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INTRODUCTION

1 Introduction

Enzymesare proteins that act as biological catalysts accalgrahemical reactions.
Almost all reactions in cells are catalyzed by the cooperation of various enzymes, and enzyme
catalysis also plays an essentidé in biochemical industrial processes. Among all the different
classes of enzymes, oxidoreductaaee of special importance ftne elimination of reactive
oxygen species (ROS) such as superoxide radical anions and hydrogen péfefige
Normal biotemical reactions exposed to environmental influences resuremproductionof
ROS that giveriseto oxidative stress, which leads to damageellular componentas well
asto significant quality loss in industrial products.some of the la¢r cags, only peroxidase
enzymes areequired howeverthe joint applicationvith superoxide dismutag8OD)enzyme
results incascade reactiario completéy decompos ROS to water ancholecularoxygen.

Enzymes, on the other hand, are sensitive biocatdhatsan 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 alsffers several technical advantages in industrial
applications. Nanostructured materials offer ideal characteristics for {inenoobilization of
different enzymes to obtain muknzyme cascadesystems. However, one of the main
limitations of this typeof supports is particle aggregation in dispersions, which leads to
inefficient function of the antioxidant enzymes and conseqlgnto failure of ROS
decompositionBesides snce these composite materials are used in heterogeneous systems
such as bloodaqueous environmentahmplespor industrial manufacturingnediag colloidal
stability (i.e., whether particles are homogeneously distributed in the liquid, ortehdyto
aggregatejs a critical issueExperimental conditions such as ionic strength, terare and
pH significantly influence the charge and aggregation processes anthénhcalloidal stability
of these dispersions.

Polyelectrolyte§PE) have proved to be efficient aggregatingstabilizingagents for
nanoparticles dispersed in an aqueooedium.Accordingly, the charging and aggregation
processes can be controlled by adsorption of oppositely chEjegers on the surface of the
particles.The sequential adsorptiasf oppositely chargedPEs presents a versatile way
formulate multi-enzymatic systemsby immobilization and incorporation of more than one
natural enzymesy/on larger supporhanostructuredn this method, th&E multilayers serve
as support and also asparatr between the proteins. On the other hand, tieallyensure

high colloidal stability(i.e., they prevent aggregation processéshe system.
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In the present work, weemonstratéwo examplegor co-immobilized multienzymatic
composite systempasedon different support materials andbuilt-up by the sequential
adsorption method. First, the adsorption mechanisiRisfon titanium dioxide nanosheets and
of the papain(PPN) enzymeon polymer latex particles were investigated. Systematic light
scattering experiments ere performed to determine the surface charge properties and
aggregation rates of the bare and functionalized particles in the presétee ehzymes, and
electrolytes to elucidate the main interparticle forces in aqueous dispersions. The dezsge of
and enzymes was optimized to achieve high collomladl functionalstability for further
immobilization of enzymes. Second, antioxidant enzymes weranembilized on the
functionalized particles by theequentiabhdsorption method using oppositely charggd as
support layes. Theresistanc®f the obtained compositegainstsaltinducedaggregatiorwas
determined in the presence of electrolytes and the dual enzymatic activity of the hybrid

materials was tested in biochemical assays.
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LITERATURE REVIEW

2 Literature rev iew

2.1 Enzymes

Life depends on a webirchestrated 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 acceleratgehaf these chemical
reactions. 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 diFamino acid building blocks linked together by amide bRitgurel). Thislinear
polypeptd e c hai n t he nunique thiedimensiohabsuaureVitee malecules
upon which enzymes can act on are called substrates and are converted into products by the
enzymesg. Each enzymeatalysisa single chemical reaction to a specific chemical substrate
with very high enantioselectivity and enantiospecificity at ratdsch approachcatalytic
perfection® The activity of enzymeshowevercan be influenced biphibitors and activators

which candecreas@nd increasenzymnatic activity, respectively

Superoxide Dismutase Horseradish Peroxidase Papain
(SOD) (HRP) (PPN)

Figure 1 Schematic 3D structure of the enzynmesludedin this dissertatiorf°

The arliest known references to natural biocgdtd come from ancient texts dealing
with the production of cheese, bread and alcoholic beverages, atehdesizationof meat.
Today, enzymes continue to play a key role in many food and beverage manufacturing
processes and are ingredeim many consumeproducts, such as laundry detergents (which
use proteolytic enzymes to dissolve proteased staing)Theyare also of fundamental interest
to the health sences, as many health conditi@as be linked to aberrant activity of one or a
few enzymes. The study of enzymes and their action has therefore fascinated scmEsts
the dawn of history, nainly to satisfy scholarly interest, but also because of the utility of such

knowledge for many practical needs of society.
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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 biodatelyiis different
enzymes work together to carry out several reaction steps that trigger two or more sequential
processes without the need to isolate intermediabesnature, countless enzyme cascade
readions can be observed in a large number of metabolic pathways within th@keil.are
used to ensure the integrity of enzyoaalysed synthetic pathways and to mimic chemical
processes. Inspiredybmulti-enzymatic reactions in vivo, researchers have attempted to
construct functional mukenzyme systems in vitto produce the desired produdhe oldest
example of a mulienzymatic reaction is the use of indigenous microorganisms for
fermentationg.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 asidlqpy; as well
as penetration through cell membrare recentpast these multenzyme reactions have
experienced rapid growth for scientific and industriapplications, especially for
biotransformations, biosensors and biomedical engineering. Inicagdimultrenzyme
processes are considered as an alternative route for the production of many pharmaceuticals,
biofuels and fine chemicafsVarious strategies for constructing megtizyme systems have

been reported, includinenzyme fusion, enzynseaffold complexes and émmobilization®
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, oxygen, nitrogen or sulur. ROSsre derived from
molecular oxygen and are formed by redox reactions or by electronic excitation. They can be
divided into norradicakand free radicals (with at least one free electtBROS is a collective
term for a number of related molecules with vastly divergent reactimtg-electron (non
radical) ROS include ¥D,, organic hydroperoxides (ROOH)ngletmolecular oxygen'Qy),
electronically excited carbonyl compounds, ozong),(Bypochlorous acid and hypobromous
acid. Free radical ROS, on the other handlude superoxde radicalanions (@), hydroxyl
radicals (LOH), peroxyl r a diTbessbusce qRB3x@nhbg and
endogenous i.eproduced by living organismduring normal cell metabolism. On the other

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

ROS are involved in physiological cellulprocessat low to moderate concentrations,
but at high concentrationthar presencéeadsto 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 stfesshich contributesto many pathological
conditions including carme, neurological disorders, atherosclerosis, hypertension,
ischaemia/perfusion, diabetes, acute respiratory distress syndrome, idiopathic pulmonary
fibrosis, chronic obstructive pulmonary disease and asthma.

As a result combattingoxidative stress has found widespread applicatsuch as
biomedicins and pharmaceuticals. Ardigeing compounds are found in 80% of products in
the cosmetics industry, as UV radiation, smoking and in vivo factors are played magam role
skin ageing? ®Besies, 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 téedxidized in the presence
of heat, light, enzymes, metals, metalloprateamd microorganisms leading to flavor reversion
and loss of bioactive molecules such as essential amino acids and lipid soluble Vit@uims.
to the overuse of detergents, surfactant metabolism in aquatic animals can produce ROS and
cause oxidative stress in organisms. Therefore, it is crtisdmove themn wastewater

treatment processes.
2.3 Antioxidant enzymesand enzyme cascades

For more than two and half decades, numerous studies have pointed to the nutritional and
health benefits ofantioxidants and the inverse correlation betweenr tlevel and the
concentrations ofree radicals. Antioxidants are molecules that inhibit or quench free radical
reactions and delay or prevent cell damafehe antioxidants ar@verwhelmed by free
radcals the evolvedimbalancecauses oxidative stre¥s!’ The antioxidant molecules that
form the antioxidantlefensenetwork in living systems act on different linesdafense The
third and fourth linef defenseantioxidants are theadicatinduced 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 glutgdtaaded
molecular antioxidants)Theyneutralizeor scavenge free radicals by donating an electron to

them, and in the procesheybecome free radicals themselves, but with less harmful gffect
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In the first line there are a range anzymaticantioxidants that fapress or prevent the

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

defenseantioxidantsare therefore important and indispensable to the overall antioxidant

defensestrategy, particularly in relatom o0 t he super oxi 2 avhich si on

constantly produced in normal body metabolism by various procéBsssdesthe most vital

first line antioxidanenzymesre theSOD, catalase (CAT) and glutathione peroxidase (GPX).
The cooperation of these antioxidant enzymes not dumglamental but also an

indispensableneed in the antioxidant protective capacity of biological systems against

excessive presencefoée radicad. Schematic illustration the function of an antioxidant enzyme

cascade is showin Figure2. T h e s uper o0 X4 graucedandisswes by métdbdis

or reactions in cells is catalytically converted intgDriand molecular oxygen @pby SOD?®

CAT, which is abundant in peroxisomes, breaks dow@.khto water and molecular oxygen,

preventing potentialamage caused loyiginal radicalsIn the absence of CAT, the reduction

of H>O> to water andto lipid peroxidesor their corresponding alcohols is carried out by

glutathione peroxidase (GPX). This collective protective actiothedirst-line antioxidant

defenseand the antioxidants involved are called flisé antioxidant&.

Figure 2 Schematic illustratiorof the function of an antioxidant
enzyme cascade reaction.

Antioxidants or antioxidarénriched extracts are commerciallysed to prevent
oxidative processes as welltagpreserve the flavor, texture andlor of foods during storage.
They are also used as refining, bleachingdewtorizingagents in the food industry, to extend

the shelf life of lubricating oil and reduce vehicle emissions, arstiatalizesyntheticfibers
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rubber, thermoplastics and adhesiby stopping autocatalytic reactions. In cosmetic products,
antioxidants are used to prevent skin ageing andrélded skin damage and to treat the
appearance of wrinkles and erytheth&@lobal 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 2020asreported g the Market Research Storghis increasing global demand is
driving the search foraw synthetic and naturdlerived antioxidants. In ghpresentvork, we
demonstrate an immobilized antioxidant enzyme cascade lugisgradish peroxidagelRP)

enzyme alongside SOD to mimic the natural antioxidant enzyme casaadk=ailed later
2.4 Enzymeimmobilization

Enzymatic processes are carried out under mild conditions (near ambient temperature,
atmospheric pressure and physiological pH) in water at high rates and high selectivity.
Literaturedataevidencehatenzymebased catalytic processes have numerous advantages over
conventional synthetic routes. Therefore, enzynezliated catalytic bioprocesses are
becoming increasingly important in largeale industrial ah biotechnological applications,
such as in chmaical, food angoharmaceuticahdustryas well aghe development of medical
devices and sensol%1® Consequently, biocatalysis has emerged as an important tegiinolo
over the last two decades neeet the growing demand for green and sustainaldmicials.
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, selectivitigbility and pH optimuri®
However, the enormous catalytic potential that enzymes offer for innumerable transfosmatio
has stimulated intensive studies to improve their properties. Among several proposed methods,
immobilization of the enzymes appears to be the most commonlyamgetb broaden the
applicability of such natural catalysts

Despite all advantages, the industrial application of enzymes is often hampered by a
lack of longterm operational stability and difficulty in recovering and reusing the enZyme.
Maintaining their structural stability during any biochemical reaction is a major challenge.
These disadvantages can generally be overcome by immobilizing the edpartdrom ease
of storagen solid rather tham liquid form,immobilized enzymesan also be easily separated
from the producteaind thus minimizing or eliminating protein contamination. In addition, an
immobilizedenzyme cannot easily penetrate the skin and theréfasdittleor no allergenicity.

Swch a heterogenaionalso facilitates efficient recovery and reuse of the enzyme, enabling its
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costeffective use, e.gin continuous fixeebed operation. Another advantage is the improved
stability, both under storage and operating conditions,agginst denaturation by heatganic
solvents or autolysis?®

Multi-enzyme immobilization is a technolagy which multiple enzymes are co
attachedn/on suitable supports/carriers or enzymescangugatedusing a linker without a
support.This is an effective method for mimicking enzymatic cascade pathwégsing
numerous advantages, such as fewer steps with smaller reactor volumes, higher volumetric flow
rates and shorter reaction cycles with less wgesteration. The enzymes are in close proximity
to each other and mass transfer limitations can be reduced througimobilization.It has
been proverthat enzymatic activitycan be increasedia substrate channelinglong with
improvement irstability ard reusability?

Support selection has been considered as a hot topic in the field of enzyme
immobilization, as suppdrtg materials can greatly affect the properties of enzyamsesell as
the resulting compositésThe link by adsorption is the simplest technique and allows enzymes
to be immobilized on solid supports Iphysical interactons such as van der Waals or
hydrophobicforces hydrogen and ionic bonds, among otiférMoreover, here are many
different methods for enzyme immobilization, but industry always prefers simple and
inexpensiveapproachessuch as adsorption or physical entrapmastwell aschemical
immobilization such as covalent bonding and cilodéng® (Figure3).

i

S @
PRIV et

A Tt
Cross linking Encapsulation

o S AIE AT A
*‘{frf‘i»:ﬁ‘f»r*‘&
Physical adsorption Covalent binding Intercalation

Figure 3 Different approachesecently used foenzyme immobilization.

As per ceimmobilization of different enzymedére are three main techniquesgoch
a multi-enzymeimmobilization (Figure4). Random ceattachments the simplest strategy for
creating anultifunctionalsystem, where multiple enzymes emadomly attached to the surface
or embedded inside the carrier via adsorption, encapsulation, covalent bondindginknogs

etc?4 Positiondependent cimmobilization has been shown to be an effective strategy for the
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orderedixing of multiple enzymes, which can control and improve enzymatic cascade reaction
rates by adjusting the immobilized sequefrchlimicking natural enzyme organization in
cellular environments, compartmentalization can spatially separate enzymes with different
patterns and ratidé. Sequential adsorption of enzymes with the applicatioPEs is a
combinationof the latter two method$-igure4). Sinceonecan control the order armbsition

of the enzymes in the structure with the adsonptibthe PE layers,the PEs can also act as a
separator between the enzyna¢sthe same timand thusprotecing them from proteolysis,

microbial degradation or other harmful environnaémffects’® In this dissertation this dual
role of PEswill be introducedby two exampleg. 28

Random co-immobilization Positional co-immobilization

-

3
@
P

9

“he

C':ompar'tmenta'lization' Sequential adsorption

Figure 4 Techniques for mukenzyme immobilization.

Thelandmark development inanotechnology has led significantimprovements in
carriermaterial properés such as multifunctionalitgfability and multicompartmentalization.
Nanoparticles have been extensively studied for enzyme immobilization and serve as very
efficient support materiali® such proceduress their ideal properties balance the key factors
including specific surfacearea, strong adsorption capacity, mass transfer resistance and
effective enzyme loadintihat determine the efficiency tife biocatalystsin addition, enzyme
containing nanoparticles with highbiocatalystcontent can be easilgynthesizedwithout
surfactats and toxic reagents solventsOnecan obtaironephaseor well-defined coreshell
nanoparticles with a thick enzyme shell, which can be designddoptimized for certain
applications In addition, immobilization on nanocarriers can protect the eagyfmom
chemical damage by heat, acid or moisture during transfer anddongstorage, giving them
similar bioactivity to nativebare enzymes? The numerous publicationsleasedin the
literature indicate that the growing interest in the use of nanoscale particles for the
immobilizationof enzymes is mainly due to théenherentadvanageougroperties. Recently,

the enhancement of enzyme stability and activity in some nanostructohegssaanoparticles
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nanofibers mesoporous materials, gg¢l silica, crosdinked enzyme aggregates

(CLEAs)/crystals (CLECs) and single enzymanoparticles has been reportéd® °
2.4.1 Immobilization of antioxidant enzymes

Besidethe numerous advantages, the use of the free forrastmixidant enzymem
industrial and biomedicalrocesses is impractical because of the impossibility of recycling of
the biocatalyst, high cost of the preparationpwkenzymes, and lowesistance to inhibitory
factors The native antioxidargnzymesalsosuffer from structural and functional sensty to
environmental effectd\t the same timghe use of immobilizedntioxidantenzymeon/in the
surface of an insoluble supporlts technologically simpler, more economical and
environmentally safe and thutas a number of advantagéke simplified separation,
controllableparameers of the catalyzed reactioenzyme structurstabilizationand activity
preservatiorf! The applications of immobilizedntioxidantsare expanding every year, but
none of the existing methodppliedfor enzyme immobilization is universal, which increases
the interest of researchetsaling withthis topic3?

Immobilization of individual antioxidant enzymes such as SOD, HRP, CAT, and GPX
has been &quently reported in the past on various support materials such as metal and metal
oxide nanoparticle® 3 clays® %¢and polymeic supports’’ However, ceimmobilization of
such enzymes could be a suitable mimic of the cellular environnmenthich ROS are
decomposed to molecular oxygen and water in ten@actions catalyzed by thsually redox
active enzymes. Among them, antioxidant enzyme cascades immobilized in/on different
substrates represent an impattalass of materials that hetpmbating oxidative stressfor
example polymersomesnd artificial peroxisomes containir®0OD together withCAT and
lactoperoxidsas®: 3 To the best of our knowledge, only a few systems have been published
in which SOD and peroxidase dZAT were ceimmobilized on particles or covaldytgrafted
on polymer chaind® #* These examples demonstrate that theattachment of antioxidant
enzymes to the same support is possible and remarkable activities in degrading ROS can be
achievedoy applyinga singleparticlesupport However, the synthetic methods often involved
complicatel reactions and difficiHto-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 dedila in certin industrial aread! for example joint use of peroxidase
and protease enzymesthrefood industy. However to the best of our knowledgeo studies
were concernedwith the coeattachmentof these enzymet the same supporOften, co-
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immobilizing peroxidase enzymes together hetpprevent inactivation that can result from
high local concentrations of intermediates or reaction produdtsnidmaact as inhibitors. For
instance limiting the local concentration dfiz02 is a common goal to preserve enzyme
activity.*?> 2 In thisdoctoral studyaco-immobilized multienzyme cascaglim which a protease

enzyme was used alongsiéh a peroxidase enzymwiill be discussed
2.5 Nanoparticle dispersions

Nanoparticle dispersions or-salled colloids consigif at least two phases, with one solid
phase dispersed in the second, often liquid, phase. The size of the suspended solid particles
ranges from 10 100 nanometers in diameter, yet they are still able to remain evenly distributed
throughout the solutiorand kept in suspension by thermal fluctuations. Nanoparticle
dispersions can also be formed naturally in waters, soils;sksepydrothermal vents, natural
ores, and microbial systems. On the other hand, synthetic colloids emadananoparticles
with well-controlled size distributions and interactions are model systenunderstanding
phase transitions. 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
assemblyFigure5).

Due to tleir 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 produceersats and
catalytic systems. Depending on the type of applicateither stable suspensioner
aggregation of the particles may be des{fdureb).

Figure 5 Applications of colloidaparticles in different fields and the role of the colbdid
stability in these applications.
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For example, there is a great demand for stable colloidal suspensions in the food and
paint industriesi-or instance fte development of colloid science has made it possible to replace
toxic organic solvents in the paint industry with water. The discovery of sobstancefor
stabilizing pigments in aqueous medium led to whesged paints. Similarly, many
biocompatibleparticles and polymers are added to foods because they can accumulate at the
wateroil interface in emulsions or at the watir interface in foam$& ¢ In contrast to these
applicationsinducingparticle aggredg#n in suspensions (floctation) is an importanstep 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 removeddisnentation ansubsequerfiltration.*’
Similarly, in paper manufacturing, large amounts of cellulose fibers combined with filler
particles are present 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 aggregatfiin. 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
heterogeneousailytic processes, both stabilization and destabilization may be desirable, since
in stable system®ne avoids the loss of active sites, while destabilization afdheparticles
may lead to the removal of the catalyst after the reaction is complEte most complex
application from a stability perspectizan befound in materials scient&and indrug delivery
systems® 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 exampfe.

As can be seen from the applications descréiexe colloidal stability is an important
issuethat must bevell understooadnd controlledStabilization or/andggregatiorcan only be
achieved under suitable conditions. Colloidal stability depends critically on the size,
composition and surface charge of the partietds. addition, type of dispersants play an
important roleoo. The elevated salt concentration in the biological and industrial environment
can often lead to aggregation, while the presence or addition of macromolecules @bsh as
hasimportanteffect on stability, depending on the dose applied. This effecbeaalated to
the change in surface chargetointroductionadditionalinterparticleforces. In addition, the
type of solvent and the pH of the medium can also affect the stability of the dispersions by

modifying surfaceforces between the particles respible 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 propertié3 >
2.5.1 Titania nanosheets TNS)

The gplication of inorganic nanomaterials is widespread in numerous fields because of
their high reactivity, increased surface arbmgh thermal stability ductility, and potential
biocompatibility>>>” Nanosized titanium oxides and theirigatives are used as catalygts,

%0 food additive$?! sunscreen® parts of photovoltaic devicé$®® environmental purification
agent¥ % and carriers in delivery processes, among other applic&tiocds* 74 Despite the
extensive use of titanium oxide nanomaterials in other fields, their history in medical,
biological, or pharmaceutical science is relatively shtifor example, the photodynamic
therapeutic properties of titanate particles have recently been used against cancer
cells/® Another bierelated 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 fobiologically active molecules ion various titanium
oxidestructureg/ 333471

Depending on the synthesis conditions, titanium oxides have been prepared in various
shapes and compositions. Among them, spherical nanopatrticles are the most commonly used
structures, but due to thgotential for development and application, interest in other titanium
oxide morphologies, such as nanotuBesanowires)? and nanoshegtsilsoincreased® For
example, TNSpossessvell-defined laered or unilamellar structurggigure 6) which are
associated with high surface area, good thermal stability;tupbble properties,
biocompatibility,and versatile surface modification capabilities, making thesaltmensional
materials highly advantageous for bioscienglated applications, for example.

titanium
© oxygen
© hydrogen

Zeta Potential (mV)

pH \:14
d=99nm &h=9nm  eesse v

Figure 6 DimensionspH-dependent surfaagharge and the crystal structud TNS8°
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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 g of the mediumPositively charged particles
can be obtained at low pH and negative ones at higher pH, midvabove the PZC
respectivelydue to protonation andeprotonatiorreactionsof the surfacehydroxyl groups
(Figure6).8! Taking these aspects into account, the charge balance can be tuned by varying the
surface charge of the titanium oxidwterial from positive to negative by @djustment

2.5.2 Functionalized polystyrene(PS)latexes

Latex dispersions, i.e., agueous polymer colloids, have-deéilhed properties that
enable their wideange ofapplicatiors in biotechnology?? sensin§® and materials science to
produce novel composite materi&t§’ Moreover, they proved to be excellent spherical beads
with well-defined size and surface charge properties for the study of fundarnelded
phenomena in aqueous suspensfoiis Highly monodisperse PS beads of different sizes,
narrow size distribution andarious surface functional groups can be prepared mainly by
emulsion polymerizatiott (Figure 7). They are dispersible in water due to their surface
functionalities. The most commonly used surface groups are sulfates, amidines, and €arboxyl
Due to the relatively low surface coveragetlg functional groups, the particles are considered
partially hydrophobic. The latexes used in this present study are negatively charged sulfate

functionalized commercial produdisee details ichapter4.1.1.2.

Sulfate Latex Amidine Latex

*

Carboxyllic Latex

Figure 7 Schematic illustration of the structure of latex particles. The polystyrene beads
are functionalized with sulfate, amandine and carboxylic groups.
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2.6 Colloidal stability

It is evidentirom the previous chaptetisatthe colloidal stability of particle dispersions
plays a key role irariousbiomedicalas well as industrial applicatioriddany experiments over
the past centuries have shown that neutrelgbes tend to attract each other and sediment. It
was clear that gravitational forces would not be suffictenéxplainthis processColloidal
stability of particles was first successfully describedtlyyDLVO theory. This theory was
initially proposel in the middle of the last century by Boris Derjaguin and developed together
with Lev Landal?® Simultaneousmprovement of this theory was made by Evert Verarg
Jan Overbeek® The main statement of the aforementioned scientists was that the colloidal
stability of particles depends decisively on the interplay beta#gmactive van der Waals forces
(London forces) andlectricaldouble laye(EDL) forces (Coulomb forces).

Let us first explain the electrical properties of charged colloidal particles in an
electrolyte solution, whicls determined by the spatial distutton of ionsat the solid/liquid
interface They originate from the dissolved salts leading to the presenceiafscand
counteionsin the suspensions. The spatial distribution of these ions (point charges) near the
particle surface leads to the formation of an EBThestructureof EDL is shown irFigure8

with charge and potentigrofilesas a function of ditance.

@_ 3 @- - ~@ Slipping plane
@'@j &) Q(.D@@\@ Stern plane
 OF CXC Stern layer

Potential

Distance from the surface

Figure 8 Schematic illustration of the EDL and the characteristic distpotentialprofile within the
EDL.

In case of negatively charged particles, the positms (whichare thecounter ions)
are colleced in the Stern layer(also calledHelmholtz layery’ near the surface. Their
concentration gradually decreases from the surface toulkeoncentration. In contrast, most

of the cations (acting asoions in this case) are displaced frahe vidnity of the particle
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surface, and their concentration gradually increases from zero near the surface to the bulk
concentratiorwith the distance from the surfat&in addition, there is also the possibility of
specificadsorption of counterions, which can lead to charge neutralization and/or oveféharge.
100

The three characteristic potentials from the surface are the (i) surface pdtegtial
which corresponds to the potential at the surface in contact with ions, (ujfthse layer
potentialcorresponding to the Stern plafaso calledHelmholtz planejyp) at the start othe
diffuselayeo f t he EDL, and the (iii) zeta potentia
or in other words, it is a potential dé¢fience between the dispersion medium and the stationary
liquid layer adhering to the particlé.19% 102The zetapotential depends on the ionic strength of
the medium, but is always smaller than the déflager potential.
The classical DLVO theory states thaiet

A
repulsion by total intgaction energy @ 'Q between two

electrical double layer

overlap

Force

identical particles at distan¢@equals the sum of

EDL (0 Q) andvan der Waals potential energy

w0 o T o 1Q (1)

(w0 Q) (Figure9):

van der Waals Based onlater findings, equation(1l) was

attraction

completed with an additional terto describethe

Distance between Surfaces potential between two particles, dree norRDLVO

Figure 9 lllustration of the force profil , . _

between two colloidal particles. T+ forces(w Q) exist. These are, mthe one
DLVO force (black) is the sum of t
repulsive EDL (blue) and thee attrac
van der Waals forcegred). The barrie correlation'®*patchcharge effect§> 1%or depletion

indicates that the overall interparticle fc 107 . .
is repulsive. forces™" on the other handrepulsive stericand

hand attractive hydrophobic interactidf ion-ion

electrosteridorces for instance®®
Qe O Q6 0 Q )

If the particle siz€Y) is significantly larger than the distan(@ betweerthe particles
thevan der Waals interaction potentalergy(w  "Q) can be calculatedf one applieghe

Derjaguinapproximation as®?
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w Q

e
—, ©)
(SN

Q
whereOis the Hamaker constariRepulsiveEDL forces for particles of high electrostatic
potential can be calculated by solving the complex PoiBsdtzmann equatiaff This type of
interaction can balsoestimated wellvith theDebyeH ckel model®in the case oparticles
of low surface charge densityhus, the ihal equation for double layer potent@hergyis

simplified and can be expressed as a function of electrostatic pogential
G 0 ¢ - Q @

where- and- are vacuum permittivitf 8 . 9 2 F/m)lafd dielectric constar(78.5) of
water, respectivelyanda is the inverse Debye length. The latp@rameter can be calculated
8.898

¢l QO

e (5)

wherel is the Avogadro constarkg is the Boltzmann constaritis theabsolutdéemperature.

| is the ionic strength expressed in (molid.piven by
w— P =
O - waq
c % (6)

where® is the concentration of all ibmspecies in the solution axd is their valence.

Depending on theuperposition ofhese two potentia@nergiesthe energy barrianay
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 obtaingdhen the salt concentration of therrounding particles is
low, and a large energy barrier develops that cannot be overcome by thermal motion and the
particles are separated at larger distad¢@he Debye lengtli ais increasing with the ionic
strength {Q (equation(5)), which is lead to the decrease of the EDL potental )
(equation(4)) andthe darge of the particles is shielded, leading to a decrease in the extent of
EDL repulsion ando vanishing of the energy barridueto predominatingattractive van der
Waals forces. Consequently, the particles ret@hprimary minimum and form dimers

(ungable suspension)he aggregation process can be described by an aggregatimf rate
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dimer formation(’Q. The relationship developesh the basis of theoretical assumptidys

Smoluchowski to quantify the diffusidimited aggregation rate 1,%*

0 — p& pT A (7

. QY
0_

where— is the viscosity of thevater (0.89 mPas The numerical result (Smoluchowskite) is

valid at 25 AC and water as dispewhendhesalt Thi s
concentration is high, so that the energy barrier is negligible eexisting. In reality, weak

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

the success of all particle collisions leading to dimer formation and onleséggregation

rates were determinekperimentally*'° Besides, e half time of aggregation refers to the time

interval, under which the concentration of the primary particles decrease by 50cande

calculated as:

Yy T (8)

where( is the initial particlenumberconcentration.
As predicted by the DLVO theory

: . Stable
aggregation rates of chargpdrticlesare small

suspension

or not even detectable at low ionic strengtig O O \

©
whereas particles aggregate rapidly at hie o o O cce

c
electrolyte concentrations. These two regim2 o

©
are separated by the critical coagulati® Unstable

, , = suspension
concentration (CCC), which represents a sh.g) OO
N < Co

transition betweethe slow and fast aggregatiol Cb

conditions Accordingly, the aggregation rat

increases progressively with ionic strength a
Salt Concentration

] ) Figure 10 lllustration of the trendin the

aggregation, where mainly dimers of th(WIth Increasing salt concentrations.

remains constant above the CCHEgure 10

particles are formed. Molaformationon thistopic can be found iohapter4.4.1
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2.6.1 Tuning the colloidal stability with polyelectrolytes

For optimal operatiom various dispersion applicatignis is necessary to control the
aggregation processes. This can be achieveatitifion of surface active compounds such as
multivalent ions, surfactants and polymeric compounds, as discussed below.

PEsare charged macromolecules containing ionized or ionizable groups located either
in the polymer backbone or as a side group of the ¢hhaiFhe long macromolecular chain
combined with the high charg#acethis type of polymere the focus of interest in research
and alsan more applied discipline®ue to thehe great diversity dPEs, they catbe classified
from many point of view. Depending on their occurrence in nature, a distinction is made
between natural (e.g., heparifHEP) DNA, albumin), modified natural (e.g.,
carboxymethylcellulose), or synthetic (e.g., poly(diallyldimethylammohiuohloride
(PDADMAC), poly(ethyleneiming (PEI), poly(acrylamid¢ (PAM)) PEs. Based on the
ionization constant of their functional groupsiecan distinguish strong and weak PEs. The
main parameters characterizithg PEs are the type and chaajehefunctional group, théne
charge density and the molecular mass. HBgused in this work are shownhkigurell.
0S0, 0SO, 0sO,

Na'
0,50 Co0" *HaN @ @ @
o 0
OH OH
° O O
HN< - OH
SO;

0s0; 0SO;  0SO,
HEPARIN PDADMAC PSS
LU S el
Figure 11 Chemical structure of PE parts in their ionized form used
in the doctorawork. The negatiely charged ones include HERd)

and poly(styrene sulfonateYPSS (black), while the positively
charged is PDADMAC (blue).

Depending on these parameters, the afsBEs as stabilizing agents for a colloidal
dispersion i®ne of theimost important applicatiain colloid sciencelt is based on the strong
adsorption oPEs on oppositely charged surfaces driveainly by electrostatic forcg's? 113
but there are atssome examples of adsorption on {itearged surfaces mediated by castéh
andor hydrophobic force$'® The presentdissertation focuses primarily on thghysical

adsorption processes. However, topic of covalently gr&fedrusheswill not be discussedf
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Tuning the charge of particles{;

in colloidal suspensions can lead ':'> - 1000

both stabilizing and destabilizing“if

effects,as shown abovelepending on L 100 g

the PE dose use. Let us discuss the F

adsorption process and the stabilizit L 10 g
o

and destabilizing forces in an idei

model sgtem containing negatively

charged particles and a positivel

Electrophoretic Mobility (x1

1 10 100
(Figurel?2). Without the addition of the Polyelectrolyte Dose (mg/g)

charged PE in different doses

PE the particlescarry significant Figure 12 Electrophoretic mobility and stability ratio o

) negatively charged particigponadsorption of cationiPE
charges that leado the formation of i, different amounts

theEDL. Thisensurestrongrepulsive
Coulomb forceswhich dominate over the attractive van der Waals forces and maintain the
colloidal stability of the systenThis is the seaalled electrostatistabilization(Figure13).

At low polymer doss (shown as mg/g, which corresponds to mg PE per gram of
particle), the colloidal particles still exhibih@gative 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 foredsich vanish in the absence of chargsulting
in the breakdown of electrostatic stabilization esquidaggregatiornn the systemWwith further
PEaddition, there is still enough space for additiaddorption 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 re\ersaterchargingis typical for systems
containing PEs and oppsitely charged surfacé$® 116 17This can be originated from
hydrophobic interactions between tRE& chains!'® an entropic effect due to the release of
solvent and counterions of the highly charged'PBuring its adsorption, and i€on
correlationforces®® % Thedose at th@nset of theadsorpion saturation plateau (ASPH) the
limit of adsorption at high PE concentrationsteAthis dose, the surface is unable to adsorb
more PE under the experimental conditions applied and further &tde@mained dissolved
in the bulk*?® Because of the charge reversal, the functionalized particles have sufficient
positive chargéor dominationof the repulsive forces over the attractive ones, and electrostatic

stabilizations resum, i.e., the dispersion is+&abilized The colloidal behaviasf this model
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system can be well explainegialitativelyby the DLVO theory. However, this theorg inot
sufficient to explain the colloidal behavior imany other PEparticle systems because
additional noADLVO forcesare also presenthe possiblerigin ofinterparticleforces of bare

andPE-coatedparticles are shown iRigurel3.

Attractive ct Cg

3 SO = Bridgin
non-DLVO 2'Q P43 ging
Ove & 5 force
H % o & =

S
S S v g B
P o P
o 1
S Patch-charge

& o effect

Electrostatic+ %
Hydrogen bonding

Electrosteric
) force
Steric force Repulsive

non-DLVO

Figure 13 Possible attractive and repulsive DLVO and 4irtVO forces between bare
andPE-coatedparticlesactingin agueoususpensions

Additional attractive forces were observedj.,for the bare particles and at I®MEdoses.
On the one handpr metal oxides, the hydroxyl groups of the surface may be in different
protonated stages and interact through electrostatic attraction ogegdronding. On the other
hand, when the surface coverage is low, PE tends to form islands (patches) on thendhléace
there are still empty, oppositely charged sites on the su(td@@ge)and the patches are
electrostatically attracted to theechaiges, resulting in additional attractive forcéhis is the
so-called patckcharge effect!® 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 particleend osmotic pressure is created leading to an additional
repukive interaction and the formation of more stable dispergkigare13). Obviously,EDL
forces are also present and the joint effect is called eleatiostabilization'?® 116 121n the
presentissertation, there will be several examgtegthe nonDLVO forces mentioned above,
but the bridgingeffect'® when longPE chains form tails and loops on the surface allowing
adsorption on multiple particles and the depletion fdféessuling from the mismatch in the
osmotic pressure within the gap between two approaching particles and the bulk sellition

notbe mentioned
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2.6.2 Sequerial adsorption of polyelectrolytes and enyzmes

The layerby-layer (LHL, also called sequential adsorpiomethod allows the
controlled deposition of multiple P&hd enzyme layers on colloié&*® 123In this strategy, the
first species added has an opposite charge twthia¢ colloichl particle or planar surfa@nd
thus,adsoption occursthrough electrostatic interactionghe bottom line of the process is that
overcharging takes place in all individual steps, in which PEs are invbi¥&tis facilitates
thesequential adsption of subsequent layers of a wide range of charged components such as
PEs and enzymedAs with planar supporf€* a PE is usually used taanoscalelLbL
arrangements afanoparticles, proteins, organic molecules at least in one dimembiesePE
interlayers not only act as a molecular "glue" but can also impart enhanced colloidal stability
to the coated particleBribugh electrostatic and ster@pulsions'®®

Although there are several experimental parameters that need to be optimized to achieve
uniform LbL coatingon particles (e.g., particle concentration and size, polyyyp, length,
and concentrations well agotal salt concentration in the adsorbing solut@sshownlater).
LbL assembly oPEs on colloidal particles can be achieved in two ways. Either adsorption is
performed with an excess concentration of-FBr theconcentratia of PEadded at each step
is just sufficient to form a saturated lay&r 2 The latter approach was applied in the present
work. In the case of sequential additiohPEs at a concentration sufficient to coat the entire
available particle surface, formation of aggess can be preventelie to strong repulsion
between the surfacel addition, once the conditions for multilayer coating are determined,
the coating process can be carriedwithin a relatively short time, sinadsorption of a PE
layer usually takesnly a few minutes. The major drawback of this procedure is the probability
of formation ofPEcomplexes and particle aggregates. This can be overcome to some extent by
using dilute particle suspens®nHowever, the concentrations of all components of the
suspensions need to be accurately determined and controlled throughout the coating process,
whichis laborious andime-consumed?®®

The enzymes adsorb on thefageof particles in aimilarmanner to other naturBEs.
However, few studies have addressed the tumih@ggregation propertiespon enzyme
adsorptior?* This phenorenon isinfluenced bythe lowerline charge density andon
homogeneous monomer distributiohthe proteins, which often leatb reversible adsorption
processsat 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 irreversil#azymeadsorption is guaranteé?iOn the other hand, the
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high turnover numbend theconsiderabl@rice of the enzymes also argue for a low application
dose with respect to the support matetiat® 12’In this work, examples aboth high and low
adsorption dossof theenzymeswill be presented

Due to thenon-appropriate charging &uresof the enzymegheir co-immobilization
on the particles with a singRE layer is not always feasiblelowever,the LbL approach has
also been shown to be suitable for the construction of protein and PE multilayer architectures
on colloidal particles. By thalternate depositioof protein and oppositely charged polymer on
PS spheres, multilayer films of various proteiaséibeen formethcluding SO’ HRP28 33
glucose oxidas&® In such amultilayer formation the optimizationof the enzyme dosages
between thePE layers is a key issue due to the above mentioradons.The sequential
adsorption of thePEs is aself-evidentway to improve colloidal stability and leads to the
immobilization ofenzymes between and on the PE lay&rk 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 ofolloidal stability

With reference to the abowkscussioncolloidal stability and particle aggregation are
widely used phenomena in fundamengdd appliedresearch.Owing to the continuous
instrumentatlevelopmenin the field there arezariousmethodsavailableto studythe stability
of colloidal systems and understand the aggregation mechariiem#stancefechniques
developed texploreparticle aggregatioimcludedirect imaging, rheology, turbidity, and light
scattering.

Imaging techniques, namely scanning elec{&iaM), transmission electrofT EM) and
atomic force (AFM)microscopy are used to study the morphology of particles or aggregates
and to learn more about the structur¢éhelse formationsThe main drawback of these methods
on one handherelatively 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 thearticlestends to form "false" aggregates and sensitive detowmaf
the particles due to the drying process important to note that the electron microscopy
techniques are suitable to study structure of aggregates, but not for determination of aggregation
kinetic parameterdVhile optical tweezerandAFM-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 measurenténts.

Given the interactie 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 rheolggxperimentsAccordingly, umerous studies have been conducted
to determine the relationships betwdbe stage oparticle aggregation and the rheological
featuresof the colloidal suspensisd?® Another commonly used method to study particle
aggregation igerformingturbidity measuremenwith a spectrophotomet.*3% 31 This is a
simple method thdbllows the loss of intensity ofansmittedight due to thescatteringeffect
of particles suspended in iThe major disadvantage of the latter two methods is tigh
paticle concentration isequired,and it isusuallynot possible to follow the evolution of the
low ranked aggregatese., dimer formation and the correspondingragation ratesThis is
because onlthe application ohighly concentragéddispersiongan lead to a sufficient change
in theopticalor in therheological properties upon aggregation.

Accordingly, spectroscopy and rheology are not suitable for the detectearlgfstages
of aggregation For the estimationof the nature ofinterparticle forces, on the one hand,
electrophoresis has proven to be an important method for studying the charge prajjertie
particles, which, moreover, cdre related tahe stability of the particlesn particular if
interparticle forces of electrostatic origin are involvéd

Light scattering methods suchdmamicand statidight scatteringdDLS and SL$are
very effective, simple, and neafestructive experimental approaches to measure the
hydrodynamic radius, polydispersitgggregation 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 partick8Due to the above facts, light scattering techniques
are widely used to determine and measure the aggregéainres of suspensions.
Electrophoresis and DLS were widely used in the present work and thussthaniental
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 ioiw strength (CCIS) which indicates the electrolytevel
necessary to destabilize the dispersfoiccurate knowledge of the CCC is therefore a critical
factor in estimatinghecolloidal stability and developing stable or unstable particle dispersions.
It can be determined by measuring the aggregatwesrof particles using an appropriate
technique, as mentionedéhapter2.6.3'33Measurement aECC or CCIShroughaggregation
rates is often time consuming and not possible due tadeah sample conditions (e.g., high
polydispersity, size, and concentration of particles)tanoresence oélectrolyte mixtures, as
in many industrial and environmental processes.
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CCC values often correlate with the magnitude of the charge or electrokinetic potential
of the particles, i.e., particle aggregatmecurs at low magnitwes of electrokinetic potentials
or electrophoretic mobilitie$+13¢ Conventional wisdom states thmtspensions lose stability
when the electrokinetic potentiahagnitudefalls below 25 mV. However, a threshold
electrokinetic potentialbelow which the dispersion can be considered unstable cannot be
established for individual systems because aggregptimresses depend on several factors,
including the size of the particles and the ionic comjmsivf the surrounding solutighi® 137
In this dissertation aovelsimple method for caclation of CCC was implemented, which was
developed by Galli et. 48 The estimation of the CCC is based on experimental electrophoretic
mobility measurement3.he developed method relies on the DLVO theory, which takes into
account electrostatic and van der Waals interactions.
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3 Objectives

The main goals of this work was to develop-banocomposites that mimic the functions
of antioxidant and proteolytic enzymes in stable dispersibmsachieve this goat is essential
to determine the surface charge properties and aggregat#snof the bare and functionalized
particles in the presence BEs, enzymes, and electrolytes to elucidate the main interparticle
forces in aqueous dispersio®y optimizing thePE and enzyme dosese able tocreate
composite nanostructuresith coimmobilized enzymes on particle supports with high
colloidal stability.

Firstwe perform systematic light scattering measurements to determine the surface charge
properties and colloidal stabilitgf the bare and functionalizedNS in the presence of
PDADMAC and PSSThe measurements ararried out at different pkb study the interactions
between oppositely and like charged FRE systemsThe main interparticle forcess
determined by salt induced aggregation measurements dfatleeand the functionalized
particles.The botom line of these experiments is obtaina highly stable dispersion of
functionalized TNS for further sequential adsorption and enzyme immobilization.

Second we study the-tayer formationof oppositely chajed PEs onTNS and optimize
the doses tonake a support with high colloidal stability further enzyme immobilization
After, SOD and HRP enzymeseaccimmobilized between or on the PE layers by the
sequential adsorption proced¥e optimize componentrder and dosego dbtain the best
enzyme activity and colloidal stabilitfhe enzymatic actiwt 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 patrticles functionalized wiPPN The irreversibledsorption of the enzyme
is proved by Bradford protein te$¥e shed light othe main interparticle forcdsy electrolyte
induced aggregation measurements.

In the last part we aimed to-@mmobilize PPN andHRP with the application of HEPE
as a separat between the enzymes. The objective of this part to obtain a composite material
with high colloidal stability and dual oxidativeydrolytic function. The successful
immobilization of HRP is proved by high resolution confocal microscopy and the dual
enzynatic 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 theiglpersions solely from electrophoretic mobility data by the DLVO theory
and shed light on the origin of the possible interparticle forces. Furthetimmeveloped
computational method is able to qualify and quantify the preserDhd®O forces in the

sygems
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4 Experimental

4.1 Materials

The following analytical grade chemicalssed for the experimés without further

purification can be found ifablel.

Table 1 All chemicals used in the experiments with formula anchibeufacturer

Name/Abbreviation Formula Manufacturer
Sodium chloride NaCl VWR International
Hydrochloric acid HCI VWR International
Sodium hydroxide NaOH VWR International
E’Pol:l)yp(\(gi/lllxlc(;ll)methylammomum chloride) Figure11 SigmaAldrich
Poly(styrene sulfona)gPSS) Figurell SigmaAldrich
Superoxide dismutase (SOD) from bovine liver Figurel SigmaAldrich
Xanthine oxidase - SigmaAldrich
Horseradish peroxidase (HRP) frdrarseradish Figurel VWR International
Hydrogen peroxide H202 VWR International
Monosodium hydrogen phosphate NaHPQy VWR International
Disodiumhydrogen phosphate NaeHPQy VWR International
Xanthine CsHaN4O2 Acros
Nitro blue tetrazolium (NBT) Ca0H30CI2N1006 Acros
Papain from Carica papaya (PPN) Figurel SigmaAldrich
Sodium acetate CHsCOONa | VWR International
Sodium carbonate anhydrous NaeCOs VWR International
Calcium acetate Ca( C H | VWR International
Dipotassium hydrogen orthophosphate trinydra] KoHOsP 340 | VWR International
Casein from bovine milk Cg1H125N22039P | VWR International
Trichloroacetic acid (TCA) CoHCI02 VWR International
Methanol CHsOH VWR International
Folin & Ciocalteuds r CeHsO SigmaAldrich
fluorophore conjugated secondary antibody ) Thermo Fischer
(Donkey antimouse Alexa 647) Scientific
Heparin (HEP) from porcine intestinal mucosa Figurell SigmaAldrich
Anti-HRP primary antibody - SigmaAldrich
Glucose oxidase - SigmaAldrich
Catalase (CAT) - SigmaAldrich
Glucose hydrochloride CsH13NOs HCI SigmaAldrich
Cysteamindnydrochloride CoH7NS HCI SigmaAldrich
Coomassie brilliant blue CusHa4N3NaOrS, | VWR International
Ethanol C2HeO VWR International
Guaiacol C7HsO2 Acros
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Paraformaldehyde (PFA) OH(CHO)H 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 em pore size to r ermpeformediatns ol utk

room temperaturé 2 5 An@3s otherwise indicated.
4.1.1 Particles and polyelectrolytes
4.1.1.1TNS

The synthesis of the TNS used in this work as well as the structural characterization
havealreadybeendescribed in detailA hydrothermal method was used for the synthesis of
TiOF2 nanosheet®**! One can use these compounds as precursors to obtain anatase
nanosheets. Such transformation can be achieved by calcjtfatieashing of the fiorinated
material with alkaline solution'$® 42 The precursor powder and ehfinal product were
characterized by XRD meaements. The XRD pattern diOF, (Figure 14) shows two
characteristic peaks, namely at 2d = 23.4A
these two 2d val ues i n dnaterialTresisdue @ the effctofthe al | i z
F ions on the titania lattice during th~
hydrothermal treatmeni® However, the L Synthesized TNS

|

I —

Precursor Product
|

A — e N M

intensityof the TIOEp ea k at

is much lower than that of the anata
peak at 2d = 25.

product. This result suggests that ot

TiO,(Anatase)
material is essentially anatase 7ié@nd

that some F ions may have beer

Relative Intensity (a.u.)

incorporated into its structure or ais h

surface. ™ ™ T T Y

10 20 30 40 50 60 70

morphology and dimensions of the 9 {fegre)

) Figure 14 XRD diffractograns of the precursor TiOl
nanosheetbefore Figure15a)and after 4nqhe final TNS product obtained by alkaline treatrr
the alkali treatment of the materialN€ theoreticaldiffractograms for TiOF2 and anat

(obtained from the JCPDS sheets no:00Z 8589 an
(Figurel15b). Moreover, the thickness ono. 00021-1272, respectively) are also shown

. i ﬁo
the nanosheets treated with NaOH wea Do 20

TEM images showthe same
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determined by AFM(Figure 15c) and wasf ound t o

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

treatment. (c) AFMimage of a sin
profile 8

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

gle TNS with theorrespondingheight

above the PZC it hasnegative charg&Ve found the point of chargeinger on a't

(Figurel6) which means that the TNS are negatively charge#idiQpwhere our experiments

b Bhe BZC Kf th2 TNSm.

suspensin was also determined by electrophoretic light scattering measurements in previous

were performed. The PZC obtainegiimilar

to other titanium dioxide compound&4°

DLS measurements in stable TN
suspensions yielded a dinpdynamic radius
of 92 nm and a polydispersity index (PDI) {
0.36.0n the other handn average particlg
radius of 47 nm and a PDI of 0.30 were al

determined by TEMThe PDI values areni

Zeta Potential (mV)

" d=99nm&h=9nm

good agreement in the differe

measurement method, whereas significi
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Figure 16 Determination of the point oPZC of the
TNS from the pH dependené®
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difference was obseed in the hydrodynamic radirhis is due to the higher contribution of the

presence of some aggregates to the intensity of the scattered light.
4.1.1.2S5L

The negatively charged surfactdrae polystyene microspheres with sulfate ftional
groups on the surface were purchased from Thermo Fiscleertiic (Batch number: 1720544,
Lot number: 1833726). Due to the functional groups the surface clsmrgdependent and
stable over a widpH rangeand tle surface is hydrophobic in na¢uiThe mean diameter of the
paticles is 430N rBn according toTEM measurements and the coefficient of variation in
diameter is 1.8%. The specific surface area of the particles is 1B cn?/g. The surface
charge dengy was measuredgyot enti ometric titra%ion and it

4.1.1.3Polyelectrolytes

PDADMAC is a high charge density strong catioREwith quaternary ammonium groups
prepared by the radical polymerizationdsllyldimethylammoniunchloride (DADMAC) in
presence of a catalyst in the form of an organic peroR@ADMAC can be used as an
electrolytic solution in a variety of applications such as drug delivery, biomedical systems, and
sensors, which include biosensors and chemicabseii$ie used PDADMAC is in liquid form
with 20.2 N 0.2% solid content. The average |

PSSis a high charge density strongamic PEwith sulfate groups prepared by the radical
polymerization of sodium styrensulfonate (NaSS). It is widely used in biomedical
applications. The used PSS is in powder form. The averajgcular weight is 96.8 kg/mol,
provided by the manufacturer.

HEP sodium salt from porcine intasl mucosa is naturally occurriggycosaminoglycan
Heparin is a mixture of natural sulfated mucopolysaccharides, which are generally found in
granules of mast cell# is a low moleciar weight biocompatibl®E widely used in medical

apdications.
4.2 Enzymatic assays

4.2.1 SOD assay

To determine the SOlke activity of theobtainedmaterials, the Fridovich method was
used!® In this probe, lte reaction ieveen xanthine and xanthine oxidase in the presence of
dissolved molecular oxygen yields the superoxide radica, ihich is captured byNBT
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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 thigght scattering by the suspendpdrticles 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 S} 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
absorbancéw 0) was determined fadifferent SOD concentrationdue to the scattering of
colloidal particles, the corresponding samples without SOD were usefeasncgwd ). The

inhibition (1) of the (0 )-NBT reaction was then calculatedfaows:
O —— 100 ©)

The Q' scavenging activities were expressed ag V@lues, which correspond to the SOD

concentration needed to dismutate 50% of tlef@med in the probe reaction.
4.2.2 Guaiacol (peroxidase)assay

To determine théiRP activity, the chemical decomposition ob® was quantified To
follow this reactionguaiacol, a reagent that can be easily oxidized and whose oxidation leads
to a colored product (tetraguaiacolas used*” 14¢1%0 The accumulation of this product can
be easily detected by UVis spectrophotometty Br i ef | vy, 240 L of the
HRP sample containing 10 mg/L enzyme was m
(100 mM), followed by the addition of the appropeisamount of guaiacol solution at a
concentration of 100 mM and made up to a vol
720 ¢ 10, (8 1MM) Was added to the cuvette, which was vortexed again and immediately
measured by UWis. The formation of guaicol degradation products is detected at a
wavelength of 470 nriv! The increase in absorbance was observed as a function of reaction
time and the linear part of the curve was fitted to calculate the reactidp)aide Michaelis
constanty ) and the maximum reaction rate ( ) werecalculated usindlineweavefBurk

equation as follows'Y refers tothe guaiacol concentratijifr?
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b P P
A (9

P

0
For the timedependent measurements, the above procedures were perform@useautive
days The relativedl  values are related to the activity on the first d@gmples were stored

at room temperature between measurements.
4.2.3 Proteaselike activity measurements

For the determination of protealkee function, the universal protease activity assay
protocol based on the Lowry metHotiwas 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 upfioa volume of 2 mL with ultrapure water. The
final tyrosine concentrations in the sampl es
product of hydrolysis in the assay. After in
samples was nasured 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 proteasdike activity, the concentration of the native and immobilized PPN insthek
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% caseinrstadiltited with
50 mM phosphate buffer solution as substsabek Then, 0.1 mL ofthefree or immobilized
enzymes was added to 0.5 mL the casein solution. The reaction was terminated after
20 minutes by adding 0.5 mL of 110 mM TCA solution, amentan 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 AC, t h
minutes. Then, 0.75 mL of 500 mM sodium aarhte and 0.1 mL of Folin & Ciocalteus reagent
were added to 3 mL of the supernatant. After
the samples was measured in the range of8000nm. Protease activity was determined from
absorbance values measd at 660 nm. One unit of protease activity corresponded to the
amount of enzyme required to release 1 €g ty
assay conditions described above. For {dtependent measurements, saeneprocedure was
usedat dfferent time For the temperate dependent measuremetite procedure mentioned

abovewas performed after-thour incubation at the given temperatitBamples were stored at
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room temperature betwesnchmeasurements. Relative enzyme activity is sdfeactivity on

the first day or samples incubated at 37AC.
4.3 Determination of the enzyme content

The amount othe enzyme in solutiomwas determined by ther&dford protein assay,
based on the absorption shift of the Coomassie Brilliant Blue dye that twrite protein of
interest>* 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 fromd@0 mg/L and StPPN with a particle concentrati
of 1000 mg/L were then prepared. After mixing 0.4 mithaftest solution with 1.6 mL of dye
solution, the UWVis spectra of the samples were recorded afteimbitesequilibration period.

The changes in absorbance at 464 nm and 594 nm wavelengthsievetered. 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 nodestructive technique to measure tharodynamic radius of
dispersed patrticles. It is based on two properties of dispersions, namely the Tyndall effect
(scattering of light) and Brownian motion (thermal motion of partidiéd).is based on the
fluctuations (related to particle size)tbescattered light.

A typical DLS deviceconsists of a laser that focuses coherent, monochromatic light
onto the dispersion. The particles in the dispersion are struck by théHighte17), causing

them to behave as a new source of illuminaléaaling to lightscattering'>® 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 diffepanticle 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 patrticles, the
intersity fluctuates over time as the relative positions of the particles change. The fluctuations
in the intensity of the scattered light depend on the diffusion coeffi@nof the particles,
which is correlated to the hydrodynamic radi(¥ ),'*° since thediffusion coefficient is
inversely related tthepatrticle size. Using the autocorrelation technique, it is possible to obtain
guantitative information, if we consider the intensity at a certain ti(@¥, and the intensity
after a sort delay ( 0.+ d&F these two intensities, one can write the intensity correlation

function as follows®’
oon ‘ot O q) Ma OO tTQf (11)

wheret stands for an actual timgfor the time delay antées the total measurement time.
WhenUapproaches 0, the entire function equ#6) while if it goes to infinity, the function
has a value o¥@. The normalized intensity correlation function canmritten as®®
gon Ot O

600

QT (12

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

correlation between different the positions of the particles at différast>®
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Nt Agpbojt (13

whereO stands for the diffusion coefficient. The intensity correlation funcéidbnt , and

electricfield correlation function)Q 1 are related by the Siegert relatibf
Qt o6p 6°Qft (14

whereA is baseline an® is coherence factoConsideringa suspensionf monodispersed
spherical particles, this aalation functiondecays expeentially accordingto thefollowing

equation
Qo Qown:o (15)
where the decay ratmnstan(: ) is givenby:*>°
no (16)
whererj is the magnitude dhe scatteringyector>°

¢ .0
n —OE+ a7
- C
wheret is refractive index of the samplejs a wavelength of light an®is a scattering angle.
In this way,the diffusioncoefficient(O) of monodisperse colloidal particles can be calculated,

which is directly related to the hydrodynamic radiiYs) by the Stoke€instein equatior®
Y = (18)

whereT is a temperature iK, —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 setiigure17).1¢°

Accordingly, information on colloidal stability can be obtainedy measuring the
hydrodynamic radius of the particlegth DLS andfollowing 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 iflgidormed. Timeresolved light scattering methods have
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beenprovenuseful in determining theate of dimeformation. The formation of dimefa\A)

associated with the loss of monomg&$ can be expressed by the following equatith
— = (19

where,Na andNaa arethe number concentrations of monomers and dimers, respectivsly,
time, andk is the aggregation rate constant.

When the particleareundergao Brownian motion and there is no additional stabilizing
force between the particles, aggregation is controlled only by their diffusion. The aggregation
rate constantvas estimatedoy von Smoluchowski(equation(7)). The apparent rate constant
(Q ) can bedeterminedy time-resolvedDLS measuremen(&igure18) asfollows:* 161
o p_ QvnaR

Y nhrt Qo0 o

(20

where'Y it and’Y Ao represent initial hydrodynamic radius and the one after a short period

of time.

i Stability ratio of the actual measurement

AA (w) can be obtained by comparing the apparent

E rate constant@ ) with theone from the fast or
(/2]
S diffusionrlimited rate (Q ) measured at the
3]
f same particle concentratisf 161 1@
€
©
: 9, 3 r
.§ ) Q )(r]h)
=3 o 20 o (1)
I Q Q "'Ynho
Qo
Stable sample (W>100)
Time (s)
Figure 18 lllustration of the differer When w equals one, aggregation is

suspension stabilitieson a Hydrodynam

radius versus Time plot. diffusion limited and therefore rapid aggregation

occurs. High values of the stability ratio indicate
stable colloilal 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 adch
collision has enough energy to overcome the barrier and form-affilst aggregate). The W

values can be measured at different ionic strendgtBsor enzyme doses. The dose or salt
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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 paramieteany colloidal systems and can be
predicted by the DLVO theory as follow&

0w p (22

where® is themolar concentration of the applied monovalent saltfeisdbtained from the

stability ratios in the slow aggregation regime before the CGGllags: 153

Qi T

P rwrce—— 23
Qa aQ 23

To determine the hydrodynamic radius.\Rf the particles, dynamic light scattering
(DLS) experiments were performed. For TNS partidles same Litesizés00 instrument as in
the mobility study was used, while for SL particles, an ANNBS High Performance Particle
Sizer instrument equipped with a 3 mW-Ne laser with a wavelength of 633 nm in backscatter
mode was applied. The measurement concept ofwbeiristruments is identical and the
cumulant fit>® 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 nRversus time data. Samplereparations for theéDLS
measurements were similar agctrophoresigneasurements in the next chapt€he 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 cont&&renzyme, and NacCl.
4.4.2 Electrophoretic Light Scattering

Electrophoretic light scattering ia simple, nondestructive technique for determining
the surface charge properties of colloidal partiétést® 1®5The technique is based on the
movement of chargestattering object® a liquid subjected to an external electric field. In the
suspension under study, which is between two electrodes, the cipargelds move toward
the oppositely charged electrode du€tmlomb forcesand the movement of the palés is
measured using tHeequency or phase shift between théerencdight and the onecattered
from the sample due to the Doppkffect The electrical properties of charged colloidal
particles in an electrolyte solutiowas detded in chapter2.6.
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The velocity () of charged particles depends on the applied electric f@ldand is

proportional to the electrophoretic mobilitg) (and carbe written as follow:$®
0 Ao (24

Since the velocity of the particles is measured by kghattering the simplifeid ability of an
isolaied darge, which moves due to thedtric field is given by the ratio between the charge
(0) and the friction coefficient():6°

aQ

A e

g (25
Q

The electrokinetic potential aetapotential can be calculated from the mobilities by
using different models. To choose the corr@ebdel one must consider the magnitude of
surface charge, the size of the particles (measured by an independent technique), and the ionic
strength (controlleduring sample preparation) in the dispersibmihe latter is included in the

Debye lengti{ll ) by the ionic strengtliQ®as follows:

- QY
¢l QO

(26)

whereNai s Av 0 g a d rVehénsthe ronicnstseagth.is high (the Debye screening length
is small, low potentialzs ¢ 50 mV) and particles are larg&R>>1), one can use the

Smoluchowski model to calculate

A
— (27
Oppositely, itkR<<1, the recommended equatiwas given byH ckel:
C A
- — 28
— (28)
Finally, in the situation between, whéR °1 , the best estimation i
model®”: 167
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CA. ..
- —"Qly (29
O’. -
whereQll Yisreferredtoasle nr y6s function, which can vary
ionic strengthandsize ofthe particles
However, the above scenario i¢ 604

applicable for potentials less than 50 mV 50_'

magnitude. For high potentials, other modeS>
such as theone developed by O'Brieand T_; 40 1

White, must be usel® In this work, the

£
8 30-
electrokineticpotentials of the particlesere 0
o

1] -
alwaysbelow 50 mV and the particle size N =

relatively high(kR>>1). The compason of 10 -

the different models ishown inFigure 19.

— . .
0 1 2 3 4 5
used to convert the electrophoretic mobili _ Electrophoretic Mobility (x10°m?Vv-'s™)

data tozetapotentias. The zetapotentials of Figure 19 Comparison between models fdre
convesion of zeta potential from electrophort

each syem can be found in themobility.

Accordingly, the Smoluchowski model wa

supplementary part, while only the electrophoretic mobilitiegaenin the results.

The surface charge density of the particles at the slip plane can be estimated from the
electrokinetic potentials. The relation between themitks and the ionic stngth is described
by two theorés. Onthe one handthe GouyChapman model was developed to calculate the
surface charge densitf;, ) from the potentials of charged planar surfaces immersed in
electrolyte solutions. The theory dedis the decay of the potential with ionic striinigy the

following relation?®®

Vo eT g 30
B R A 59

Equation(30) is also known as Grahame's equation. It was developed on the basis of the
PoissorBoltzmann description of the charge distribution in the EDL and is applicable in high
potential region§® 1% 1790n the other handhe DebyeH ¢, ¢ k e || definesdtiee change of

potential with electrolyte concentration for spherical colloids or plane surfaéés as
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e (31

This model is also derived fron 0 -
PoissorBoltzmann theory by a linearizatiol 20 _
equation and is valid for low potentie ]
regions. Thediscrepancy between the twsg ‘40'.
models is illustrated ifigure20. T 60 -
In this work the surface chargeg ;
-80 -

(o]
densities of the individual systems af-

@® Experiment
- Debye-Hiickel
—— Gouy-Chapman

calculated usinghe GouyChapman model, .100 -
and the full fis of the Grahame equatiai

-120 -+

1 1 T

L]
1 10 100 1000
lonic Strength (mM)

that the GouwChapman model is valid OnlyFigure 20Electrostatic potential values as a func

for high ionic strengths (> 100 mM). of ionic strength. The points were measurec
electrophoresis with negatively charged parti

Electrophoreticlight scattering(ELS) The solid lines were calculated using the Ge
Chapman and the Deby¢¢, ¢ k e | mo d e
surface charge density €f1 mC/n?

the zetapotential versus ionic strength plot
can be found in the supplementary part. N

was used to determine the electrophore
mobility of the particles with a Litesizer 50(
instrument (Anton Paar) equipped with a 40 mW semiconductor laser operating at a wavelength
of 658 nm in backscattering mode using the phast¢ysis 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 amowftPE 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
electrophoréc 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 omegahaped plastic cuves (AntonPaar wi t h a vol ume of 35
4.4.3 Determination of the CCC from electrophoretic mobility

In this work, a new computational metha@s developed to predict ti&CC values
using only electrophoretic mobility data, without the need to measure particle aggregation

rates'® The model relies on DLVO theory; caitiutions from repulsive doublayer forces
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and attractive van der Waals forces are included. In some systeri3l_W@hinteractions shift
the CCC significantly, and in these cases the megaapmach is also applicable in the
guantification of the noibLVO forces.

As written inequation(1) the interaction energy between two particles is composed of
the van der Waal§Viqw) and the double layeNVEpL) contributions At CCC, the repulsive
energy barrier vanishes, whicarcbedescibed mathematically afollows:

O TOE %ﬁ Tt (32

Combiningequation1),(3),(4),(5) and(31) with condiions inthe equation(32) permitsto
calculate theCCIS,'36

- t 7
06 0%y B - I

where e = 2.718B the base of the natural logarithm. In order to convert the CCIS to the CCC
the relation between ionic strengthdatoncentration has to be usedequation(6), & (0.71

nmi n  wat e)istha Bjerranblda@th, which giverythe following equation:

Q

- QY (39

o}

whereQ is the elementargharge, Therelation between CCIS and the surfabarge density
given in equatior§30) has been testad this workon different types of particles and different
electrolytes and gives relatively accurate restifts'36 171,172

Based on the abovergsented relationni this work weemploy a simple numerical
procedure to predict CC&olely from electrophoretic mobility measuteat different salt
concentratioa Smoluchowski equatio(27) was used to convert electrophoretic mobi(ity )
to an electrokinetipotential orzetapotential®® At relatively low potentials the electrokinetic
potential is usually a good app x i mati on for t he ¥ flutsei on | a
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? However some inaccuracies resulting from the use of the Derjaguin approximation
are to be expected the case of small particles of arbitraslyape Based on the equations
described above, a simple algorithwas createdo calculate CCC from electrophoretic

mobility versus concentration data. The pseudocode for this algorithm can be found in the
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supplementary informatior-{gure ). This algorithmwas implementedh Python and the
source code is also available at [https://github.com/colloidlab/cec
calculator(doi:10.5281/zenodo.3725%18The developed algorithm is provided as free and
open source software, allowing other researchers to determine CCCs from electrophoretic

mobility dataalone.
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 Tecrfé@hera microscope (FEI, Hillsboro,
USA) at an accelerating voltage of 120 Wwith a LaBs cathode. Samples were prepared by
pl ac i noftheSolutioh on a plasrteeated 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 microscoplote that lhe drying procesduring the measuremergsuted in the

formation of some particle aggregates in the systems.
4.4.5 UV-Vis Spectroscopy

The antioxidant assays and Bradford protiistswere performed by recording the
UV-Vis spectra using a Genesys 10S spectrophotometer (Thermo Scientific). The whavelengt

range used was 190100 nm with a scale of 0.1 nm.
4.4.6 Direct Stochastic Optical Reconstruction Mcroscopy (dASTORM)

The pesenceof enzymeswas 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
37AC. The pHRPmstibogy wasmusdad during ah@ur incubation step at room
temperature. The sample was washed three times with PBS for iesnifhe fluorophore
conjugated (Alexa 647) secondary antibody was applied bfeneextwash step (theetimes
for 10 miruteg. For dASTORM imaging, cover glasses were placed on slides filled with blink
buffer and sealed with a taebmponent adhesive. Blink buffer contained 100 U glucose
oxidase, 2000 AT, 55.6 mM glucose, and 100 mM cysteamine hydroathoin 1 mL final
volume supplemented with sterile PB®edSTORM images were acquired using Nanoimager
S (Oxford Nanoimaging ONI Ltdjevice
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4.5 Preparation of the composite particles
4.5.1 Preparation of the polyelectrolyte functionalized TNS

TNS powder was @persed in ultrapure water uncgenication andtirredto obtain a well
dispersed 10000 mg/L stoakspersion apH 7. This dispersion was always sonicated for
20 minutes before use. The particle dispersions were prepared below and above the PZC of the
TNS byadjustingthe pH of thesamplesAccordingly, 100 mg/L stock solutions were prepared
by diluting the 10000 mg/L dispersion with pH 4 and JHiltrapure water adjusted with HCI
and NaOH solutions, respectivelfPE stock solutions of PDADMAC and PSS in the
concentration range of 0.41000 mg/L were prepared by dissolving fAE in pH adjusted
ultrapure watefollowed by appropriate dilutiarPE functionalized nanoparticle dispersions
were prepared by mixing the TNSspersions with the calculated amountRi to obtain a
solution in which the final particle concentration was 10 mgte appliedPE doses can be
found inTable2.

Table 2 Applied PEand enzyme dose of the functionalized particles.

oH Applied PHenzyme dosémg/gyf
PDADMAC PSS HEP SOD HRP PPN

4 100
TNS-PSS 10 100

4 400
TNS-PDADMAC 7 150

10 400
TNS-PDADMAC-SOD 7 150 10
TNS-PDADMAC-SOD-HRP 7 150 10 10
TNS-PDADMAC-SOD-PSSHRP 7 150 300 10 10
SL-PPN 4 400
SL-PPN-HEP 4 400
SL-PPNHEP-HRP 4 200 10 400

2The unit mg/gmdicates mg oPEenzyme 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 suspesTsions
usedas described above. The only difference is that the TNSP&wtock solutions were
diluted in ultrapure water at pH 7. Enzyme solutions of SOD and HRP in the concentration
range of 0.041000 mg/L were prepared fresh at pH 7. According to the sequential adsorption

method, the TNS stock solution was first added toctileulated amount dPE 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 adsorptidalditional enzyme an@E solutions
were then added to the solution, folledvby 2 hours of adsorptiomte until the desired
composition was achieved. A schematic illustration and overview of the synthesis can be found

in Figure21. The appliedPEand enzyme doses can be found able2.

gvj;ﬁ ./ &% . Antioxidant

e MAC kN W TNS-

TNS- TNS- TNS-  PDADMAC-
PDADMAC PDADMAC- PDADMAC- -PSS-
SOD-PSS RP
Figure 21 Schematic illustratio of the synthas of the TNS-PDADMAC-
SOD-PSSHRP composite.

4.5.3 Preparation of the PPNfunctionalized SL beads

The SL particle dispersions functionalized witRNwere prepared at differeparticle
concentrations prior tthe measurement method, but the preparation methods were identical.
Accordingly, the SL dispersionwas prepared by diluting the stos&lutionwith pH 4 water.

The PPNsolutions in the concentration range of GIWDO0 mg/L were prepared by dissolving
the enzyme in ultrapure water at pH 4. The SL stddpersionsvere added to the solution
containing the calculated amount of enzyme to obtain a sojutiamhich the final particle
concentrationin the stock solutionwas 100 and 1000 mg/L. The samplesevgently stirred

on a rotary stirrer for 2 hourshe applied PPN doses can be foundable?2.
4.5.4 Preparation of the ceimmobilized multi-enzyme system o SL

The composite material SBPNHEP-HRP was constructed based on the sequential
adsorption metho@Figure22). Accordingly, SL particles were added to a solution containing
acalculated amount of PPN at pH 4. The sample was stirred with a rotary stirrer for 1.5 hours
and HEP solutionvas added to théispersionat an appropriate concentratigkfter 1.5 hours
of additional stirring, HRP waaddedto the samples, followed by continuous stirring for
1.5 hours The samples were then mixed with HHRe applied?EHenzyme doses can be found
in Table2.
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O y % >/ >/ Peroxidase

SL HEP HRP +Protease
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SL-PPN SL-PPN-HEP o \ioo

Figure 22 Schematic illustration of the synthesis and enzymatic
activity of the Sl PPN HEP HRP composite.

50

University of Szeged



RESULTS AND DISCUSSION

5 Results and Discussion

5.1 Colloidal stability of PE functionalized TNSs

In this chapterthe colloidal behavioof the TNSin the presence of oppositely and like
chargedPEsis discussedThe main interparticle forcesereidentifiedbased on the results of
the saltinducedaggregatiormeasurementsf the bare and the functionalized particles and

interpreedin terms ofDLVO theory andoeyond it
5.1.1 Charging and aggregation of TNS in the presence @lyelectrolytes

Systematicelectrophoretic and DL$1easurements were performed to evaluate the
surface charge properties and aggregation processes of TNS in the preseneé&s)intmely
PDADMAC and PSSThe measurements were carried atipH values below or above the
PZC. In ths way, bothPEs were studied as equally or oppositely charged substancé® In t
case of PDADMAC, experiments were also performedeattral 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 adsorptioRPEs.the
5.1.1.1Positively charged TNS at pH 4

The electrophoretic mobiies and stability ratios of TNS were determiriiest at pH 4
in the presence of PY8ppositely chargecgnd PDADMAC(like-charged) At low PEdoses,
the TNS were positively charged atglcharge was onlgartially compensated by the adsorbed
PE, as inttated by the positive mobility values under these experimental conda®slown
in Figure23. However, with the adsorption of additional PDADMAC and PSS, the tretietin
electrophoretic mobilities wasompletey different.

By increasing the PSS concentration, significamtsorption was indicated by the
decrease in mobilities. Suemadsorption 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
PE'®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 plaga&P) corresponds to tHeE dose at
which a saturated PSS layer forms on the surface of the oppositely charged®imiar
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charging behavior has been reportedbiherworks with titania particles in the presence of
oppositely chargeBEs 121 175177

In the case of the PDADMACT 3 pH 4

(Figure 23), mobilities remained positive 2': mg:ggg«DMAc

throughout the range &fE concentrations, a<%

expected, but increased slightly abtive dose

of
10 mg/g. This result indicates that despite
samesign ofcharge of the PE and the surfac

adsorption of equally charged PDADMAC(

rophoretic Mobility (x10™m
L

can also occur on the positively charged T! *g ASP = >
at high PE loading. A simibr adsorption I ; ' ' ' '

] 0.1 1 10 100 1000
process of likeharged®Es has been observe Polyelectrolyte Dose (mg/grys)

for negatively charged titanium ales aboveFigure 23 Electrophoretic mobility of TNS as

e PZCH™ 5t 1 ourknowledge, i i e T cocerasinwers o o

first time tha adsorption of positively chargeMd/L, respectively. The unitin theaxis indicate
mg of PEper 1 g of TNS. The lines serve to gt

PEs on titanium oxide compounds with ththe eyes.

samesign of chargéas been reported.

Stability ratios were determined under identical experimental conditions as in the
mobility study.The increase in |Rn Figure24awas remarkably different by increasing the
dose.Accordingly, theRn of thebare TNS particledid not changeignificantly in the entire
time period of the measement. Byincreasing?SS dosamoderate stability is observed at low
PSS doses, while unstable dispersiaresassesseat 5 mg/g dose. Ftirer increase in the PSS
dose lel to stable dispersions agaiwhere the slope of the curves was clésed. Thus,
significant differences were observed in the colloidal stabilitf NS by varying the dose of
PSS Figure24b shows that the dispersions have limited stability atRidoses, as indicated
by the relatively low stability ratio values in this range. As the amount of PSS increased, the
stability ratiovalues decreased and reached a minimum, followed by an increase at high PSS
doses leading to stable samplesat appropriately high PS®oncentrations A similar
destabilizatiorrestabilization mechanism has been reporeatlier for titanium oxide
compoung in the presence of oppositely chardgefs 120 121 176, 18150 with titanate

nanowires and PS'§®
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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 coeffi¢eqntation(20)). (b) The stability

ratio of TNS as a function of the PSS dose at pfdquation(21)). The ionic strength and the TNS
concentration were set to 1 mM and 1 mgéspectively. The unit in theaxis indicates mg dPE per

1 g of TNS. The lines ifb) serve to guide the eyes.

Comparing the trend of mobilities and stability ratioste 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 dbsorhmpte2.6.%6
%8 Indeed, nanosheets aggregate rigmdce the surface charge® aeutralized at the IE&hd
thus the repulsiveEDL interaction is absent and the attractive van der Waals force prevails.
Dispersionsvith moderate stabilitps well astable dispersionsere observed at low arigh
dosesf PSSrespectivelywhere the doubliyer forces overcome the attractive forces due to
the sufficient charge on the nanosheets.

However, DLVO theory cannot explain the difference indlopes of the stability ratios
in the slow aggregation regimes aivland high doses. This discrepancy suggests the presence
of additional (noADLVO) attractive forces, and this difference is due to thea®d patch
charge effect®? 8that is often caused by the adsorption of stf®Bgorto oppositely charged
particles, asmentioned inthe literature review(Figure 13)19% 196 184 |n this situation,
patchcharge attraction forces are exhibiteccdngse PS&t 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 developmendf an attractive interaction in addition to the van der Waals forces already
present. The patetharge interaction leads to faster aggregation of the Té8,the diffusion

controlled caseresultingin lower stability ratios andgmallerslope in the slowaggregation
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region at low surface coverage. However, when the PSS covardige TNS surface is high,
this additional attraction above the IEP is not pronounsedause the insufficient number of
positive charges on the surface prevents electrostactain with the PSS patches. Although
bridging interaction between PS@ctionalized particles has been reported previdrsi}>
no evidence of this phenomenon was found in the present system, most likely due to the
relativelylow molecular mass of the PSS and the low ionic stresygpliedin the experiments.
Moreover, no stability ratios could letermined for positively charged TNS in the
presence of PDADMAC. As shown by the results of the mobility measurements, PDADMAC
adsorbs on the likeharged surfac® some extenideading to an increase in the surface charge
and thusto a strongeEDL 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 studiedTherefore, stability ratio measurements were not possdlee

performedunde these experimental conditians

5.1.1.2Negatively charged TNS at pH 10

Measurements were carried atita pH % 39 pH 10 /\
of 10, above the PZC of the TNS in a simileg /™ TNS-PDADMAC S
g “]e TNs-PssS
manner(similar concentration range and ionis 1. /'
strength)as for the positively charged particle:i : ASP
20
Since the charge of the PEs in this situation% ] ./
_ IEP
pH-independent, the PDADMAC antig PSS % 1 |
are oppositely and likeharged respectively g -2- \m"/ - W
. . = 1 = e
Q.
In the ca.s.e. of the Ilklehargad PS.SFIQUFGZS), 5 _3_. o. e o o
the mobilities remained negative and const: g 4
ithin  th imental in the ' ' i
within e experimental error in € 1 10 100
concentration range studied. This fact indkesal Polyelectrolyte Dose (mg/gns)

negligible adsorption on trearfaceof the same Figur_e 25 Electrophoretic mobility of TNS as
function of thePE dose at pH 10. The ior

sign of charge This result is somewhastrength and the TNS concentration were se
unexpected since the lik@harged PDADMAC gnul\i/ld: rtmgeler;”negslf_, respectively. The lines serv
adsorled to the TNS at low pH and adsorption of other {tteargedPEshas already been
reported fomegatively charged titanium oxide materits.1’® 17°A possible explanation for

this phenomenon is that the negatively charged TNS is more hydrophilic than the positive one
andhence the development of a hydrophobic interaction with the PSS, which remairegted
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anddissolved in the solution, is not possible. Moreover, such a hydrophobic character is more
typical for PSS with much higher nedular masses than the one used in tresgmt study.

Another possible explanation for the negligible adsorption is that, due to the lovesuiol

mass of the PSS, the release of solvent molecules during adsorption and the subsequent entropy
gaint'® could not overcome the electrostatic repulsion betweeRBand the surface

In the oppositely charged systeRDADMAC adsorbed strongly on thanosheetsnd
charge neutralization occurred at the IERure25). Theadsorption continued after the IEP,
resulting in charge reversal and formation of a satudEeldyer on the TNS at ASP. Similar
trendswereobserved in the magnitude of the electrogiomobilities ashownin theprevious
chapter for oppositely charged systems, since the main interactions betw&s toed the
surfaces are the same regardless of the charge balance.

The increasein R, in the timeresolvedDLS measurement at differeRE doses are
shown orFigure26a. Accordingly, constantialues and stable dispersions were observed at
low and high PDADMACdoses, while higher slopes and unstable dispersions were observed
in the intermediate regime around 20 mg/g. Consistently to these rebaltsemnd inthe
stability ratios(Figure26b) in the PDADMAC system resembles asblaped curve typicébr

charged particles in the presence of oppositely chargsd> 121 184

2004 (@) pH10 1000 1 (b) pH 10
£ {¢® 5mgg Cen, m TNS-PDADMAC
E1s0{ ¥ 15mdlo . N
i TR, g y 4 AN
3 v 50 mg/g AP / 2 100 - “—_—
T 160- y'S 5
& / (14
L 2
2 n 10 -
<
£
/IEP
—— 77— 1~ T S o T
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Time (s) PDADMAC Dose (mg/gtns)

Figure 26 (a) Hydrodynamic radius aa function of the time at different PDADMAC doses and the
linear regressioto be used for calculation of aggregation rgesgiation(20)) and(b) stability ratio

of TNS as a function of the PDADMAC dose at p®i(equation(21)). The ionic strength and the TNS
concentration were set to 1 mM and 1 mgéspectively. The unit in theaxis indicates mg dPE per

1 g of TNS. The line@ (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 slopesThis differenceshed light on the fact that PDADMAC adsorbs in a more extended
conformation on the TNS and hence,RiBpatches are formed on the surfaée.mentioned
earlier, such a destabilizatiwastabilization mechanism can be qualitatively described by the
DLVO theory? which states that pticles 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 theelEP ar

stabilizedby electric doubléayer repulsion.
5.1.1.3Negatively charged TNS at pH 7

The strong adsorption of PDADMAC at pH 10 on an oppositely charged surface was
demonstrated in the previous chapktwwever, measurements of enzyme immobilization often
take place at neutral pH because ofdlosepl vaues of the enzymes, as sholater. For this
reason, mobility and stability measurements were also perfaabhyd 7 for the bare particles
in the presence of PDADMAC. The adsorption of {dteargedPEs 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 MB&Cat 150mg/g

dose as shown in the followinghaptes.

The adsorption process was
clearly indicatedn Figure27 by the ASP
progressive increase of the mobility
values when the PDADMAC 2100 -

concentration was increased. Sucg

. . >
adsorption resulted in chargez
2

neutralization at the IERMoreover, g 10 -

the adsorptioncontinued after the

point of charge neutralization anc

(,-5,.A;w,.01X) Ayliqol d13810ydoa3dd)3

charge reversal of TNS particles 1

occurred. At high doses, the surfac 0.01 0.1 1 10 100 1000

became saturated with the adsorbe.. PDADMAC Dass (mgigrus)
Figure 27 Stability ratio (red circle) and electrophor

PDADMAC and therefore themobility (blue square) of the TNS versus the PDADN
dose at pH 7. The ionic strength and the TNS concent
were 1 mM and 1 mg/L, respectively. The unit in thaxic
plateau at 150 mg/g. Wheindicates mg of PDADMAC per 1 g GiNS. The lines sen

_ - to guide the eyes.
comparing the mobilities measure.
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at the lowest and highest PDADMAC doses, it can be seen that charge reversal resulted in a
highercharge magnituddrom -1.5 to 2.21 108 m?/Vs expressed in mobility values

The stability ratio values ifigure27 were calculated from rate constants obtained at
various PDADMAC doses in timeesolved DLS experiments. The stability ratios near unity
indicate unstable dispersions near to HBE, while thg increase steeply beyond the IEP,
leading to stable dispersions at high doses, afteh#ie(see in the mobility studyHowever,
limited stabilityindicated bylow stability ratios wer®@bservedat low dosesn contrast tohe
above results obtainedpH 10

The aggregation characteristickTiNS at various PDADMAC doses wesimilar to
those predicted by DLVO thedfiexcept at lowPE dosesBecause of its closer position to the
PZC at pH 7, the mobility value of the bare TNS (' 8.08m?Vs) is lower in magnitude than
at pH 4 and 10. Limited stability was obtained at Pidoses, where the adsorbed PDADMAC
cannot overcompensate the low charge of the bare particles. Similar stability values were later
observed in the saibhducedaggregation measurements at lowigostirengthsuggesting that
steric stabilization cannot be developed due to the small amount of ad&&bed

The following conclusions can be drawn by comparingde@ging behavior of the
negatively and positively charged TNBigure 28) in the presence of PEEirst, the like
chargedPEwas adsorbed only on the positive nanoshedtswvapH. This is most likelglue to
the hydrophobic interaction between tA&S and the polymric backboneBesides under
acidic conditon, there aresome protonated hydroxyl groups presamthe surface and interact
with the PE via hydrogen bondin§econd patchcharge attraction wasbserved at pH 4 and
7 in the PSS and PDADMAC systemespectively, with low surface coverage. However, this
type of interaction was not present in the PDADMAC samples at pH 10,ths casevery

L . oF, o) (©%
similar slopes in the | “0' - %
- . @ 4 7
stability ~ ratios  were @ Z_"PDAD%% e s

measured in the slowg

aggregation regimes at Iovz
and high PE doses.This 2
result sheds light on theg
fact that PDADMAC
adsorbs on the TNS at

hore

r

Elect

Polyelectrolyte Dose

higher pH in a more o _ _
Figure 28 Schematic illustration of the electrophoretic mobilities

extended  conformationfunction of thePEdose and theepresentation of thadsorptiorproces

Due to the higher charg(Of the PEs on the oppositely and like charged TNS surfaces.
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density, the PDADMAC molecules are attached to the surface via multiple links, resulting in
the extended cdarmation and the lack of patetharge foces. On the other hanthe lower
charge densitpf the TNSis allowed less links with the PE and resulted in a less extended

conformation at neutral pH arnke PE patches form on the surface only at low doses.
5.1.2 Saltinduced aggregation measurements

To further explore the nature of the interparticle forces, the ionic strength in the
dispersions containing bare TNS, TIRSS, and TN®DADMAC was systematically changed
at pH 4, 7, and 10. The doses of Bies were adjustd to match those previously determined
ASPvalues(Table?2). In general, the trends the absolutevalues of themobilities were very
similar regardles of charge balance. Although the values were syspeific the magnitude
of the mobilities decreased with increasing ionic strength due to the shielding effect of the
dissolved salt constituents on the surface chardes.

Regarding stabilityratios, well definedCCC values separated the slow and fast
aggregation regimes in each case. This behavior is consisteth&ithVO theory. According
to this theory, at low salinity, thEDL repulsionsare strong and stabilize the dispersions,
whereasat higher ionic strengths, these repulsive forces are weak or esppéar due to
charge screeningy the ions of the salt constituents. Similar DLMKe interparticle forces
were also reported for titanium oxide particles of different shapes in diffeomic
environmentg?®: 171 18Although the trends in botmobility and stability obtained at different
pH values by changing the ionic strength were similarabsmlutevalues showed remarkable

system specificities.
5.1.2.1Salt induced aggregation apH 4

A closer look at the magnitude thfe mobilities at 1 4 and low ionic strength reveals
that the value$ollow the TNS < TNSP DA D MA C & SSTond&(Figure29a). To access
the charge density of the bare and functi on;
were converted taetapotentials( eu$ing the Smoluchowski modé(equation(27)) and the
surface charge densiti€d) were calculated with the Grahame equafiofequation (30))
(Figure 2). Fr o m -talues(Table3), it can be concluded that thieend in theabsolute
charge dataetermined at the slip plane agree withabeve order imobility values such as
TNS<TNSPDADMAC &SSINS
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On the othehand, the CCC values were determined using equa@@hsand(23) and
a clear sequence of TNS < TNPDADMAC < TNSPSS was observdéigure29%). The fact
that the trends in th&tability ratio versus ionic strengtitaphs are very similamdicates that
the aggregation mechanisms are similar and independent of the Bie udedHowever, he
differences in CCC values as#&iking anddue to the different magnitude of the charge, which
is the highest for TNSPSS and lowest for bare TNS. Therefore, for the destabilization of
TNS-PSS, which has the strong&dDL forces, an increased salt concentration is required to

shield the repulsive interactioteadingto the highesCCC values.

o 34 1000 - & TNS (b)
S ® TNS-PSS
€ 2 m TNS-PDADMAC
Z 1 2 100 - \
3 0 >
2 |® TNS =
© 4 H TNS-PDADMAC S 10
% ' |® TNS-PSS 7 j
s E
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S
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Figure 29 (a) Electrophoretic mobility and (b) stability ratio of TNS and R& functionalized
derivatives as a function dhe ionic strengthadjusted with NaClat pH 4 andl mg/L particle
concentrationThe solid lines with mobilitiega) are just to guide the eyes, while the lines with stability

ratios(b) are theresults of calclations using quation(22).
5.1.2.2Salt induced aggregation apH 10

For the negatively charged TNfBd TNSPSSat pH 10, the electrophoretic mobilities
(Figure 30a), stability ratios(Figure 30b), and corresponding CCC values wedentical,
indicatingagainnegligible adsorption of the likehargedPE on the nanosheets. However, in
the case of TN DADMAC, a sharp increase the CCC value was observed once the TNS
surface was saturated with a setisembled PDADMAC layer. This finding is a clear indication
of a remarkable stabilizing effect of tR& layer. Moreover, thglope inthe slow aggregation
regime was different comparedttte bare TNS or to the TNBSS systems. Considering that
the charge densitdetermined by fits shown irigureS3) of TNS-PDADMAC (Table3) was
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only slightly higher than that determined for the bare shaets, the stabilization mechanism

cannot be explained lille DLVO theory buitit is clearly related to the adsorbed PDADMAC

chains.
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Figure 30 (a) Electrophoretic mobility and (b) stability ratio of TNS and R& functionalized
derivatives as a function tfeionic strength at pH 10 arfdmg/L particle concentratioithe solid lines

with mobilities are just to guide the eyes, while the lines with stability ratios represent the results of
calculations usinggquation(22).

Similar behavior in shifting CCC values has already been observethfynegatively
charged particles with a saturattBADMAC layer ontheir surfacé?® 120 122The additional
nonDLVO forces are most likely due to the steric stabilization mechampiseented on
Figure 13,1 which results from the overlap of adsorbB& chains when two particles
approach ach other. When the chains overlap, an osmotic pressgesdeading to a repulsive
interaction and the formation of stable dispersions. The joint effect of the steE®arfdrces

is the secalled electrosteric stabilizatiqfigure13).108 116. 121
5.1.2.3Salt induced aggregation apH 7

The TNS stillpossessesegative charge at pH(Figure31a), but because of its closer
position to the PZC at low ionic strength, the mobility valueshefbare TNS were about
-1 . 30® m#Vs, which is much lowein magnitudethan at pH 4 and 1ihdicatinga lower
charge densityTable 3, Figure Sl). In the case of TN®DADMAC, the lower amount of
adsorbedPE (150mg/g) led to slightly smallemo b i | i t y v &mive)stloywbnics T 10
strengtls 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 ¢barge screening by

the dissolved salt constituents.

fv: 3{pPH7 / (@)] 1000 4 pH7 (b)
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Figure 31 (a) Electrophoretic mobility and (b) stability ratio of TNS and R& functionalized
derivatives as a function tfieionic strength at pH 7 arfdmg/L particle concentratioithe solid lines
with mobilities are just to guide the eyes, while the lines wiglhikty ratios represent the results of
calculations using Equatid22).

In the case of the bare TNS particles, the stability ratioscarelated witithe mobilities
(Figure31b). 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?’DADMAC with similar charge characteristics possessed much
higher stability values throughout the ionic strengtiige appliedConsidering that the charge
density of TNSPDADMAC was only slightly higher than that determined for the bare
nanosheetgTable 3), the higher stability of the system can be explained by stabilization
mechanisms similar to thosgperiencedt pH 10. he deterrmed CCC was lower (122mM)
than at pH 10 (400mM) due to the lower amount of the adsorbed PDADMA¢D 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 indicHite 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 systedhes
experimentallyobtainedand the calculate@vith the DLVO modellCCC values wereompared
(Table Q). On theone hangdfrom the stability ratiogneasured with time resolved DLS in the

61
University of Szeged




RESULTS AND DISCUSSION

salt induced aggregation measuremettis, CCGreasuredvalues weredetermined by equation
(22) and (23) as described irchapter4.4.1 The zeta potential at the CCQxdcc) were

determinedrom the interpolation of theeta potential versus ionic strengtata,which can be
found in the Supplementary informatidor the indivdual systemsThese values were

comparedo thetheoreticalCCC valuespredicted bythe DLVO model a$®

666 % 5 (39
whereQ(2.72) is the base of the natural logarithrandO(1 . 7 0 "?9J) isitH® Hamaker
constantT h eccis the zeta potential at the CCTaple3) in this case. The calculatedhd
measured data are showrFigure32a andTable3.

On the other handCCCcarcuiated Values were determinedsolely from measured
electrophoretic mobilityersus ionic strengitiata with newlydeveloped compational method
by equation32) and(33) detailedin chapter2.6.4 As discussed, this methaslalsobased on
the DLVO theorythrough conversation of mobilities treta potentials Figure ). The

obtained values in the individual systems anesented iTable3.

Table 3 Characteristic composition, charge, and aggregation data for TNS in the bafEand
functionalized forms

Bare TNS TNS-PDADMAC TNS-PSS
pH4 | pH7 | pH10] pH4 | pH7 | pH10] pH4 | pH 10
Ol L0®m?vs2 | 20 | -15 | -31 | 25 1.6 1.6 | -25 | -3.1
g (me/ n 16 -9 -17 16 8 19 -18 -17
eccc(MmV)© 246 | -19 | -27 25 12 | 177 | 27 | -27
CCGueasuredmM)? | 17 16 | 100 | 45 | 122 | 400 | 100 | 80
CCCcalculatedmMM) | 39 8.7 84 47 11 34 80 67

aThe electrophoretic mobility (0) measured at 1
b Surface charge density3)(U0) calculated using Equ
¢ Zeta potentials at CCCdec) determined from zeta potential versus ionic strength diagrams.

4 CCGueasuredetermined from the stability ratio versus ionic strength plots using eq@2#oend(23).

€ Calculated CCC values (CGSeuated determined by equatid32) and(33)

The experimental data agree well with the results of theoretical calculadiofeuf
systems, indicating the presence of DLVO forces as the main intesabgbmeen particles
(Figure 32a). Neverthelessthe four other systems behaved differentlyndicating that
nonDLVO forces play significant role during particle aggregation or stabilizaibpH 4 and
7, closer to the 2C, the CCCs of the bare TNS are lower than those predigtBd VO, which
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is a clear indication of the presence of addl attractive forces. Sintlkee pH in these samples
is close to the PZC, the hydroxyl groups may be in a different protonatett atatehey may
interact through electrostatic attraction or via hydrogen bon@ingpter2.6.1, Figure 13).

These interactions lead to additional (fidhVO) attraction and to a logr CCC value.

1000 T non-DLVO @) 10001 non-DLVO (b)
Repulsive forces Attractive forces
pH 10m #TNS
sy H7 = ETNS-PDADMAC
% oo N oH4 Eqgo{oTNS PSS pH1Y”
o |eTns o8 3] pH4 o700
S  [mTNs-PDADMAC S ® oHa .
5  |®TNS-PSS 3 P pH 10
g g 10 pH7 0
§ 10 1 % L 4 pH 7
s (6]
N
non-DLVO non-DLVO
1¥1.710°J pH7 Attractive forces 14/1.710*J Repulsive forces
10 15 20 25 30 1 10 100 1000
Zeta Potential at CCC (mV) Measured CCC (mM)

Figure 32(a) CCC values of bare arEfunctionalized TNS as a function okthbsolutezeta potentials

at the CCCThe solid line indicates the results ofadations using the DLVO theory by equati@b).

(b) Calculatedequation(32) and(33)) versus meased(equation(22) and(23)) CCCs for different
systems Theoretical values of Hamaker constants for titania particles Wwere7?AJl Walues
determined for the bare particles, PDADMAC coated and PSS coated are indicated by black diamonds,
blue squares and red circlesspectively

On the other hand, the CCCs of the systems-PN8DMAC at pH 7 and 10 were
significantly higker than the values calculated usthg DLVO theory. The higher CCC value
is a clear signal of the action of strong repulsive pagdicle forces that are not attributiedhe
so-called DLVO forces As mentioned earlier, this repulsion is due to the steric interaction
between the adsorbd®E chains. The joint effect of steric al€DL repulsions leads to the
formation of highly stable TN®DADMAC dispersions due to the electrosteric stabilization
medanism:® These results clearly confirm that the TNS functionalized with PDADMAC is a
promisingcarrier for the further experimentsgardingenzyme mmobilization.

Since the developed calculation meth{ede algorithm irFigure ) is also based on
DLVO theory, similatendencies and deviationgre observed between the calculgtedthe
algorithmandequation(32) and(33)) and measure(fitted with equation22) 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 undstienates the CCC by almost an order of
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magnitude. In other words, the system is more stable than predicted duee additional
repulsive forces. Besides) the case of the bare TNS particles near the PZC, the calculation
overestimates the CCC values da¢he specifiattractioninteraction 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 nanogapmbeted
antioxidant enzyme cascades uskigs as building blocks. Gommmobilization of HRP and
SOD was achievebly sequential adsorption oppositely chargeBEs (PDADMAC andPSS
onto TNS particles. TNS was selected as a solid support basedrl@r experience with
immobilization of individual SOBf and HRF® enzymesLight scattering techniques were used
to optimize the charge and aggregation characteristics of the subsystems during the preparation
process to determine the conditipaader which the colloids are stable to atfarocessable
particle dispersionsf 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 orthe result®f the previous chapteaa PDADMAC dose of 150 mg/g was chosen
(denoted as TNN®DADMAC) for the further steps sequential adsorption process. Under this
condition, as mentioned thapter5.1.1.3 a saturated layer of PDADMAC was formed on the
surface of TNS, resulting in a stable dispersion of positively charged patrticles, which have
higher colloidal stability than the bare particles. The net positisegehof the surface allows
immobilization of the negatively charged SOD enzympdmarily through electrostatic
interactions.

To build a PSS layer on TNBDADMAC, the conditionsvereoptimized, and the main
requirement was to achieve high colloidal stabiitgng witha significant negative surface
chargeafter the formation of the bilayer on the TNS patrticles. Accordingly, negatively charged
PSS was adsorbed on the FRBADMAC hybrid. The formation of PDADMAC/PSBilayer
has been frequently reported on planar substtéit&® but very little information is available
on nanoparticles acting as carriers for the multilaj&Fhe influence of PSS concentration on
the colloidal behavior of TNSPDADMAC was first determined by measuring the

electrophoretic mobilities.
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minimum near the IEP and the particles were stable at low and®&igbseqFigure 33). Note

that the region of rapid aggregation is extremely narvalich is rather unusual f®E-particle
systemsHowever, thebehavior is agaimualitatively consistent witithe DLVO theory, i.e.,

the forces acting between particles afeeslectrostaticorigin.®® These results ensure that the
TNS-PDADMAC-PSS particles are negatively charged at a dose of 300 mg/g and form highly
stable colloidsDLVO theory predicts aninimum at a stability ratio value df. However, as

can be seen iRigure 33, the minimum idocated aroun@, indicating the presence additional
stabilizing forces. Sincéaé stability ratio values were calculated using the fast aggregation rate
of the TNSin equation(21), which was determined for bare TNS at high salt letred,
additional stabilizing effeanustoriginatefrom the adsorbeBElayers. When PSS is adsorbed
onto the PDADMAC layer of the particles, intrinsic polyrpeiymer and extrinsic polymer

ion charge compensatioaccurst®® The ioncompensated PSS charges on the polymer
backbone tend to form tails and loops that dangle in soffioesulting in steric repulsion
between the particles due to ieasing osmotic pressurgon approachby the PE-coated
surfaces®! These repulsive steric forces, together with the electrostatible layerforces,

lead to electrosteric stabilizatig?? which has also been observed in the TRIBADMAC
system at pH 10 and has been reported in various paricsystems? 123 192Nevertheless,

such electrosteric repulsiasnot sufficient to completely prevent aggregation of the particles,
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since the value of the stability ratio isa® the minimumindicating that 30% fo particle

collisions result in dimer formation.
5.2.2 Co-immobilization of the enzymes

The pl values of th&0D and HRPenzymesare4.95°3 and 8.8(}°* respectively, i.e.,
SOD is negatively charged and HRP is puesiif charged at pH 7. Therefore thkectrostatic
attractionis expected todrive the adsorption of the enzyme déme oppositely charged
surface®® 34 but hydrophobic interactions afydrogen bonding may also play a role in the
adsorption mechanisf?® In chapter5.1.1.3it was clearly confirmed that TNBDADMAC
forms highly stable colloids at pH 7 and therefore, with its positively charged surface, it is a
suitable carrier folSOD immobilization. On the other hand, the aggregation properties of
TNS-PDADMAC may be affected by the extensive adsorption of SOD. In othedswit is
important to avoid a significant decrease in the surface charge during the adsorption of
enzymesas this may lead to we&8DL repulsion and thyso undesirable particle aggregation.
Therefore, the effect of SOD adsorptiontbaelectrophoret mobilities was first investigated
by recording the mobilities at different SOD concentrations.

Figure34 shows that thenobilities of TNSPDADMAC were not significantly affected
by the added amount of SQtil an enzyme dose of 100 mglgd that the mobilities slightly
decreased above this concentration. Note that

SOD Dose (mg/gtns)
in the investigatedOD concentration range, 01 1 10 100 1000

no stabilityratio values could be determined-:’; 2]e Tle-leADMAlC
due to the high stability, i.e., absence o> s A DATMALSDIESS
aggregation processes, of the coIIoida"‘g 1-
dispersion. Therefore, a SOD dose of 10 mg/qi

was chosen for further stegd@revious studies

on a somewhatifferent systerff showed that
the enzyme quantitatively adsorbed at this
concentration and did not desorb from the
particle surface. The TN&DADMAC-SOD
material obtained (150 mg/g PDADMAC and 0.1 1 10 100 1000
. a HRP Dose (mg/gns)

10 mg/g ©D) was then used to build up thFigure 34 Electrophoretic mobility of the hybt
PSS layer with a 300 mg/g PSS loading (lamaterials TNSPDADMAC (red circles) ar

TNS-PDADMAC-SOD-PSS (blue squares) a
referred as TNSPDADMAC-SOD-PSS, as fynction ofthe enzyme doseat pH 7, 1 mM ioni

described in the previowhapter strength, and 1 mg/L TNS concentration.
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Since the same requirements apply to HRP adsorption orFPIMOMAC-SOD-PSS,
the electrophoretic mobilgs were determined at different HRP loadi(iggure34). Indeed,
it is of pimary importance to determine tH&P dose that does not affect the colididehavior
of thefunctionalizedTNS particles The trends in mobility values were similar to 8@Dcase,
and based on the results of a previous stddyconcentration of 10 mg/g was chosen for the
HRP. At this dose, HRP adsorption does not significantly altechihegingand aggregation
behavior of TNSPDADMAC-SOD-PSS, and on the otheaind,no partitioning between the
surface and the bulls expected. Accordingly, a dose of 10 mg/g was used for both SOD and
HRP embedded in the TNSDADMAC-SOD-PSSHRP composite.

An overview of the —~ ] -150
. - ‘—m 3' . - @ I
electrophoretic  mobilites anc's | \ o - ' N 140 T
N ! <
hydrodynamic  sizes  of the«.oi 24 o s \ % - %
= ] \ ' . - 130
subsystemsduring the sequential X 4] by v 3 § [ %‘
. - ! 10 ; o
adsorptionare shown inFigure 35, % 0' ,’\‘ a ' a -120 3
. . —_ <) 3 (7? tZ, (7? o
while the trendsin mobilities and ‘E, 1-. ; ﬁ:‘l 2 g 2 :110§
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Figure 35 Electrophoretic mobility (red circle) a
hydrodynamic radius (blue squardata at different steg
of the bare particles isl . BOF during the sequential adsorption process. lonic strengl
5 . : . TNS concentration were adjusted to 1 mM and 1 n
m“/Vs. This slight negative chargyegpectively. The PDADMAC and PSS dogBable?) use
resulted in moderate stability even Were 150 and 300 mg/g, respectivesihile 10 mg/g loadir
was appliedor each of the enzymes (SOD and HRP).
low PE doses and a higher value dashed connecting lineseaeye guidances and the horizo
line indicates zero electrophoretic mobility.

The electrophoretic mobijit

hydrodynamic radius due to th
presence of particle aggregatievertheless, the formation of thewsated PDADMAC layer
provided a highestability ratio values at the ASFigure36 blue squaresand thus, the radius
of the positively chargedNS-PDADMAC decreased from 145 nm (bare TNS) to about
100nm. The mmobilization of SODdid not significantly change the mobilityp to 10 mg/g
dose Figure36 orange trianglesand slightly decreased the s{#gure35). Functionalization
with the PSS reswdtin a charge reversal and suckedurated PSS lay@figure36red circles)

the TNS-PDADMAC-SOD-PSS system possessegative charge with a mobility of about
1. 9 ®m%Vs.Wote that a very similar value for the T@thout functionalizationjesulted

in limited stability and the formation of particle aggregate
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Figure 36 Schematic representation of the charge and aggregation trends during the preparation of the
TNS-PDADMAC-SOD-PSSHRP composite by the sequential adsorption method. The evolution of
electrophoretic mobility (top) andability ratio (bottom) as a function of the enzyme &tttloses 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 dog€able 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 TNBDADMAC-SOD-PSS (Figure 35 was much maller
compared to the bare TNS due to the lack of the aggregated paifltlesesult again sheds
light on the importance of steric forces in the stabilization mechanism, as electrostatic repulsion
alone cannot stabilizeompletelythe colloids at this low mobilityi.e., at in the presence of
weak EDL forcesThe surface chaegand hydrodynamic si€igure35) did not change upon
immobilization of HRPup to 10 mg/g dosd={gure 36 green trianglesin the final step of the
sequential adsorption procedure indicating that the colloidal stability was not altered by HRP

adsorption.
5.2.3 Resistance againstat-induced aggregation

Considering that immobilized enzymes are often used in liquid environments with
electrolytest®® the resistance of the prepared hybrid mategminstsaltinduced aggregation
was tested. Accordingly, the ionic strength was systematically changed in the dispersions of the
bare TNS and the TNSDADMAC-SOD-PSSHRP materialto compare theeffect of
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enzymePE layers on the colloidal stabilityrhe electrophoretic mobilities and stability ratios

are shown irFigure37, while the zetgpotential values can be seerFigure $.
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Figure 37 (a) Electrophoretic mobility and (b) stability ratio dfare TNS (black diamonds) and
TNS-PDADMAC-SOD-PSSHRP (green triangles) hybrid material as a functiothefionic strength
adjusted with NaCl. NS concentration was 1 mgflpH 7). The solid lines with mobilities areye
guidesonly, while the lines with stability ratios representithgults of calculations using Equati@?).

At low ionic strength, the mobility values of bare TNS and
TNS-PDADMAC-SOD-PSSHRP were approximatet.51 &n#/Vsand2 . 4 Sh/Vs,0
respectively(Figure 37a), whereas thesurface charge density valuealculated withthe
Grahame equatio30) were -9 and-14 mC/n%, respectively(Figure §). 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 increasedcainiod attributed
to thescreeningeffect of the dissolved salt components on the surface charges.

The aggregation behavior at different ionic strengths was investigated tumisg
resolvedDLS. The slow and fast aggregation regimes separated [3GBavere observed in
each caséFigure37b). The stability of the TNS was very limited even at low ionic strengths
due to the lowsurfacecharge of the particles. The differencdahe CCC values is strikings
10 and 300 mM were obtained for TNS and TRBADMAC-SOD-PSSHRP, respectively.

The stabilizing effect is twofold. On the one hand, higher surface chamgglsigher magnitude

of charge densities, lead to stronger repulsion by the overlagihg, in line with theDLVO

theory. However, DLVO typically predicts CCC values around 100 foiVcolloidal TNS
particles so additional repulsive forces are most likely present in the cotemysitemLike

the TNSPE subsystems, this repulsion originates from steric interactions between the loosely
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adsorbedPE chains extending from the multilayer structure toward the solution phase. The
overlap of thePE tails and loops leads to thiaiseof osmotic pressuravhen two particles
approach each other and subsequemtlythe development afionDLVO repulsive forces
between the particles.

Theinterparticle forcebetween the composite material waleo confirmed within the
DLVO theory by the above mentioned two methadd compared with the bare TNS and the
PDADMAC coated patrticleat pH 7(Figure38, Table ). The magnitude osurface chaye
density of the particlemcreasedvith the multilayer formation from 8 (TNS*DADMAC) to
14 mC/n?and as expectedl h eccvalue also increased as showrFigure38a. Due to this
higher charge density the C@&suredvalue of the composite particlelsaincreasedrom 122
to 300 mM However the presence afiditional noADLVO forces are clearly indicatday the
deviation from the theoretical DLVO line in both calculation methdeurthermore the
agreement beween experimental and theoretical reghltgire 38b) did not change
significantly uponadsorption of the adfional PE and enzyme layers compared tlee
TNS-PDADMAC particles. These results confirm that the multilayer formation on the
TNS-PDADMAC did not affect significantly the presencerainDLVO steric forcesandthat

these additional forces ensure the excellent colloidal stability of the composite system.
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1000 DLVO (@) 10004 DLVO (b)
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== SOD-PSS-HRP s
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Figure 38 (a) CCC values of bare and functionalized TNS as a function abm@utezeta potentiaht

the CCC. The solid line indicates the results of calculations using the DLVO theory by e@83tion

(b) Calculatedequation(32) and(33)) versus measurg@quation(22) and(23)) CCCs for different
systemsTheoretical values of Hamaker ?§auesdetarmines f or
for the TNS, TNSPDADMAC and TNSPDADMAC-SOD-PSSHRP are indicated by black diamonds,

blue squares and red circles, respectively.
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5.2.4 Morphology of the composite farticles

TEM images taken with the TNBDADMAC-SOD-PSSHRP (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 tiéNigare
without surface functionalizatiof! However, some lovorder aggregates of the particles can
be observed. This is due to the drying of the samples, which could not be avoided during the
TEM measurement3.he average radius of the particles is around 5Gythe TEM images
however,DLS measurments areyielded 83 nm. This significant differenaeiginates the
difference in the background of the two methodscordingly, thepolydispersity of the
particles and from the presence of some aggregates, which are weighted more in the DLS
measurementdue to their higher contribution to the intégsof 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 lo@mbd o

by the formed method.

Figure 39 Dried-stage TEM images of the TNSDADMAC-SOD-PSSHRP material.

5.2.5 Enzymatic activity

Figure40 shows the results of the enzymatictaity measurementslhe activities of
the second sequenc&@NS-HRP-PDADMAC-SOD-PSS)indicatedwith blue color will be
discussed later in this chapt&he Fridovich assay was used to test thies€avenging activities
of the native and immobilized SOD enzyitfeas described in the experimental section
(chapterd.2.1). The plot of inhibition(equaton (9)) versus enzyme concentratiffrigure40a)
shows a maximum inhibition of about 65% foe TINSPDADMAC-SOD-PSSHRP material,
indicating limited accessibility of the immobilized SOD enzyme to @ significantly higher
ICs0 value (1.3 mg/L) was determinethan for the TNSPDADMAC-SOD subsystem
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(Table 4). Note that the higher Kg value means lower SQOBctivity and that
TNS-PDADMAC did not show SOBike activity in this concentration range. These data
suggest that the buildup of the REHRP outerlayers on TNSPDADMAC-SOD resulted in a
significant loss of SOBike activity. This could be due to some conformational changes of the
enzyme during immobilization and/or to a blocking effect of the deEgayer, i.e., hindered
diffusion of & to the active site of SOD.

100{ e TNS-PDADMAC-SOD-PSS-HRP (a) 1254 (b)
|® TNS-HRP-PDADMAC-SOD-PSS
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Figure 40 (a) Inhibition of the NBTO;, reaction by the TN®DADMAC-SOD-PSSHRP (red circles)
and the TNSHRP-PDADMAC-SOD-PSS (blue squares) hybrid particles. The inhibition values were
determined using Equatigd®). The solid line is a mathematical function used to interpolate the IC
value. (b) LineweaveBurk plot for the peroxidase activity of the TNFDADMAC-SOD-PSSHRP

and the TNSHRP-PDADMAC-SOD-PSShybrid particles, where v is the réian rate and [S] is the
guaiacol concentratioff.he solid line was obtained using Equat{af)

HRP-like activities were determined using the guaiassay:>! With thelinearization
of the Michaek-Menten equatiothe Lineweavei Burk plot(equation(10)) is obtained, which
was used to analyze the results of the HRP assays, and the Michaelstso(isf) were
calculated alongvith the maximum reaction ragévmay) from the plots of the double reciprocal
reaction rate versus substrate concentratiogure 40b). The Ky value corresponds to the
affinity of the enzyme toward the substrate. For example, a decrease in Wadu means a
highera ni ty of t he enzy mgaistthe maximdm rgactian ratectioatthe T h e
system can reach once the active site of the enzyme is completely satutfatthe substrate
molecules

The determined K and wnax values for the TN DADMAC-SOD-PSSHRP were
23.50 mM and 0.10 mM/s, respectivélable4). These data indicate lower activity compared

to the native enzyme, butig still consideredas ahighly activeperoxidasdike material A
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possble explanation lies in the fact that the HRP is located on the outer surface of the
TNS-PDADMAC-SOD-PSSHRP particles and therefqgrateracts strongly with the PSS after
immobilizationleadingto a distortion of the structure of its active site, reisglin a lower

activity of the developed system compared to the native enzyme dissolved in solution.

Table 4 Enzyme function and kineticapameters determined in the HRP and SOD agéays.

Maximum
Material ICs0 (Mg/L)? | inhibition Km (MM)® | Vimax(mM/s)
(%0)°
SOD 0.10N 0 . ( 90N 5 - -
HRP - - 34IN0. 1 05N0. 0
TNS-PDADMAC-SOD 02N0. ( 70N3 - -
TNS-PDADMAC-SOD-PSSHRP| 1.30N0. ( 65N 3 23502 . | 01NO0. 0
TNS-HRP - - 131N 1. | 04INO0. 0
TNS-HRP-PDADMAC-SOD | 0.15N0. 0 90N 5 39IN0. ¢ 03INO0. 0
TNS-HRP-PDADMAC-SOD-PSS| 0.38N0. ( 80N 4 15501 . | 0340. 0
21Csovalues calculated fro inhibition curvesnterpolatedat 50% inhibition in mg/L.
® Maximum inhibition calculated from the plateau of the inhibition curves.
¢ Kmvalues calculated frottine slope of.ineweaver Burk plot(equation(10))
4 vmaxvalues calculated from the interception_afeweaver Burk plot (equation(10))
5.2.6 Variation of the sequential adsorption method
In a previous study HRP waz~
. . . : N s
immobilized directly on the TNS“; 39 ,’\‘ - e =
. . . “ ] ! “t--0 @ [
particles without using aPE @E 2 ! v . 2 -350§-
. . ‘o— 1 1 ' ! (=) ‘\ Ql o
interlayer®® Therefore, different X 5 LA o *o0 L
£ Y S &2 -3003
. [] \ []
order of componenes in th= 1 YO &) Ye) 3
Q2 0 L =L P \eT B a.
. . - I} LT = [S 250
sequential adsorption was also trie = ) y 5 = & 2
. . o e 4 < < < o
Themultilayer architecture was buil @ : . /W o Q' 200 &
Sl T 2 £ 4 Fos
accordin to the ordel’s -2+ ! -}
9 2*] « =2 & 2 Za @i
TNS-HRP-PDADMAC-SODPSS © 34 » %) Dg--"D o 3
K 4 4 Z = Z - 100
{ = = = =

SamePEand enzyme doses as in the - — _
Figure 41 Electrophoretic mobility (red circle) a

TNS-PDADMAC-SOD-PSSHRP  hydrodynamic radius (blue square) data during the diff

stepsof the sequential adsorption method. The ionic stre

and TNS concentration were set to 1 mM and 1 n

and sizadataweremeasured at eachrespectivelyThe PDADMAC and PSS dos€Bable?2) use
were 150 and 300 mg/g, respectivetile 10 mg/g loadir

building step Eigure41). was appliedor each of the enzymes (SOD and HRP).
dashed connecting lines are eye guidances and the hot
line indicates zero electrophoretic mobility.

system were used, and the mobilit
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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 HRRotid
significantly affect the charging behavior of the bare TNS part{€legire41). However, the
addition of HRP increased the size, i.e., a hydrodyoaadius of about 400 nm was determined
for TNSSHRP. As with the previous systems, adsorption of a saturated PDADMAC layer
resulted in charge reversal and a significant decrease in particle size cwesttdikely
electrostatic stabilization. The immakigd 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 HNG-PDADMAC-SOD-PSS were
very similar to thos of TNS or TNSHRP and the hydrodynamic radius remained small, about
100 nm. This result again emphasizes the presence of electrosteric repulsive forces, which
predominate ovethevan der Waals attractions.

The inhibition curve in the SOD assay plotfed TNS-HRP-PDADMAC-SOD-PSS
(Figure 40a blue squargs shows improved activity on O dismutation comparedo
TNS-PDADMAC-SOD-PSSHRP. The 1Go and maximum inhibition valuesieasured with
the second sequena@re 0.38 mg/L and 8%, respectivelyTable4). These values are much
closer to those of the native SOD, thus highlighting the importance of I8€&iflonin the
layered structureConsequently, the activity of SOD was significantly enkedrizy localization
in the outer layer of the composite.

The peroxidase activity of the TNSRP-PDADMAC-SOD-PSS material was also
determined Figure40b blue squargs The Ky value was determined to be 15.50 mM, while
the maximum reaction rate was 0.34 miTable4). Thesedataare comparable to those of the
subsystems. More importantly, they indicate a lower HiR®activity than that of the native
enzyme but higher than that measured TBIS- PDADMAC-SOD-PSSHRP. 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 setiad adsorption procedure.
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5.3 PPN adsorption on latex particles

The aim of thework presengd in this chapter wat® investigate the effect &?PN
adsorption on the colloidal stability of polystyrene latex particles in oppositely charged systems;
i.e., podtively charged enzyme and negatively charged particles usadin the experiments
due to careful adjustment of the experimental conditions. The charging behavior and
aggregation processes were studied at diffdP&MN concentrations and ionic strengths using
light scattering techniques. The possible change in enzymatic activity after immobilization was

investigated irthapter5.4.6
5.3.1 Characterization of the SL nanopatrticles

The sizeof SL was 430 nm in diameter with a coefficient of variation of 1.8%, as
determined by the maradturer usingd EM 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/nt, as reported by theendorbased on potentiometric titration.

To study the early stages of pal# aggregation, when mainly dimers are formed and
no higher rank aggregates are present in the samples, the experimental conditions were
optimized by performing timeesolved DLS experiments in 1 M NaCl solutions at different
particle concentrations. Theydrodynamic 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 dring the DLS and TEM measurements. At such a high salinity, aggregation is
driven solely by particle diffusioand theRn of the particles increasas a function ofime due
to the dimer formatiof®! Increasinghe particle concentratioresulted ina faster increase in
Rn values owing to the higher occurerafedimer formationFigure42a). The apparent rate of
the aggregation is calculated from tfiggeed slopesand a linear relationship was observed
between the particle concentration and the rate of the aggre§agiore 42b. The half time
aggregation is calculated by equat{@hand represents the characteristic time, afte@ch the
total number of primary particlesduced by a factor of tw@igure42b).19

Basedon the apparent ratnd the haltime of aggregationa particle concentration of
10 mg/L was chosen for further experiments. This value represents a good comgrarhise
that the aggregation is at an early stage, the measurement time is reasonable, and the scattering
intensity is high enough to make accer®lS measurements.
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Figure 42 (a) The hydrodynamic radius versus time plots at different SL concentfatidrM NacCl)
The solid lines are linear fits used to calculate (thleapparent aggregation ratéed circleg with
equation(20). The halftime aggregation (blusquarekis calculated by equatidi)

5.3.2 PPNadsorption on SL particles

Electrophoretic light scattering and timesolved DLS measurements were used to
study the charging and aggregation properties of the sulfate latex partithespresence of
the enzymeThe main goal of the experiment was to find the optimal experimental congditions
under which stable dispersions of enzyiaitex hybrd particles could be obtained, while the
enzyme remains activ&he dispersions containedrdM NaCl as background electrolyte and
the pH of the samples was always kept at 4.0, which is below the PPNfenzyme!®’
Therefore, due to the ionization of the sulfate grquesent on thelSsurface the PPNwas
oppositely chargedomparedto the latex. Moreover, these experimergalupwere chosen
because théPPN enzyme is mainly used in foodnd beer processing at under acidic
conditions!®®

The electrophoretic mobilities of the particles were determined at diffeRMtosages
(Figure43red circle$. Like the oppositely chargegiarticle PE systemsdiscussedbove, the
mobilities changed from negative to positive with increasing amoumBMfindicating strong
affinity of the enzyméo the particle surface. At low doses, the potentials were negative because
the small amount of enzyntempensated onlyartiallythe surfae charge of the particles. The
mobility of the bare particles wad I "1 @%Vs, like the data at low PPN concentration.
Further increase iRPNdoseresulted in charge neutralization at intermediate doses at the IEP,
which islocatedat 20 mg/gdose The adsorption process contiebove 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 theobilities were +2.51 % ®%Vs within the
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experimental errorThe magnitude ,_; 3 ASP | 1000
of the mobility of the coated:> 5

particles was significantly |OWE|09E 3

than that of the bare particlesi L 1002
indicating a lower surface clge E 0- %
density in the formesystem PPN é i ‘F;:
added after the ASP remained .2 '2'_ - 10 %
dissolved in the solution. SUC|§ '3'_

charging behavior is similar to th §' -4 -

data obtained for oppositely charge§ -5- : l , ik
particlePE systemg!? 192, 199, 200 1 10 100

and raher unexpected from enzyme. PPN Dose (mg/gs,)

. . Figure 43 Electrophoretic mobility (red circles) and lsility
adsorptions since they usually do ratio (blue squares)f SL particles as a function of PPN dt
not adsorb tahat high exten(see Measurements were performed at pH 4 and ionic stren
1 mM adjusted by NaCIThe particle concentration wd€
TNS-enzyme systems in hapter mg/L. The unit mg/g refers to mg PPN per 1 g SL. The
5.2.2 on surfaceslt was assumedIines serve to guide the eyes.
that entropic,hydrophobic and electrostatic interactions caugmntly the surface charge
reversalloo, 113, 118, 200
Stability ratios were determinednder the same experimental conditions as in the
electrophoretic study described abdiegure43 blue squarés 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. Hower, in theintermediaterange, the stability ratios formed a
U-shaped curve with a minimum near PEdose corresponding to the IEP determined in the
electiophoretic mobility measurements. The stabilidgio values wer®ne at the minimum
within the experimental error indicating diffusion controllg@drticle aggregation and unstable
dispersions. This behavior can again be qualitatively explainethébpLVO theory. The
presence of other types of imparticle forces, such as patcharges? stericl% or bridging
interactiong° which may be present in partieleacromoleculsystems® 292 20%ould not be
detected based on the above experimental results. Fronfititesgs, it can be concluded that
adsorption oPPNat a dose of 400 mghgsulted in the formation ofsaturatecenzyme layer
on the latex surface (these partick® later referreds S-PPN. Moreover, the obtained
SL-PPN hybrid possessed excellent colloidal stability, i.e., under the applied experimental
conditions, highly stable dispersions of primary p&twere present in the samples providing

processable samples for further experiments.
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5.3.3 Determination of the enzyme content

TheBradfordtest is a useful methddr determining PPN concentration in solutidpfs.
204 Accordingly, the SEPPN dispersion (at a PPN dose of 400 mg/g filered to remove the
particles, and the filtrate was analyzed by the Bradford asaagcording the visible spectra
of the samplesThe results obtained, including those from the reference measurements with
different amounts of native PPN, are shawirigure44a and the absorption ratios are shown
in Figure44b. With increasing PPN concentration, the abaade 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 concentrationfiltréte 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 distion between the bulk and the surface.
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Figure 44 (a) Absorbance spectra of Bradford assays for standard solutions of PPN atiaimoes of

1 and 50 mg/L, dr the reference system without enzyme (0 mg/L) and forfitinate after PPN
adsorption orsSL (SL-PPN). (b) The ratio of absorbance values recorded at 595 and 465 nm wavelengths
as a function of PPN concentiaii for the standards (blwgrcles) and for the filtrate (resquare)is

shown in (a).

Usingthe above resultshé surface coverage can be estimated. Considering the diameter
of SL (430 nm) and PPMydrodynamic radius was reported toh2 nm)?% the calculations
resulted in 12.5 mg of enzyme adsorbed on 1 g of particles if a mon&ayer Therefore,
the dose of 400 mg/g at saturation suggests the developmé®MNfmultilayers on the
surface?®® Note, however, that this calculation was based on a smooth latex surface and did not

considemossible conformational changes of PPN upon atisorpn SL.
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5.3.4 Resistance against salinduced aggregation.

Considering that immobilized enzymes are often used in liquid environments containing
electrolytes or even their mixtures, the resistance of th® B8l hybridagainstsaltinduced
aggregation was tesl andcompared with the bar8SL. Prior to the aggregation study, the
surfacecharge properties were evaluated by determining the electrophoretic mobilities and zeta
potentials at different ionic strengths.

Due to the shielding effect of the electrolytetbe surface charge, the magnitude of the
potentials decreased with NaCl concentration in both cases. However, the decrease was more
pronounced for thé&L particles. The potentials did not change sign throughout the ionic
strength range studied. Tharface charge densities were determined using eqy&tpfrom
Figure $ and theywere 8 mC/rh and -18 mC/nt for the SI:PPN and SL, respectively
(Table5). This lower charge density for the enzyemated latex is most likely due to the
counterion condensation phenomenon that occurs with charged macromolecules in the

electrolyte medium, resulting in lower effective chargfés.

Table 5 Characteristic charge, and aggregation data for SL in the bare anflif®idnalized forms.

El ectrophoretic mobility (O) measured at 1 mM i
SL SL-PPN
NaCl NaHPQs | NaCl | NaHPOu
O 1 10% m?/Vs) -4.2 -3.6 1.31 2.5
a (mC/ n -18 -14 8 4
eccc(mV) -18.1 -11.8 8.12 4.13
CCGueasured MM) 270 280 90 25
CCCcalculatedMM) 278 183 36 31
aThe electrophoretic mobility (0O) measured at 1

(0

Surface charge density30)(0) calculated using Equ

€Zet a pot en tcdo)adtesminad fronCZet@ pofemtial versus ionic strength diagraigsré
$6, Figure 9).

4 CCGueasuredetermined from the stability ratio versus ionic strength plots using eq@28oend(23).
€ Calculated CCC values (CG&euiated determined by equatiqi®2) and(33).

The absolute aggregation rates of the particles SL afldPN.were determined high
salt correntration, at which the doublayer forces are screened and the particles aggregate
rapidly. The v%mi¥use sa nmde’?Be/s 18r SIBPPINGINA $L, 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
PB.ZOS
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Concerning ionic strength dependeggregation,lsw aggregation was observed at low
ionic strengths, and sgtable suspensions were fousidhigh NaCl concentrations, consistent
with the prediction of the DLVO theor§yhe magnitude of the mobility of the SXPN particles
is significant lowe (1.31 18m?%Vs) than the bare SL particlegi(? 1-%m?%Vs) and with the
increasing NaCl concentration the magnitude of the mobility values were deénigase45a).
The CCC values were determined using equat{@@sand (23) (Figure 45b). The different
surface charge densitieBable5 andFigure %) are reflected in the CCC values, and the bare
SL has a higher CCC value of 270 mM compared to the 90 mM B\l These data were
calculated using equatid@2). This decrease kiyre adsorption oPPNcan be explainedith
the lower charge density and thwath the weaker doubléayer forces acting between the
SL-PPN patrticles.
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Figure 45 (a) Electrophoretic mobility and (b) values of the stability ratio of the particlegbiick
diamondskyand SI-PPN(green squareg)s a function oifonic strength adjusted by NaCl at pH. The

particle concentratiowas10 mg/Land the PPN dose was 400mdbe 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 applicatadiaof thePPNenzyme, the
colloidal stability of the particles SL and $tPN was also studied in the presence of phosphate
ions. Conditions similar to those used forQ\nduced aggregation were applieshd 99% of
the phosphate ions are in the form of dihydrogen phaie, i.e.they are monovalent ions at
pH 42°° The magnitude ofhe mobilities decreased with phosphate concentration for both
particles, whth 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 chaRjeN SL
(Figure 46a)° The aggregation behavior in the presence of phosphate is similar to that
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described above with NaQFigure46b). Slow and fast aggregatiosagimesare 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 vatiremgedor the SI-PPN. With phosphate ions,

25 mM was determined, which is significantly lower than the value determined ih NaC
solutions. This decrease maydeeurredoe due to the specific adsorption of phosphate®fons
and the subsequent weakening ofdbable layeforces.This effect of the phosphate iowsis

also indicated ypthe decrease in tiseirface charge densitietermined from the date shown in
Figure §. Since the stability ratiosf onewithin the experimental error wefeundabove the
CCC, the presence ofiditional (nonDLVO) forces, such as bridging by adsorbed phosphate

ions, was excluded.
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Figure 46 (a) Electrophoretienobility and (b)stability ratio of the particles S{black diamondsand
SL-PPN(green squaress a function ofheionic strength adjusted hyaH.PQy at pH 10 Thepatrticle
concentratiorwas10 mg/Land the PPN dose was 400mdrte solid lines with mobilities are just to
guide the eyes, while the lines with stability ratios are the results of calculations using e@2xtion

Another important fact when comparing the stability and mobility vatueSL-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 stabilizaggdtong withthe
electrostatic repulsion between the enzytoated particles. This additional stabilizing effect
must come from the adsorbB&®Nchains overlapping when two particles approach each other,
creating an osmotic pressure that leads to repulsive fovdete the bare SL behave as
predicted by DLVO theoryAccordingly, he steric repulsive forces can als® present once
enzymes arén the adsorbed layers, similar to the polymer functionalized colloidal particles

mentioned above and reported earlfet%: 210
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5.3.5 Confirmation of the interparticle forces

The origin of the interparticle forces im@&h system was calculated within the DLVO
model(Figure47a) (Table ), and the CCCs were determined solely froe ¢kectrophoretic
mobility data(Figure47b, the methodiescribed irchapte4.4.3was usejlfor the bare and the
functionalized SL particles in the presence of NaCl antéiJdN@a. Interestinglythe bare
particles pssessed a significantly loweeta potential value at th@CCGuesuredin phosphate
solutions howeverthe CCGuessuredvalues are in good agreemamith the calculated onas
the case of the two electrolgté-igure 47b) This is dueo the specific adsorption of phosphate
ions on thesurface, which also affecteaie Hamaker constant of the particlébis specific
adsorption of the phosphate ions walsoobservedn SLI°, titania"* and clay mineral$!! It
is thenassumed that the colloidal behavior of the bare SL pariglgsline with the DLVO
theoryin the presence of both electrolgtevhile the interface properties are different due to
phosphate adsorptiotheefore, the Hamaker constant waet to 3.A W and 1.8\ *QWin
the presence of NaCl amtaHPO4, respetively, which are similar to the reported values
the polystyrene particles studiedgth direct force measuremerifs?12 213138, 214

As expectedthe CCC of the bare particles ithe presence of Na@ consistent with
the DLVO theory withboth calculation method€On the other hand, the SL particles
functionalized with PPN behaved somewhat differemtlyhe presence of NaCDespite he
significant decrease in theeta potential valueghe functionalized particles are possessed
significant stability (i.e., the CCGueasureawas high) (Figure 47a) and drifted away from the
theoretical line towards the nddLVO repulsive forces, which is also proved by the new
calculation methodFigure47b). This isdue to the presence of the ADLVO steric forces
through the adsorbePN layer. At low ionic strengths, thehargedenzymesegments repel
each other ostronglyto the surface resulted imaore rigid conformation. In this situation, the
segmenisurface interactions are strongly attractive and lead to flat adsorbed conformations. At
higher ionicstrengths, the repulsive interactions are progressively screength, vads to
thicker adsorbed layers and thppearanceof the steric forcesSimilar effects were observed

in oppositely chargeBE-particle systemé&:’: 208. 215
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Figure 47 (a) CCC values of bare and PRuhctionalized SL as a functioof thezeta potentials at the
CCC at pH 4 in the presence of NaCl and bR®| The solid line shows the results of calculations using
DLVO theory according to equati¢fb). (b) Calculated and measured CCCs for different systeing us
equationg32) and(33). The values of the Hamaker constants foirSthe case of NaCl and NaPiO,

ar e 3anmdil FL)agekdedively.

Due to the adjustment of the Hamaker constant the bare patrticles in the presence of the
phosphate ions are in line with the DLVO theory in both calculation methedestingly, for
the SL-PPN systenin the presence of phosphate impposite trends were observed thian
NaCl solutions A slight decrease was observed in ¢bec values(Figure47a), on the other
hand the CCGueasuredvalue deviatedsignificantly and both calculation methods are indicated
the presene of nonDLVO attractive forcesThese forces ardedicated again to the specific
adsorption of the phospte ions on the immobilizeBPN, which resulted in the presence of
additional norADLVO attractive forcesFurther andinambiguougonfirmation of such fores

would be possible with dirédorce measurements beyond the end of the present project
5.4 Co-immobilization of enzymes by sequedral adsorption on SL support

The aim of this chapter is to develop stable dispersions®Iif aupportednulti-enzyme
system that incorporates HERs aPE in the sequential adsorption process. Scattering
techniques were used to optimize the charge andegatjon characteristics and to gain
information about the structure of the-BPNHEP-HRP composites, while the proteolytic and
peroxidase activities were evaluated in biochemical assay reactions. The adsorption of PPN
onto SL particles was discussedchmpter5.3.2 It is important to note that the surface of SL

is saturated with the adsorbed enzyme at a dose of 400 mg/g. F®eNSparticles obtained at
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this dose formed a stable dispersion. Therefdresd particles were selected for the further

steps of the sequential adsorption method to obtain tHeRNHEP-HRP composite.
5.4.1 Bi-layer formation and functionalization with HEP

The net positiveurfacecharge of SEPPN allows adsorption of negatively cheddHEP
PEs through electrostatic interactioffdigh colloidal stability wasne ofthe most important
requiremerd to be achieved after the formation of the bilayer. Althosghilar studieson
surfaces andPEs have been reportgéf 216218 yery limited information $ available orthe
sequential adsorption processes involving saturated enzyme layers on colloidal particles.

To investigate the charge properties of-F¥EN affected by HEP concentration,
electrophoretic mobilities were first determin@igure48red circle3. The trends are similar
to thePE or enzyme systems with oppositely chargddparticles mentioned abovAt low
HEP doses, the SEPN is possessett positive charge, while with increasing HEP dose, the
adsorption of thd?E was clearly indicated by the decrease in mobilities, leading to charge
neutralization at the IEP, and at higher doses, charge reversal fmtlowed by a plateau in
themobilitiesfrom the ASP.

Theresults of thestability ratio measurements kigure48 (blue squaresshow that the

particles are stable at low and hiBk doses and unstable around the IEP. This behavior is

again consistent with DLVO theory%, 3

On the other hand, there is & 2.- - 1000
remarkable difference in the slopei 1_'

of the stability ratios before and aftei 0_- B 1oo§
the minimum value. Asmallerslope % | 5
was observed at lowPE doss % '1'- | i g
indicating the occurrence of a"é -2- S
destabilizing effect that is not DLVC-%_ _3_'

type interactionand may originate ¥ - 3
from the adsorbed PRNEP layers. iy - . . .

1 10 100 1000
Heparin Dose (mg/gs, )

assumedo be responsible for thisrigure 48 Electrophoretic mobility (red circles) and stab
ratio (blue squares) of the SEPN particles as a function
phenomenon.  The  pataharge the HEP dose. Measungents were performed at a gHanc
interaction leads to faster aggregati@n ionic strength of 1 mMdjusted with NaCl. The parti
_ concentration was 10 mg/L. The unit mg/g refers to n
of the particles and thudo lower pEp per 1 g of the particles. The solid lines serve to

stability ratios. Overall, the abovihe eyes.
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mobility and stability ratio datansure that the SEPNHEP patrticles are negatively charged

at a dose of 200 mg/®@E and form a very stable colloidlhis dose was used in the
SL-PPNHEP in further studies.

5.4.2 Immobilization of HRP

The HRP enzyme is positively charged at pH 4, as its Ipkvia8.8° Therefore, it is
expected that the HRP adsorbs to the negatively charged saffétePPNHRP at least by
electrostatic attraction. However, hydrophobic interastiand hydrogen bonding may also
play a role inthe adsorptionprocess Similar to the enzyme immobilization processes
mentioned above, high colloidal stability was the most important requiremgms step top
beside maintaining enzymatic activityis important to avoid a significant decrease in surface
charge during enzyme immobilization, as this can lead to weakening of the double layer

repulsion andubsequeraggregation otheparticles.

To investigate the charging behawo:w 3-. SL-PPN-HEP
the effect of HRP adsorption on thg 24
electrophoretic mobilities of SPPNHEP

-8

Electrophoretic Mobility (x10™m

was studiedn measurementperformed at

different HRP concentrationgFigure 49). 0'.
Increasingthe HRP dose did not lead tS -14
significant changes in the mobilities due @ .2-

the lowline charge density of the enzyirie

contrast to PPN and HEP adsorption in t

0.1 1 10 100 1000
Heparin Dose (mg/gg,)

values of SEPPNHEP were not affected byrigure 49 Electrophoreticmobility of SL-PPN

the added amount of HRP, indicating simil\EP particles ‘as a function of HRP d
Measurements were performed at4lind an ioni

colloidal stability to that of the SIPPNHEP strength of 1 mM adjusted by NaCl. The par

. _ ..... concentration was 10 mg/L. The unit mg/g refe
particles. Above this dosage, mobilitiey,g HRP per 1 g of the particles. The solid lis

increased slightly indicating weakeEDL used as a guide for the eyes, while the dashe
indicates the dose used in the-BENHEP-HRF
repulsion and consequently, aossible hybrid.

previous steps. The results show thblkess
than 100 mg/genzyme dosethe mobility

undesirable decrease in colloidal stability. In view of these results and our previous experience
with  HRP immobilizatior® 27 a dose of 10mg/g was chosen (referred to as
SL-PPNHEP-HRP). Note also that this dose was usadier® 1’and resulted in remarkable
peroxidase activities of th@mposites obtained.
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5.4.3 Confirmation of the HRP immobilization

Immobilizationof HRP on the surface of the oppositely chargeePEINHEP hybrid
was confirmed by thedirect stochasticoptical reconstruction microscopy (dSTORM)
technique. First, particles wefi@ed on glass substrate, whete signals obtained from the
enzymesconfirmed, that HRP isnmobilized on particle surfac&he fluorescence intensity
was derived from the fluorescent labelled enzymes emitting at different wavelehgéhs.
transmittedight image(Figure50a) showedeveral wellconcentrated foci in distant red range
of light indicating the presence of HRP in the-BENHEP-HRP partices.The spatial extent
of the blinking events is revealed after the data acquisition of the dSTORM method
(Figure 50c). The blinking frequency of theldorophoreswas determiad along the wite
dashed line irigure50b asa function of distance~{gure50d).
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Figure 50 Transmitted light image of particles on a glass surfargnd dSTORMmage 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 dimensia of the fashes shown ikigure50c and d is about 400 nm, which is in
good agreement with the diameter of the SL particle used. These results are clearsiodence
the adsorption of HRP on the SIPNHEP compositeMoreover, the enzymes remained in
immobilized form despite the several rinsing step of the sample preparation, which clearly
indicates thathe enzyme is strongly attached to the particulate support.

An overview of the electrophoretic mobilities, stability ratios, and hydrodynamic radi
during the sequential adsorption process used fa?BINHEP-HRP is given irFigure51. The
mobility of the SL particlestdow PPN doses wa®8.811 108 m?%Vs. This negative charge
resulted in stable colloids. Formation of a saturated PPN layer at 400 mg/g again provided stable
dispersions and the mobilitvas 2.441 108 m?/Vs. After functionalization with HEP at 200
mg/gdose the mobility was3.461 108 m?Vs due to the high charge density of fi& This
saturated HEP layer prmled high colloidal stabilityor the particles. Finally, immobilization
of the HRP slightlyincreasedhe mobility values t62.771 108 m%Vs. The hydrodynamic
radius of the SIPPNHEP-HRP composite was280 nm. As shown by the timresolved data,

no aggregation was observed in thgpersion of thdinal hybrid particles.

Papain Dose (mg/g) Heparin Dose (mg/g) HRP Dose (mg/g)
1 10 100 ,1 10 100 1000 1 10 100 1000
" SL-PPN-HEP
.":2‘ 24 <@
.-g = ‘ L N
") 77N ) \;
% N> (R o A (SRR, (R E8G: - - - -{ Y A 2 “r e ]
= 1 £y
° £ G 1% A Y A
- P A H [
-g- 3-2- % s
= o—o—O—0-00
°
2 44
w
10009 & n F 400
: : T
. Q
o : . - 350 g
= 100+ " ] ‘ 2
3] : 3
m ¥ @ < g
] VP oot
= =
g 10 - o
L 250 &
=
(7]
1. | ; S ' ' ' : : —+ 2003
1 10 100 1 10 100 1000 500 1000 1500 2000 e
Papain Dose (mg/g) Heparin Dose (mg/g) Time (s)

Figure 51 Schematic representation of the charge and aggregation trends during the preparation of the
SL-PPNHEP-HRP composite by the sequential adsorption metfibd. evolution ofelectrophoretic
mobilities (top) and stability ratios (bottom) as a function of enzymeRdoncentrations is shown

The constant hydrodynamic radii of the-BENHEP-HRP composite confirm the absence of particle
aggregation (lower right cornewith purgde). 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 salinduced aggregation

lonic strength is an important factor in the preparation, stability, and application of
biocatalytc systems® 219 220Therefore, the charge and aggregation characteristics of the
obtained particles were tested in a wide range of salt concentration. The ionic strength was
systemé#cally changed in the dispersion of the-BENHEP-HRP and the electrophoretic
mobilitiesand zeta potentiaks well astability ratios wereletermined. Finallyhe trends were
comparedo the results obtained rhapter5.3.4

As the ionic strength increased, the magnitude of the mobiltielszeta potentials
(Figure 8B) decreased for all systems, which can be attributed to the shielding effect of the
dissolved salt constituents on the surface chaiggsire52a andFigure ). Mobilities were
close to zero at high salt concentrations, but no charge reversal was observed at the ionic

strengthgangesstudied.
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Figure 52 (a) Electrophoretic mobility and (b) stability ratio of SL, $IPN and StPPNHEP-HRP
particles as a function dfieionic strength adjusted with NaCl. Measurements were performed at pH 4
and a particle concentration of 10 mg/L. Thadsbhes with mobilitiesare eye guidesvhile the lines

with the stability ratios are the results of calculations using equé®pn

Time-resolved DLS measurements weguerformed to investigate the aggregation
behavior at different electrolyte concentrations. The stability ratios obtained are shown in
Figure52b. The tendin the data followed the prediction of DLVO thedRThe aggregation
rate obtained above the CCC valuas3.41 10 m?¥s for S-PPNHEP-HRP which isthe
same within the experimental error as the one determin&L{®PN system (3.B 108 m?s).

At low ionic strength in thelow aggregation regim@milar slope was observed than in the SL
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and SLPPN system. On the other hatide stability ratio valuesf SL-PPNHEP-HRP fell
belowunity aroundthe CCCThis resulimayoriginatefrom additional noADLVO forces. First,

such acceleration of aggregation is the result of the ydttaige interactions described above,
which have been frequently reported for highly charfgesl adsorbing on oppositely charged
surfacesat low surface covege > 106 115Second, when two particles approach each other,
steric hindrance can develop between the adsoftedhains, leading to neelectrostatic
repulsionin the saturated PE lay&P 122192 This effect is more pronounced laigherionic
strengths and should therefore account for the different slope in the slow aggregation regime of
SL-PPNHEP-HRP.

The interparticle forces ithe multilayer system was compared with the bare SL and
SL-PPN patricles within the DLVO theory at pH 4 in the presence of Nafh both (from
surface charge densities or from electrophoreic mobilites using the algorithm shown in
Figure Q) calculation methodTable ). As mentoned above the adsorbed PPN layer
significantly decrease the surface charge density anddbevaluesof the SL-PPN particles
(Figure 53). However theSL-PPN system is drifted from the theoretical lines talsathe
nonDLVO repulsive force regimesnd the steric forcespresent in the systerprovide
addtional stability to thesystem As a result of the multilayer formatipthe magnitude of the
surface charge density is eased significantly from 8 tel5 mC/n? (Figure $8) and also
significant increase was observed in the absalttevalues. Interestingly thisigher charge
of the particles did not changfee CCGueasuredvalues significantly and the compostarticles
showedsimilar aggregation behaviothran the SEPRAN system. On the other harilie b the
multilayer formation the SL-PPNHEP-HRP system is drifted towards the n@iVO
attractive forces in both calculation metsobhis behavior is expiaed by the vanishing of the
steric forces in the multilayer formation, which was provided by the adséBbddayer in
SL-PPN It is known thatthe HEP has a high binding affinity to tiRPN 22223 through
electrostatic forces. Thispecific interaction alsdfacted the structurand conformatiomf the
adsorbed PPN molecules, which is one possible explarfatitime disappearance of the steric
forces.Moreoverthe low molecular weight HEP is a highdulfonatedPE, and in water HEP
behaves more like a stiff rod under 0.15 M electrolyte concentr&Zficii®In general, at low
ionic strengthadsorbing chains of HEP tend to adopt a flat configuraaiod this tightly bound

thin layerextinguistesthe steric forces originated from thdsorbed PPN.
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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 gquation(35). (b) Calculated and measured CCCs for different systems using equations
(32) and(33). The values of the Hamakerrstants for SLwe e 32! Jlinkhe Balculationd he data
determined for the bare SL, S1PN and SEFPPNHEP-HRP particles are shown in blatitue, and red
respectively.

5.4.5 Validation of the developed computional method for CCC determination

In the followingchapter, moréocuswill be mademore on quantitative aspects of the
proposedcalculationmethod(Figure ). In Figure54 calculated versus measured CCCs are
shown for all particles that appearnadthis dissertationAll the correspondingalues can be
found inTable 9. This comparisoralso enables u® quantify the deviations of the systems
from the DLVO theoryFigure54 showsthe relative deviation from the theoretical line of the
bare and the functionalized particles witte pH, salt and Hamaker constaayplied The
relative deviation is calculated by the following relation:
(CCCraiculated CCGueasured/ CCCcalculated

In general, for the systems below the diagonal line;MbWO repulsions, while for the
systems above this line, n@1L.VO attractions are presefitherefore, these deviations can give
us a further information about the presence of theDIioviO forces.In the cases presented,
bareandfunctionalizedTNS was mixed with oppositely and like chargeies depending on
the pH, and the CCC values were deteediin NaCl in each case. On the other h&ordhare
SL and SEPPNthe CCC values were determined in the presence of NaCl and phosphate ions.
The particles obtained by tisequential adsorption methokalso presented a@CCs 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 equ@®rend (33). The
applied pH, salt and Hamaker constartsindicatedThe dashed lireshow the relative déation from
the diagonal linewhich in line withthe DLVO theory.All the corresponding valuesan be found in
Table .

As mentioned abovehe 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 othzarkand
TNS particle apH 4 and 7 drifted away frorthe theoretical line towardsie non attractive
nonDLVO forces and theelative deviation is1.2 and-4.4 for the TNS at pH 4 and, 7
respectively.In these casesnonDLVO interactions are present due to strong specific
interactions of anions with the surface.

As shown previously, significant deviations were found for the oppositely chakfged
in the case of PDADMAC, due to the presence of theDioviO-related stac forces providing
the additional stability of these systeriberelative deviation from the theoretical line of these
system is around 10. Furthermoresteepulsive noiDLVO forcesremained upomultilayer
formation inthe TNS-PDADMAC-SOD-PSSHRP conposite particle with a slight decrease
in the deviation (5.8) from the diagonal lifihe TNSIin the presence afith like-chargedPEs
behaved aLVO theorydescribeglue to tle limited (TNSPDADMAC pH 4) ornegligible
adsorption (TNS.PSS pHD) of thePE As well as the oppositely charged TIRSS at pH 4 is
on the diagonal linsincedue to thdlat conformation of theadsorbedPElayer he interparticle
forces solelyoriginated from th&DL repulsions and van der Waals attractions

Whenthe SL particles functionalized witAPN were in NaCl solutions,the method
underestimates the stability duesteric forces raised ltlge adsorbed PPN layétoweverthe
calculation show additional attractive fordes due to the specific adsorptiohthe phosphate

ions. SL-PPNHEP-HRP is drifted towards the attractive foraegimeupon the multilayer
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formation due to thespecific interaction between PPN and HEP and réwsulting flat
configuration of the adsorbed HEP layer.

In generalthe oppositely charged TNfarticles functionalized with PDADMAGhown
significanty higher deviation towards the n@LVO repulsive forces than the TNSSS and
the SI-:PPN systemThe molecular mass of the PDADMAC Ikggher with one order of
magnitude tha the othePEs and enzymed.he long macromolecular chain combined with the
high chargeis favorablein theformation of the notDLVO steric forcesand ensure improved
stability for these systems.

These results confirm that our simpbdculationmethod is able to quantitatively predict
the CCCs for a wide variety of sgsns, includingpherical and plateldike particles composed
of different materials in the presence ohple monovalent ions. However,time case of strong
specific interactios of anions with the surface of the bare particles can chiase the
calculated valuedeviation but it enables the determination of the effective Hamaker constant
for the systemDeviations also observed the case of functionalized particldsie tothe
nonDLVO attractive and repulsivierces. In thee casesthe developedomputationaiethod
is able to qualify and quantify the present 1i2ovVO forces in the system§&ummariy, the
protocol along with the provided algorithm provides an excellent ttn@stimate 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 hd.

5.4.6 Protease activity

Thedetermination of théydrolytic activity of the immobilized and free PPN based on
the hydrolysis of casein substrafes 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 d@®nm for the SEPPN and the PPKFigure 55). The
absorbance values increased with reaction time for both the free and immobilized enzyme
indicating that PPN remained active upon immobilizatidowever, the increase was more

pronounced for the freePN
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Figure 55 (a) Timedependent visible spectra recorded during protilesactivity measurements with
freePPNand (b) SEPPN. The applie@PNdose was 3 mg/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 immobilizasome
extent mostlikely 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 activf§f.Such a change may leadadecreaseélnction
because the interactidoetween the active site and the substrate is hindered.

Another reason for this decssmamay be the relatively highsatbed amount (400 mg/qg)
of the enzyme. Accordingly, thePN adsorbed on the surface in more than one layer, as
calculated inchapter5.3.2 and the blocking effect of the outer layers, i.e., the limited
accessibility of the substrate molecules to the inner layers, reduce thenefficidne third
reason is related to the free enzyme in solution, where the free movemer®BNfaeilitates
collision with the substrate, while the immobilized enzyme diffuses more slowly and therefore
approaches fewer target molecules. Although tiaymatic activity inthe SL-PPN decreased
compared to the native enzyme in homogeneous solution, the BYybR®@N-HEP-HRPretains
significant proteaséike activity.

The assay was performed daily for five days forFRN-HEP-HRP to investigate the
functional stability of the enzyme over time. The normalized activities were calcutated (
chapter 4.2.3 for detaily. 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 firsg dampared with the free PPN, whereas this value
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