Ñ0.02 

TNS-HRP-PDADMAC-SOD 0.15Ñ0.006 90Ñ5 3.91Ñ0.64 0.31Ñ0.04 

TNS-HRP-PDADMAC-SOD-PSS 0.38Ñ0.02 80Ñ4 15.50Ñ1.19 0.34Ñ0.01 
a IC50 values calculated from inhibition curves interpolated at 50% inhibition in mg/L. 
b Maximum inhibition calculated from the plateau of the inhibition curves. 
c Km values calculated from the slope of LineweaverïBurk plot (equation (10)) 
d vmax values calculated from the interception of LineweaverïBurk plot (equation (10)) 

5.2.6 Variation of the sequential adsorption method 

In a previous study HRP was 

immobilized directly on the TNS 

particles without using a PE 

interlayer.33 Therefore, different 

order of componenes in the 

sequential adsorption was also tried. 

The multilayer architecture was built 

according to the order  

TNS-HRP-PDADMAC-SOD-PSS. 

Same PE and enzyme doses as in the 

TNS-PDADMAC-SOD-PSS-HRP 

system were used, and the mobility 

and size data were measured at each 

building step (Figure 41). 

Figure 41 Electrophoretic mobility (red circle) and 

hydrodynamic radius (blue square) data during the different 

steps of the sequential adsorption method. The ionic strength 

and TNS concentration were set to 1 mM and 1 mg/L, 

respectively. The PDADMAC and PSS doses (Table 2) used 

were 150 and 300 mg/g, respectively, while 10 mg/g loading 

was applied for each of the enzymes (SOD and HRP). The 

dashed connecting lines are eye guidances and the horizontal 

line indicates zero electrophoretic mobility. 
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The changes in electrophoretic mobilities and particle sizes during the steps of the 

sequential adsorption technique clearly showed that the immobilization of HRP did not 

significantly affect the charging behavior of the bare TNS particles (Figure 41). However, the 

addition of HRP increased the size, i.e., a hydrodynamic radius of about 400 nm was determined 

for TNS-HRP. As with the previous systems, adsorption of a saturated PDADMAC layer 

resulted in charge reversal and a significant decrease in particle size due to most likely 

electrostatic stabilization. The immobilized SOD had virtually no effect on the colloidal 

stability of the dispersions, while adsorption of the PSS layer resulted in charge reversal of the 

particles. It should be noted that the mobility values of TNS-HRP-PDADMAC-SOD-PSS were 

very similar to those of TNS or TNS-HRP and the hydrodynamic radius remained small, about 

100 nm. This result again emphasizes the presence of electrosteric repulsive forces, which 

predominate over the van der Waals attractions. 

The inhibition curve in the SOD assay plotted for TNS-HRP-PDADMAC-SOD-PSS 

(Figure 40a blue squares) shows improved activity on O2
- dismutation compared to  

TNS-PDADMAC-SOD-PSS-HRP. The IC50 and maximum inhibition values measured with 

the second sequence were 0.38 mg/L and 80 %, respectively (Table 4). These values are much 

closer to those of the native SOD, thus highlighting the importance of SOD location in the 

layered structure. Consequently, the activity of SOD was significantly enhanced by localization 

in the outer layer of the composite. 

The peroxidase activity of the TNS-HRP-PDADMAC-SOD-PSS material was also 

determined (Figure 40b blue squares). The Km value was determined to be 15.50 mM, while 

the maximum reaction rate was 0.34 mM/s (Table 4). These data are comparable to those of the 

subsystems. More importantly, they indicate a lower HRP-like activity than that of the native 

enzyme but higher than that measured for TNS-PDADMAC-SOD-PSS-HRP. These results 

clearly highlight the importance of the location of both enzymes (SOD and HRP) in the 

multilayered system. However, antioxidant cascades with remarkable activities were obtained 

by applying both sequences in the sequential adsorption procedure. 
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5.3 PPN adsorption on latex particles 

The aim of the work presented in this chapter was to investigate the effect of PPN 

adsorption on the colloidal stability of polystyrene latex particles in oppositely charged systems; 

i.e., positively charged enzyme and negatively charged particles were used in the experiments 

due to careful adjustment of the experimental conditions. The charging behavior and 

aggregation processes were studied at different PPN concentrations and ionic strengths using 

light scattering techniques. The possible change in enzymatic activity after immobilization was 

investigated in chapter 5.4.6. 

5.3.1 Characterization of the SL nanoparticles  

The size of SL was 430 nm in diameter with a coefficient of variation of 1.8%, as 

determined by the manufacturer using TEM in the dried state. The surface of the particles was 

functionalized with negatively charged sulfate groups, resulting in a surface charge density of 

-12 mC/m2, as reported by the vendor based on potentiometric titration. 

 To study the early stages of particle aggregation, when mainly dimers are formed and 

no higher rank aggregates are present in the samples, the experimental conditions were 

optimized by performing time-resolved DLS experiments in 1 M NaCl solutions at different 

particle concentrations. The hydrodynamic radius of the monomers measured by DLS was  

236 nm in stable dispersions. This value is higher than the geometric radius determined by TEM 

(215 nm), which is due to the finite polydispersity of the particles and to the different 

environments during the DLS and TEM measurements. At such a high salinity, aggregation is 

driven solely by particle diffusion and the Rh of the particles increases as a function of time due 

to the dimer formation.161 Increasing the particle concentration resulted in a faster increase in 

Rh values owing to the higher occurence of dimer formation (Figure 42a). The apparent rate of 

the aggregation is calculated from the fitted slopes and a linear relationship was observed 

between the particle concentration and the rate of the aggregation Figure 42b. The half time 

aggregation is calculated by equation (8) and represents the characteristic time, after which the 

total number of primary particles reduced by a factor of two (Figure 42b).196 

Based on the apparent rate and the half-time of aggregation, a particle concentration of  

10 mg/L was chosen for further experiments. This value represents a good compromise such 

that the aggregation is at an early stage, the measurement time is reasonable, and the scattering 

intensity is high enough to make accurate DLS measurements. 
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Figure 42 (a) The hydrodynamic radius versus time plots at different SL concentration (in 1 M NaCl). 

The solid lines are linear fits used to calculate the (b) apparent aggregation rates (red circles) with 

equation (20). The half-time aggregation (blue squares) is calculated by equation (8) 

5.3.2 PPN adsorption on SL particles 

Electrophoretic light scattering and time-resolved DLS measurements were used to 

study the charging and aggregation properties of the sulfate latex particles in the presence of 

the enzyme. The main goal of the experiment was to find the optimal experimental conditions, 

under which stable dispersions of enzyme-latex hybrid particles could be obtained, while the 

enzyme remains active. The dispersions contained 1 mM NaCl as background electrolyte and 

the pH of the samples was always kept at 4.0, which is below the pI of PPN enzyme.197 

Therefore, due to the ionization of the sulfate groups present on the SL surface, the PPN was 

oppositely charged compared to the latex. Moreover, these experimental setup were chosen 

because the PPN enzyme is mainly used in food and beer processing at under acidic 

conditions.198  

The electrophoretic mobilities of the particles were determined at different PPN dosages 

(Figure 43 red circles). Like the oppositely charged particle-PE systems discussed above, the 

mobilities changed from negative to positive with increasing amounts of PPN indicating strong 

affinity of the enzyme to the particle surface. At low doses, the potentials were negative because 

the small amount of enzyme compensated only partially the surface charge of the particles. The 

mobility of the bare particles was -4 Ĭ 10-8 m2/Vs, like the data at low PPN concentration. 

Further increase in PPN dose resulted in charge neutralization at intermediate doses at the IEP, 

which is located at 20 mg/g dose. The adsorption process continued above the IEP, and charge 

reversal of the particles occurred. At the highest applied doses, mobilities reached a plateau 

with an ASP of about 400 mg/g and the mobilities were +2.5 Ĭ 10-8 m2/Vs within the 
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experimental error. The magnitude 

of the mobility of the coated 

particles was significantly lower 

than that of the bare particles, 

indicating a lower surface charge 

density in the former system. PPN 

added after the ASP remained 

dissolved in the solution. Such 

charging behavior is similar to the 

data obtained for oppositely charged 

particle-PE systems,112, 192, 199, 200 

and rather unexpected from enzymes 

adsorptions, since they usually do 

not adsorb to that high extent (see 

TNS-enzyme systems in chapter 

5.2.2) on surfaces. It was assumed 

that entropic, hydrophobic and electrostatic interactions caused jointly the surface charge 

reversal.100, 113, 118, 200  

Stability ratios were determined under the same experimental conditions as in the 

electrophoretic study described above (Figure 43 blue squares). The particles were stable, and 

no aggregation was observed at low and high enzyme doses, as indicated by high or not even 

measurable stability ratios. However, in the intermediate range, the stability ratios formed a  

U-shaped curve with a minimum near the PE dose corresponding to the IEP determined in the 

electrophoretic mobility measurements. The stability ratio values were one at the minimum 

within the experimental error indicating diffusion controlled particle aggregation and unstable 

dispersions. This behavior can again be qualitatively explained by the DLVO theory. The 

presence of other types of interparticle forces, such as patch-charges,105 steric,108 or bridging 

interactions,201 which may be present in particle-macromolecule systems,115, 202, 203 could not be 

detected based on the above experimental results. From these findings, it can be concluded that 

adsorption of PPN at a dose of 400 mg/g resulted in the formation of a saturated enzyme layer 

on the latex surface (these particles are later referred as SL-PPN). Moreover, the obtained  

SL-PPN hybrid possessed excellent colloidal stability, i.e., under the applied experimental 

conditions, highly stable dispersions of primary particles were present in the samples providing 

processable samples for further experiments. 

Figure 43 Electrophoretic mobility (red circles) and stability 

ratio (blue squares) of SL particles as a function of PPN dose. 

Measurements were performed at pH 4 and ionic strength of 

1 mM adjusted by NaCl. The particle concentration was 10 

mg/L. The unit mg/g refers to mg PPN per 1 g SL. The solid 

lines serve to guide the eyes. 
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5.3.3 Determination of the enzyme content  

The Bradford test is a useful method for determining PPN concentration in solutions.154, 

204 Accordingly, the SL-PPN dispersion (at a PPN dose of 400 mg/g) was filtered to remove the 

particles, and the filtrate was analyzed by the Bradford assay via recording the visible spectra 

of the samples. The results obtained, including those from the reference measurements with 

different amounts of native PPN, are shown in Figure 44a and the absorption ratios are shown 

in Figure 44b. With increasing PPN concentration, the absorbance values decreased at 465 nm 

and increased at 595 nm. These changes in the absorbance maxima are due to the binding of 

the applied dye to the PPN molecules. The enzyme concentration in the filtrate was 2.1 mg/L, 

which corresponds to 0.5% of the total amount of PPN. This value is within the experimental 

error of the assay and clearly indicates that more than 99% of the enzyme was adsorbed on the 

SL and that there was no significant PPN distribution between the bulk and the surface. 

 

Figure 44 (a) Absorbance spectra of Bradford assays for standard solutions of PPN at concentrations of 

1 and 50 mg/L, for the reference system without enzyme (0 mg/L) and for the filtrate after PPN 

adsorption on SL (SL-PPN). (b) The ratio of absorbance values recorded at 595 and 465 nm wavelengths 

as a function of PPN concentration for the standards (blue circles) and for the filtrate (red square) is 

shown in (a). 

Using the above results, the surface coverage can be estimated. Considering the diameter 

of SL (430 nm) and PPN (hydrodynamic radius was reported to be 7.2 nm),205 the calculations 

resulted in 12.5 mg of enzyme adsorbed on 1 g of particles if a monolayer forms. Therefore, 

the dose of 400 mg/g at saturation suggests the development of PPN multilayers on the 

surface.206 Note, however, that this calculation was based on a smooth latex surface and did not 

consider possible conformational changes of PPN upon adsorption on SL. 
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5.3.4 Resistance against salt-induced aggregation. 

Considering that immobilized enzymes are often used in liquid environments containing 

electrolytes or even their mixtures, the resistance of the SL-PPN hybrid against salt-induced 

aggregation was tested and compared with the bare SL. Prior to the aggregation study, the 

surface charge properties were evaluated by determining the electrophoretic mobilities and zeta 

potentials at different ionic strengths. 

Due to the shielding effect of the electrolyte on the surface charge, the magnitude of the 

potentials decreased with NaCl concentration in both cases. However, the decrease was more 

pronounced for the SL particles. The potentials did not change sign throughout the ionic 

strength range studied. The surface charge densities were determined using equation (30) from 

Figure S6 and they were 8 mC/m2 and -18 mC/m2 for the SL-PPN and SL, respectively  

(Table 5). This lower charge density for the enzyme-coated latex is most likely due to the 

counterion condensation phenomenon that occurs with charged macromolecules in the 

electrolyte medium, resulting in lower effective charges.207 

Table 5 Characteristic charge, and aggregation data for SL in the bare and PPN-functionalized forms. 

Electrophoretic mobility (Õ) measured at 1 mM ionic strength. 

 SL SL-PPN 

 NaCl NaH2PO4 NaCl NaH2PO4 

Õ (Ĭ 10-8 m2/Vs) -4.2 -3.6 1.31 2.5 

ů (mC/m2) -18 -14 8 4 

ɕCCC (mV) -18.1 -11.8 8.12 4.13 

CCCMeasured (mM) 270 280 90 25 

CCCCalculated (mM) 278 183 36 31 

a The electrophoretic mobility (Õ) measured at 1 mM ionic strength. 
b Surface charge density (ů) calculated using Equation (30). 
c Zeta potentials at CCC (ɕCCC) determined from zeta potential versus ionic strength diagrams (Figure 

S6, Figure S7). 
d CCCMeasured determined from the stability ratio versus ionic strength plots using equation (22) and (23). 
e Calculated CCC values (CCCCalculated) determined by equation (32) and (33). 

The absolute aggregation rates of the particles SL and SL-PPN were determined at high 

salt concentration, at which the double layer forces are screened and the particles aggregate 

rapidly. The values were 3.3 Ĭ 10-18 m3/s and 3.1 Ĭ 10-18 m3/s for SL-PPN and SL, respectively. 

These data suggest that the nature of the attractive forces is very similar for both particles and 

they are most likely due to van der Waals interactions, similar to other latexes coated with 

PEs.208 
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Concerning ionic strength dependent aggregation, slow aggregation was observed at low 

ionic strengths, and unstable suspensions were found at high NaCl concentrations, consistent 

with the prediction of the DLVO theory. The magnitude of the mobility of the SL-PPN particles 

is significant lower (1.31Ĭ10-8 m2/Vs) than the bare SL particles (-4.2Ĭ10-8 m2/Vs) and with the 

increasing NaCl concentration the magnitude of the mobility values were decrease (Figure 45a). 

The CCC values were determined using equations (22) and (23) (Figure 45b). The different 

surface charge densities (Table 5 and Figure S6) are reflected in the CCC values, and the bare 

SL has a higher CCC value of 270 mM compared to the 90 mM for SL-PPN. These data were 

calculated using equation (22). This decrease by the adsorption of PPN can be explained with 

the lower charge density and thus, with the weaker double layer forces acting between the  

SL-PPN particles. 

 

Figure 45 (a) Electrophoretic mobility and (b) values of the stability ratio of the particles SL (black 

diamonds) and SL-PPN (green squares) as a function of ionic strength adjusted by NaCl at pH 10. The 

particle concentration was 10 mg/L and the PPN dose was 400mg/g. The solid lines with mobilities are 

just to guide the eyes, while the lines with stability ratios are the results of calculations using equation 

(22). 

Since phosphate ions are often present in the application media of the PPN enzyme, the 

colloidal stability of the particles SL and SL-PPN was also studied in the presence of phosphate 

ions. Conditions similar to those used for NaCl-induced aggregation were applied, and 99% of 

the phosphate ions are in the form of dihydrogen phosphate, i.e., they are monovalent ions at  

pH 4.209 The magnitude of the mobilities decreased with phosphate concentration for both 

particles, which is due to the progressive charge shielding by the ionic environment and the 

possible specific adsorption of the phosphate ions in the case of the positively charged SL-PPN  

(Figure 46a).90 The aggregation behavior in the presence of phosphate is similar to that 
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described above with NaCl (Figure 46b). Slow and fast aggregation regimes are separated by a 

well-defined CCC that is similar (280 mM) to the CCC of the bare SL, which was measured in 

the presence of NaCl. However, the CCC values changed for the SL-PPN. With phosphate ions, 

25 mM was determined, which is significantly lower than the value determined in NaCl 

solutions. This decrease may be occurred be due to the specific adsorption of phosphate ions90 

and the subsequent weakening of the double layer forces. This effect of the phosphate ions was 

also indicated by the decrease in the surface charge density determined from the date shown in 

Figure S7. Since the stability ratios of one within the experimental error were found above the 

CCC, the presence of additional (non-DLVO) forces, such as bridging by adsorbed phosphate 

ions, was excluded. 

 

Figure 46 (a) Electrophoretic mobility and (b) stability ratio of the particles SL (black diamonds) and 

SL-PPN (green squares) as a function of the ionic strength adjusted by NaH2PO4 at pH 10. The particle 

concentration was 10 mg/L and the PPN dose was 400mg/g. The solid lines with mobilities are just to 

guide the eyes, while the lines with stability ratios are the results of calculations using equation (22). 

Another important fact when comparing the stability and mobility values for SL-PPN is 

that the mobilities are very low even before the CCC, where stable dispersions were detected. 

This phenomenon clearly indicates the presence of additional stabilizing forces along with the 

electrostatic repulsion between the enzyme-coated particles. This additional stabilizing effect 

must come from the adsorbed PPN chains overlapping when two particles approach each other, 

creating an osmotic pressure that leads to repulsive forces, while the bare SL behave as 

predicted by DLVO theory. Accordingly, the steric repulsive forces can also be present once 

enzymes are in the adsorbed layers, similar to the polymer functionalized colloidal particles 

mentioned above and reported earlier.72, 108, 210 
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5.3.5 Confirmation of the interparticle forces 

 The origin of the interparticle forces in each system was calculated within the DLVO 

model (Figure 47a) (Table S1), and the CCCs were determined solely from the electrophoretic 

mobility data (Figure 47b, the method described in chapter 4.4.3 was used) for the bare and the 

functionalized SL particles in the presence of NaCl and NaH2PO4. Interestingly the bare 

particles possessed a significantly lower zeta potential value at the CCCMesured in phosphate 

solutions, however, the CCCMessured values are in good agreement with the calculated ones in 

the case of the two electrolytes (Figure 47b). This is due to the specific adsorption of phosphate 

ions on the surface, which also affected the Hamaker constant of the particles. This specific 

adsorption of the phosphate ions were also observed on SL90, titania171 and clay minerals 211 It 

is then assumed that the colloidal behavior of the bare SL particles is in line with the DLVO 

theory in the presence of both electrolytes, while the interface properties are different due to 

phosphate adsorption. Therefore, the Hamaker constant was set to 3.1Ā10-21 J and 1.8Ā10-21 J in 

the presence of NaCl and NaH2PO4, respectively, which are similar to the reported values for 

the polystyrene particles studied with direct force measurements.90, 212, 213, 138, 214  

As expected, the CCC of the bare particles in the presence of NaCl is consistent with 

the DLVO theory with both calculation methods. On the other hand, the SL particles 

functionalized with PPN behaved somewhat differently in the presence of NaCl. Despite the 

significant decrease in the zeta potential values, the functionalized particles are possessed 

significant stability (i.e., the CCCMeasured was high) (Figure 47a) and drifted away from the 

theoretical line towards the non-DLVO repulsive forces, which is also proved by the new 

calculation method (Figure 47b). This is due to the presence of the non-DLVO steric forces 

through the adsorbed PPN layer. At low ionic strengths, the charged enzyme segments repel 

each other on strongly to the surface resulted in a more rigid conformation. In this situation, the 

segment-surface interactions are strongly attractive and lead to flat adsorbed conformations. At 

higher ionic strengths, the repulsive interactions are progressively screened, which leads to 

thicker adsorbed layers and the appearance of the steric forces. Similar effects were observed 

in oppositely charged PE-particle systems.117, 208, 215  



RESULTS AND DISCUSSION 

 83 

 University of Szeged 

 

Figure 47 (a) CCC values of bare and PPN-functionalized SL as a function of the zeta potentials at the 

CCC at pH 4 in the presence of NaCl and NaH2PO4 The solid line shows the results of calculations using 

DLVO theory according to equation (35). (b) Calculated and measured CCCs for different systems using 

equations (32) and (33). The values of the Hamaker constants for SL in the case of NaCl and NaH2PO4 

are 3.1Ā10-21
 and 1.8Ā10-21 J, respectively. 

Due to the adjustment of the Hamaker constant the bare particles in the presence of the 

phosphate ions are in line with the DLVO theory in both calculation method. Interestingly, for 

the SL-PPN system in the presence of phosphate ions opposite trends were observed than in 

NaCl solutions. A slight decrease was observed in the ɕCCC values (Figure 47a), on the other 

hand, the CCCMeasured value deviated significantly and both calculation methods are indicated 

the presence of non-DLVO attractive forces. These forces are dedicated again to the specific 

adsorption of the phosphate ions on the immobilized PPN, which resulted in the presence of 

additional non-DLVO attractive forces. Further and unambiguous confirmation of such forces 

would be possible with direct force measurements beyond the end of the present project. 

5.4 Co-immobilization of enzymes by sequential adsorption on SL support 

The aim of this chapter is to develop stable dispersions of an SL supported multi-enzyme 

system that incorporates HEP as a PE in the sequential adsorption process. Scattering 

techniques were used to optimize the charge and aggregation characteristics and to gain 

information about the structure of the SL-PPN-HEP-HRP composites, while the proteolytic and 

peroxidase activities were evaluated in biochemical assay reactions. The adsorption of PPN 

onto SL particles was discussed in chapter 5.3.2. It is important to note that the surface of SL 

is saturated with the adsorbed enzyme at a dose of 400 mg/g. The SL-PPN particles obtained at 
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this dose formed a stable dispersion. Therefore, these particles were selected for the further 

steps of the sequential adsorption method to obtain the SL-PPN-HEP-HRP composite. 

5.4.1 Bi-layer formation and functionalization with HEP 

The net positive surface charge of SL-PPN allows adsorption of negatively charged HEP 

PEs through electrostatic interactions.72 High colloidal stability was one of the most important 

requirements to be achieved after the formation of the bilayer. Although similar studies on 

surfaces and PEs have been reported,123, 216-218 very limited information is available on the 

sequential adsorption processes involving saturated enzyme layers on colloidal particles.26, 27  

To investigate the charge properties of SL-PPN affected by HEP concentration, 

electrophoretic mobilities were first determined (Figure 48 red circles). The trends are similar 

to the PE or enzyme systems with oppositely charged SL particles mentioned above. At low 

HEP doses, the SL-PPN is possessed net positive charge, while with increasing HEP dose, the 

adsorption of the PE was clearly indicated by the decrease in mobilities, leading to charge 

neutralization at the IEP, and at higher doses, charge reversal occurs followed by a plateau in 

the mobilities from the ASP. 

 The results of the stability ratio measurements in Figure 48 (blue squares) show that the 

particles are stable at low and high PE doses and unstable around the IEP. This behavior is 

again consistent with DLVO theory. 

On the other hand, there is a 

remarkable difference in the slopes 

of the stability ratios before and after 

the minimum value. A smaller slope 

was observed at low PE doses 

indicating the occurrence of a 

destabilizing effect that is not DLVO 

type interaction and may originate 

from the adsorbed PPN-HEP layers. 

The patch-charge effect105, 106 is 

assumed to be responsible for this 

phenomenon. The patch-charge 

interaction leads to faster aggregation 

of the particles and thus, to lower 

stability ratios. Overall, the above 

Figure 48 Electrophoretic mobility (red circles) and stability 

ratio (blue squares) of the SL-PPN particles as a function of 

the HEP dose. Measurements were performed at a pH 4 and 

an ionic strength of 1 mM adjusted with NaCl. The particle 

concentration was 10 mg/L. The unit mg/g refers to mg of 

HEP per 1 g of the particles. The solid lines serve to guide 

the eyes. 
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mobility and stability ratio data ensure that the SL-PPN-HEP particles are negatively charged 

at a dose of 200 mg/g PE and form a very stable colloid. This dose was used in the  

SL-PPN-HEP in further studies. 

5.4.2 Immobilization of HRP 

The HRP enzyme is positively charged at pH 4, as its pI value is 8.8.5 Therefore, it is 

expected that the HRP adsorbs to the negatively charged surface of SL-PPN-HRP at least by 

electrostatic attraction. However, hydrophobic interactions and hydrogen bonding may also 

play a role in the adsorption process. Similar to the enzyme immobilization processes 

mentioned above, high colloidal stability was the most important requirement in this step too, 

beside maintaining enzymatic activity. It is important to avoid a significant decrease in surface 

charge during enzyme immobilization, as this can lead to weakening of the double layer 

repulsion and subsequent aggregation of the particles. 

To investigate the charging behavior, 

the effect of HRP adsorption on the 

electrophoretic mobilities of SL-PPN-HEP 

was studied in measurements performed at 

different HRP concentrations (Figure 49). 

Increasing the HRP dose did not lead to 

significant changes in the mobilities due to 

the low line charge density of the enzyme, in 

contrast to PPN and HEP adsorption in the 

previous steps. The results show that at less 

than 100 mg/g enzyme dose, the mobility 

values of SL-PPN-HEP were not affected by 

the added amount of HRP, indicating similar 

colloidal stability to that of the SL-PPN-HEP 

particles. Above this dosage, mobilities 

increased slightly indicating weaker EDL 

repulsion and consequently, a possible 

undesirable decrease in colloidal stability. In view of these results and our previous experience 

with HRP immobilization,33, 127 a dose of 10 mg/g was chosen (referred to as  

SL-PPN-HEP-HRP). Note also that this dose was used earlier 33, 127 and resulted in remarkable 

peroxidase activities of the composites obtained. 

Figure 49 Electrophoretic mobility of SL-PPN-

HEP particles as a function of HRP dose. 

Measurements were performed at pH 4 and an ionic 

strength of 1 mM adjusted by NaCl. The particle 

concentration was 10 mg/L. The unit mg/g refers to 

mg HRP per 1 g of the particles. The solid line is 

used as a guide for the eyes, while the dashed line 

indicates the dose used in the SL-PPN-HEP-HRP 

hybrid. 
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5.4.3 Confirmation of the HRP immobilization  

Immobilization of HRP on the surface of the oppositely charged SL-PPN-HEP hybrid 

was confirmed by the direct stochastic optical reconstruction microscopy (dSTORM) 

technique. First, particles were fixed on glass substrate, where the signals obtained from the 

enzymes confirmed, that HRP is immobilized on particle surface. The fluorescence intensity 

was derived from the fluorescent labelled enzymes emitting at different wavelengths. The 

transmitted light image (Figure 50a) showed several well-concentrated foci in distant red range 

of light indicating the presence of HRP in the SL-PPN-HEP-HRP particles. The spatial extent 

of the blinking events is revealed after the data acquisition of the dSTORM method  

(Figure 50c). The blinking frequency of the fluorophores was determined along the white 

dashed line in Figure 50b as a function of distance (Figure 50d). 

 

Figure 50 Transmitted light image of particles on a glass surface (a) and dSTORM image of the marked 

focal point (b). Blinking events of the fluorophores were plotted along the X and Y axes (c), and the 

frequency of blinking events was plotted as a function of the distance (d) from the white dashed line in 

(b). 
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The dimension of the flashes shown in Figure 50c and d is about 400 nm, which is in 

good agreement with the diameter of the SL particle used. These results are clear evidences for 

the adsorption of HRP on the SL-PPN-HEP composite. Moreover, the enzymes remained in 

immobilized form despite the several rinsing step of the sample preparation, which clearly 

indicates that the enzyme is strongly attached to the particulate support. 

An overview of the electrophoretic mobilities, stability ratios, and hydrodynamic radii 

during the sequential adsorption process used for SL-PPN-HEP-HRP is given in Figure 51. The 

mobility of the SL particles at low PPN doses was -3.81 Ĭ 10-8 m2/Vs. This negative charge 

resulted in stable colloids. Formation of a saturated PPN layer at 400 mg/g again provided stable 

dispersions and the mobility was 2.44 Ĭ 10-8 m2/Vs. After functionalization with HEP at 200 

mg/g dose, the mobility was -3.46 Ĭ 10-8 m2/Vs due to the high charge density of the PE. This 

saturated HEP layer provided high colloidal stability for the particles. Finally, immobilization 

of the HRP slightly increased the mobility values to -2.77 Ĭ 10-8 m2/Vs. The hydrodynamic 

radius of the SL-PPN-HEP-HRP composite was ~280 nm. As shown by the time-resolved data, 

no aggregation was observed in the dispersion of the final hybrid particles. 

 

Figure 51 Schematic representation of the charge and aggregation trends during the preparation of the 

SL-PPN-HEP-HRP composite by the sequential adsorption method. The evolution of electrophoretic 

mobilities (top) and stability ratios (bottom) as a function of enzyme and PE concentrations is shown. 

The constant hydrodynamic radii of the SL-PPN-HEP-HRP composite confirm the absence of particle 

aggregation (lower right corner with purple). The particle concentration was 10 mg/L and the 

measurements were performed at pH 4 and 1 mM ionic strength. 
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5.4.4 Resistance against salt-induced aggregation 

Ionic strength is an important factor in the preparation, stability, and application of 

biocatalytic systems.56, 219, 220 Therefore, the charge and aggregation characteristics of the 

obtained particles were tested in a wide range of salt concentration. The ionic strength was 

systematically changed in the dispersion of the SL-PPN-HEP-HRP and the electrophoretic 

mobilities and zeta potentials as well as stability ratios were determined. Finally the trends were 

compared to the results obtained in chapter 5.3.4. 

As the ionic strength increased, the magnitude of the mobilities and zeta potentials 

(Figure S8) decreased for all systems, which can be attributed to the shielding effect of the 

dissolved salt constituents on the surface charges (Figure 52a and Figure S8). Mobilities were 

close to zero at high salt concentrations, but no charge reversal was observed at the ionic 

strengths ranges studied. 

 

Figure 52 (a) Electrophoretic mobility and (b) stability ratio of SL, SL-PPN and SL-PPN-HEP-HRP 

particles as a function of the ionic strength adjusted with NaCl. Measurements were performed at pH 4 

and a particle concentration of 10 mg/L. The solid lines with mobilities are eye guides, while the lines 

with the stability ratios are the results of calculations using equation (22). 

Time-resolved DLS measurements were performed to investigate the aggregation 

behavior at different electrolyte concentrations. The stability ratios obtained are shown in 

Figure 52b. The trend in the data followed the prediction of DLVO theory.95 The aggregation 

rate obtained above the CCC value was 3.4 Ĭ 10-18 m3/s for SL-PPN-HEP-HRP which is the 

same within the experimental error as the one determined for SL-PPN system (3.3 Ĭ 10-18 m3/s). 

At low ionic strength in the slow aggregation regime similar slope was observed than in the SL 
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and SL-PPN system. On the other hand, the stability ratio values of SL-PPN-HEP-HRP fell 

below unity around the CCC. This result may originate from additional non-DLVO forces. First, 

such acceleration of aggregation is the result of the patch-charge interactions described above, 

which have been frequently reported for highly charged PEs adsorbing on oppositely charged 

surfaces at low surface coverage.105, 106, 115 Second, when two particles approach each other, 

steric hindrance can develop between the adsorbed PE chains, leading to non-electrostatic 

repulsion in the saturated PE layer.115, 123, 192 This effect is more pronounced at higher ionic 

strengths and should therefore account for the different slope in the slow aggregation regime of 

SL-PPN-HEP-HRP. 

The interparticle forces in the multilayer system was compared with the bare SL and 

SL-PPN particles within the DLVO theory at pH 4 in the presence of NaCl with both (from 

surface charge densities or from electrophoreic mobilites using the algorithm shown in  

Figure S1) calculation method (Table S1). As mentoned above the adsorbed PPN layer 

significantly decrease the surface charge density and the ɕCCC values of the SL-PPN particles 

(Figure 53). However the SL-PPN system is drifted from the theoretical lines towards the  

non-DLVO repulsive force regimes and the steric forces present in the system provide 

additional stability to the system. As a result of the multilayer formation, the magnitude of the 

surface charge density is increased significantly from 8 to -15 mC/m2 (Figure S8) and also 

significant increase was observed in the absolute ɕCCC values. Interestingly this higher charge 

of the particles did not change the CCCMeasured values significantly and the composite particles 

showed similar aggregation behaviour than the SL-PPN system. On the other hand, due to the 

multilayer formation, the SL-PPN-HEP-HRP system is drifted towards the non-DLVO 

attractive forces in both calculation methods. This behavior is explained by the vanishing of the 

steric forces in the multilayer formation, which was provided by the adsorbed PPN layer in  

SL-PPN. It is known that the HEP has a high binding affinity to the PPN 221-223 through 

electrostatic forces. This specific interaction also affected the structure and conformation of the 

adsorbed PPN molecules, which is one possible explanation for the disappearance of the steric 

forces. Moreover the low molecular weight HEP is a highly sulfonated PE, and in water HEP 

behaves more like a stiff rod under 0.15 M electrolyte concentration.224, 225 In general, at low 

ionic strength, adsorbing chains of HEP tend to adopt a flat configuration, and this tightly bound 

thin layer extinguishes the steric forces originated from the adsorbed PPN. 

https://hu.bab.la/sz%C3%B3t%C3%A1r/angol-magyar/extinguish
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Figure 53 (a) CCC values of bare and functionalized SL as a function of zeta potentials at the CCC at 

pH 4 in the presence of NaCl.  The solid line shows the results of calculations using DLVO theory 

according to equation (35). (b) Calculated and measured CCCs for different systems using equations 

(32) and (33). The values of the Hamaker constants for SL were 3.1Ā10-21 J in the calculations. The data 

determined for the bare SL, SL-PPN and SL-PPN-HEP-HRP particles are shown in black, blue, and red, 

respectively. 

5.4.5 Validation of the developed computional method for CCC determination 

In the following chapter, more focus will be made more on quantitative aspects of the 

proposed calculation method (Figure S1). In Figure 54 calculated versus measured CCCs are 

shown for all particles that appeared in this dissertation. All the corresponding values can be 

found in Table S1. This comparison also enables us to quantify the deviations of the systems 

from the DLVO theory. Figure 54 shows the relative deviation from the theoretical line of the 

bare and the functionalized particles with the pH, salt and Hamaker constant applied. The 

relative deviation is calculated by the following relation: 

(CCCCalculated-CCCMeasured)/CCCCalculated.  

In general, for the systems below the diagonal line, non-DLVO repulsions, while for the 

systems above this line, non-DLVO attractions are present. Therefore, these deviations can give 

us a further information about the presence of the non-DLVO forces. In the cases presented, 

bare and functionalized TNS was mixed with oppositely and like charged PEs depending on 

the pH, and the CCC values were determined in NaCl in each case. On the other hand, for bare 

SL and SL-PPN the CCC values were determined in the presence of NaCl and phosphate ions. 

The particles obtained by the sequential adsorption method are also presented and CCCs were 

determined in NaCl in both cases. All the calculations for a specific system are done with one 

Hamaker constant. 
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Figure 54 Calculated and measured CCCs for different systems using equations (32) and (33). The 

applied pH, salt and Hamaker constants are indicated. The dashed lines show the relative deviation from 

the diagonal line, which in line with the DLVO theory. All the corresponding values can be found in 

Table S1. 

As mentioned above, the bare SL particles are in line with DLVO theory due to the 

adjustment of the Hamaker constant, as well as the bare TNS at pH 10. On the other hand, bare 

TNS particle at pH 4 and 7 drifted away from the theoretical line towards the non attractive 

non-DLVO forces and the relative deviation is -1.2 and -4.4 for the TNS at pH 4 and 7, 

respectively. In these cases, non-DLVO interactions are present due to strong specific 

interactions of anions with the surface. 

As shown previously, significant deviations were found for the oppositely charged TNS 

in the case of PDADMAC, due to the presence of the non-DLVO-related steric forces providing 

the additional stability of these systems. The relative deviation from the theoretical line of these 

system is around 10. Furthermore these repulsive non-DLVO forces remained upon multilayer 

formation in the TNS-PDADMAC-SOD-PSS-HRP composite particles with a slight decrease 

in the deviation (5.8) from the diagonal line. The TNS in the presence of with like-charged PEs 

behaved as DLVO theory describes due to the limited (TNS-PDADMAC pH 4) or negligible 

adsorption (TNS.PSS pH 10) of the PE. As well as the oppositely charged TNS-PSS at pH 4 is 

on the diagonal line since due to the flat conformation of the adsorbed PE layer the interparticle 

forces solely originated from the EDL repulsions and van der Waals attractions.  

When the SL particles functionalized with PPN were in NaCl solutions, the method 

underestimates the stability due to steric forces raised by the adsorbed PPN layer. However, the 

calculation show additional attractive forces too due to the specific adsorption of the phosphate 

ions. SL-PPN-HEP-HRP is drifted towards the attractive forces regime upon the multilayer 
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formation due to the specific interaction between PPN and HEP and the resulting flat 

configuration of the adsorbed HEP layer.  

In general, the oppositely charged TNS particles functionalized with PDADMAC shown 

significantly higher deviation towards the non-DLVO repulsive forces than the TNS-PSS and 

the SL-PPN system. The molecular mass of the PDADMAC is higher with one order of 

magnitude than the other PEs and enzymes. The long macromolecular chain combined with the 

high charge is favorable in the formation of the non-DLVO steric forces and ensure improved 

stability for these systems. 

These results confirm that our simple calculation method is able to quantitatively predict 

the CCCs for a wide variety of systems, including spherical and platelet-like particles composed 

of different materials in the presence of simple monovalent ions. However, in the case of strong 

specific interactions of anions with the surface of the bare particles can cause from the 

calculated values deviation, but it enables the determination of the effective Hamaker constant 

for the system. Deviations also observed in the case of functionalized particles due to the  

non-DLVO attractive and repulsive forces. In these cases, the developed computational method 

is able to qualify and quantify the present non-DLVO forces in the systems. Summarily, the 

protocol along with the provided algorithm provides an excellent tool to estimate colloidal 

stability in salt solutions without performing lengthy aggregation rate measurements. 

Nevertheless, colloidal stability assessment of more complex particle structures (e.g., with 

grafted polymer chains) can be difficult with this method. 

 

5.4.6 Protease activity 

The determination of the hydrolytic activity of the immobilized and free PPN based on 

the hydrolysis of casein substrate153 is described in the experimental section. First, the time-

dependent enzymatic assay was examined by recording the characteristic absorbance of the 

tyrosine product at a wavelength of 660 nm for the SL-PPN and the PPN (Figure 55). The 

absorbance values increased with reaction time for both the free and immobilized enzyme 

indicating that PPN remained active upon immobilization. However, the increase was more 

pronounced for the free PPN. 
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Figure 55 (a) Time-dependent visible spectra recorded during protease-like activity measurements with 

free PPN and (b) SL-PPN. The applied PPN dose was 3 mg/L in all samples. 

Calculation of the normalized activities gave 0.28 U/mL for the PPN and 0.19 U/mL for 

SL-PPN. These numbers suggest that the enzyme lost activity after immobilization to some 

extent, most likely due to some conformational changes that occurred once it was attached to 

the surface of the latex. In fact, it has been previously reported that enzymes can change their 

conformation, resulting in a loss of activity.226 Such a change may lead to a decreased function 

because the interaction between the active site and the substrate is hindered. 

Another reason for this decrease may be the relatively high adsorbed amount (400 mg/g) 

of the enzyme. Accordingly, the PPN adsorbed on the surface in more than one layer, as 

calculated in chapter 5.3.2, and the blocking effect of the outer layers, i.e., the limited 

accessibility of the substrate molecules to the inner layers, reduce the efficiency. The third 

reason is related to the free enzyme in solution, where the free movement of the PPN facilitates 

collision with the substrate, while the immobilized enzyme diffuses more slowly and therefore, 

approaches fewer target molecules. Although the enzymatic activity in the SL-PPN decreased, 

compared to the native enzyme in homogeneous solution, the hybrid SL-PPN-HEP-HRP retains 

significant protease-like activity. 

The assay was performed daily for five days for SL-PPN-HEP-HRP to investigate the 

functional stability of the enzyme over time. The normalized activities were calculated (see 

chapter 4.2.3 for details). The activity determined on the first day was  

0.62 U/mL for the composite and 0.71 U/mL for the native PPN. Thus, the immobilized PPN 

possessed an activity of 85% on the first day compared with the free PPN, whereas this value 




























































