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Abstract

A separation in biotechnology can be performed by magnetic separation, where magnetic
carriers are dispersed into reaction mixture containing specific targets. A review of
magnetic carriers for magnetic separation in biotechnology that are in use today shows
that new methods for their synthesis are required. Nanoclusters of controlled size
composed of superparamagnetic nanoparticles can be optimal solution for the magnetic
carriers. They can be synthesized by the assembly of the nanoparticles in an aqueous
suspension. Different interactions between the nanoparticles with different surface
properties in the suspension can be applied for their heteroaggregation and controlled by
engineering the surface properties of the nanoparticles. Up to now, mainly the
heteroaggregation of larger micron- or submicron-sized particles has been studied, but no
direct comparison between the heteroaggregation controlled by the two types of
interactions, i.e., electrostatic or chemical, in the same system of the two types of the
functionalized-nanoparticles has been reported.
The present work is a study of the two types of interactions in the same system of the
two types of functionalized-nanoparticles. The interactions were studied: (i.) to develop a
method for the controlled synthesis of magnetic carriers based on heteroaggregation of
the nanoparticles in the aqueous suspensions and (ii.) to control bonding of magnetic
nanoparticles onto larger targets, e.g., bacteria, in the process of their magnetic
separation. The work is thematically divided into two parts. The first part was devoted to the
synthesis of nanoclusters using controlled heteroaggregation of superparamagnetic ironoxide nanoparticles in the aqueous suspensions, while the second part describes a possible
application of the magnetic separation in biotechnology.
The heteroaggregation of nanoparticles in a suspension was studied on a model system
composed of superparamagnetic carboxyl-functionalized silica-coated maghemite
nanoparticles (cMNPs) (24 nm in size) and larger, amino-functionalized, silica
nanoparticles (aSNPs) (92 nm). The heteroaggregates were formed with electrostatic
attractions between the nanoparticles displaying an opposite electric surface charge, or
with chemical interactions originating from covalent bonding between the molecules at
their surfaces. The suspensions were characterized with measurements of the zetapotential and hydrodynamic particle size using dynamic light scattering (DLS). The
heteroaggregates were analysed by transmission (TEM) and scanning (SEM) electron
microscopy. The kinetics of the heteroaggregation was followed by continuous
monitoring of the changes in the average hydrodynamic size by DLS. The results show
that covalent bonding is much more effective than attractive electrostatic interactions in
terms of a much greater and more uniform coverage of the larger central aSNP by the
smaller cMNPs in the outer layer.
A new method was developed for magnetic separation of lactic acid bacteria (LAB)
O. oeni at certain stage of malolactic fermentation (MLF) of wine. The method includes
preparation of so called “magneto-responsive” bacteria by bonding of the
amino-functionalized silica-coated maghemite nanoparticles (aMNPs) onto bacteria cell
membranes in the suspension by applying the electrostatic interactions. The
magneto-responsive bacteria were applied in the MLF and separated in the certain stage of the
process from fermentation media using the high gradient magnetic separation (HGMS). The
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adsorption of aMNPs onto the surface of O. oeni was analysed by TEM and SEM electron
microscopy. The metabolism of so-prepared bacteria was followed by conversion of
L-malic into L-lactic acid by enzymatic tests. Efficiency of the HGMS of the
magneto-responsive bacteria from fermentation media was estimated using flow
cytometry analysis. The aMNPs were successfully attached to the surface of LAB and did
not have an influence on LAB metabolism. By using HGMS, the LAB with the attached
magnetic nanoparticles were efficiently removed from the fermentation media resulted in
complete stop of the fermentation process.
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Povzetek

Eden izmed načinov ločevanja v biotehnologiji je magnetna separacija. Pri magnetni
separaciji dispergiramo v tekočo mešanico produktov in neželenih primesi magnetne
nosilce, na katere se vežejo tarčne molekule ali tarčne celice. Glede na današnji razvoj
biotehnologije in potrebe po ločevanju v biotehnologiji se pojavljajo potrebe po novih
sinteznih metodah za pripravo magnetnih nosilcev, ki bi se lahko uporabili v magnetni
separaciji. Superparamagnetni nanoskupki določene velikosti bi bili zaradi visoke
specifične površine in učinkovite separacije s pomočjo visokega gradienta magnetnega
polja (HGMS) lahko idealna rešitev za magnetne nosilce uporabne v magnetni separaciji.
Sinteza takih nanoskupkov s heteroaglomeracijo dveh vrst nanodelcev z različnimi
površinskimi lastnostmi v vodnih suspenzijah je možna ob dobrem poznavanju interakcij
med nanodelci. Do sedaj so bile študije heteroagregacije narejene večinoma na primeru
mikronskih in submikronskih delcev z uporabo enega tipa interakcij, t.j. z elektrostatskimi
ali kemijskimi interakcijami, medtem ko direktna primerjava dveh različnih interakcij v
istem sistemu z dvema različnima tipoma funkcionaliziranih nanodelcev še ni bila
opisana.
Predstavljeno doktorsko delo naslavlja dva aspekta aktualne problematike magnetne
separacije, in sicer sintezo magnetnih nosilcev s heteroaglomeracijo nanodelcev v vodnih
suspenzijah v superparamagnetne nanoskupke in pripravo magnetno odzivnih bakterij z
vezavo superparamagnetnih nanodelcev na površino bakterij. Doktorsko delo je
sestavljeno iz dveh delov. Prvi del je namenjen sintezi nanoskupkov s kontrolirano
heteroagregacijo superparamagnetnih delcev železovega oksida v vodni suspenziji. Drugi
del doktorske disertacije pa opisuje možnost uporabe magnetnih nanodelcev za magnetno
separacijo v biotehnologiji.
Heteroagregacijo nanodelcev v vodnih suspenzijah sem preučeval na modelnem
sistemu. Modelni sistem sta sestavljala dva tipa nanodelcev različnih velikosti; manjši
nanodelci maghemita prevlečenimi s tanko plastjo amorfnega silicijevega oksida (velikost
okoli 24 nm), funkcionalizirani s karboksilnimi skupinami (cMNPs) in večji nanodelci
amorfnega silicijevega oksida (velikost okoli 100 nm) funkcionalizirani z amino
skupinami. Različno funkcionalizirani nanodelce sem spajal v heteroagregate
elektrostatsko, t.j. pri pH vrednosti, kjer je naboj na površini obeh tipov nanodelcev
nasproten in se zato heteroaglomerirajo zaradi elektrostatskih privlačnih sil, ali kemijsko,
s tvorbo kovalentne vezi med aktiviranimi karboksilnimi skupinami in amino skupinami
funkcionalizacijskih molekul na površini obeh tipov nanodelcev. Suspenzije
funkcionaliziranih nanodelcev sem karakteriziral z meritvami zeta potenciala in
hidrodinamske velikosti z dinamičnim sipanjem svetlobe (DLS). Obliko in velikost
nastalih nanoskupkov sem določil s presevno (TEM) in z vrstično elektronsko
mikroskopijo (SEM). Kinetiko nastajanja skupkov modelnih nanodelcev sem meril kot
spremembe povprečne velikosti normaliziranega hidrodinamskega premera s sprotnimi
meritvami DLS. Rezultati so pokazali, da je pokritost večjih centralnih aSNPs z manjšimi
cMNPs boljša in bolj enakomerna z uporabo kovalentne vezave kot v primeru
elektrostatske vezave.
V okviru doktorata sem razvil novo metodo za magnetno separacijo mlečnokislinskih
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bakterij (LAB) O. oeni v določeni stopnji mlečnokislinske fermentacije (MLF) v vinu.
Metoda vključuje pripravo »magnetno odzivnih« bakterij z elektrostatsko vezavo
nanodelcev maghemita prevlečenih s tanko plastjo amorfnega silicijevega oksida (velikost
okoli 24 nm) in funkcionaliziranih z amino skupinami (aMNPs) na steno bakterijskih
celic. Uporaba magnetno odzivnih bakterij v MLF omogoča njihovo magnetno separacijo
iz fermentacijskega medija z uporabo HGMS. Bakterije z vezanimi nanodelci na površini
sem karakteriziral s TEM in SEM analizo. Metabolizem tako pripravljenih bakterij sem
zasledoval s pretvorbo L-jabolčne v L-mlečno kislino z encimsko analizo. Uspešnost
HGMS je bila ovrednotena z metodami pretočne citometrije. Magnetni nanodelci so se
uspešno vezali na površino LAB in niso imeli vplivan na njihov metabolizem. Z uporabo
HGMS sem uspel LAB z vezanimi aMNPs uspešno odstraniti iz fermentacijskega medija
v določeni stopnji MLF in s tem prekiniti proces fermentacije.
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1 Introduction

In Introduction some basics as well as current status of the topics relevant to this thesis
are presented. The Introduction is divided into materials part and biotechnology part.
First, I begin with the description of magnetic separation, which could be used as an
alternative solution for separation, purification and concentration of specific biological
molecules from mixtures in the liquid media. The description of the magnetic separation
is followed by description of magnetic nanoparticles as magnetic carriers for selective
magnetic separation, which is the main topic of this work. I continue with the topics of
colloidal suspensions and interactions between the nanoparticles in the colloidal
suspensions.
In the second part of this chapter I address the malolactic fermentation as an example
for the application where magnetic nanoparticles can be applied in biotechnology.

1.1 Magnetic separation
At the end of bioprocess, there is a need for separation, purification and concentration of
products or specific targets, e.g., biomolecules, including specific proteins such as
enzymes, or cells and microorganisms, from a liquid mixture. Products are usually
difficult to separate. Moreover, the isolation, separation and purification of raw samples is
also imperative prior to the analysis of specific targets [1]. Commonly used sample
preparation techniques for biological analysis include various extraction techniques [2],
e.g., electrophoresis [3-5], ultrafiltration [6,7], precipitation [8,9], etc. Although
electrophoresis is low cost and simple to manipulate, it usually takes relatively long time
and has low efficiency [10]. Ultrafiltration has high separation efficiency, but the
membrane of ultrafiltration may exhibit adsorption toward biological macromolecules [6].
Precipitation is easy to operate, however, it may lead to the inactivation of biological
macromolecules. Among these techniques, solid-phase extraction is one of the most
important and powerful techniques because of its outstanding selectivity and recovery
[11]. Although traditional solid-phase extraction techniques where the adsorbents are
packed into columns have been applied in many successful cases, it is not suitable for
coping with samples containing suspended solid or fouling components. Batch separation
technique, during which the adsorbents are incubated directly with the samples, can solve
the above problems. Many new materials such as nano-materials and mesoporous
materials have been employed in this mode [12,13]. However, when using these materials
as affinity adsorbents for the enrichment of specific targets, nonreversible adsorption and
high-speed centrifugation are often unavoidable, which may result in sample loss and coprecipitation of unwanted components, i.e., contaminants [14]. The application using
these advanced materials as adsorbents is restricted to a great extent. For biological
analysis, a rapid, convenient, gentle and efficient sample preparation is needed. With the
use of magnetic materials, magnetic separation techniques have shown their usefulness.
The magnetic separation was first described by William Fullaton in 1792 when he used
a magnet to separate iron minerals [15,16]. Magnetic separation techniques are used in
several different areas ranging from steel production to biotechnology, since they are
rapid, cost effective and highly efficient [17]. Magnetic separation is usually gentle and
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non-destructive to biological analytes such as proteins or peptides, and even large protein
complexes, which tend to be broken up in process of traditional column chromatography,
may remain active. Target analytes captured by magnetic materials can be easily and
selectively removed from the reaction mixture, like fermentation broth, cell disruptates,
blood or plasma, or from water of different sources. With the exception of wastewater
treatment, they are employed mostly only on laboratory scale [18]. The removal of the
magnetic carriers, i.e., small particles of a magnetic material, from a reaction mixture
using an external magnetic field is much more selective and effective than centrifugation
or filtration [19-21]. All steps of the magnetic separation can be done in a single vessel.
Beside magnetic carriers and magnetic separator, no special equipment is needed for
magnetic separation process. This all lowers the costs of magnetic separation compared to
the before-mentioned separation techniques.

1.1.1 Magnetic separation in biotechnology
Magnetic separation is a technique where magnetic carriers are dispersed into a reaction
mixture containing specific targets [22,23]. After binding specific targets with magnetic
carriers, the conjugates are separated with an external magnetic field [22,24,25]. In
general, the magnetic separation can be performed by two different methods, i.e., direct or
indirect [26,27]. The direct method, is achieved by an appropriate affinity ligand coupled
to magnetic carriers with an affinity towards a specific target. Magnetic carriers coated
with an affinity ligand are than directly applied to the liquid mixture. During the
incubation the specific targets are bound to magnetic carriers and stable magnetic
complexes are formed (Figure 1a). They can be then recovered using an external
magnetic field. By the indirect method, a free affinity ligand, e.g., appropriate antibodies,
are firstly added to the liquid mixture with the specific targets. If possible the excess
unbound affinity ligands are removed after the incubation and the resulting labelled
complex is then captured by appropriate affinity magnetic carriers (Figure 1b).
Besides mentioned methods, magnetic separation can be either positive or negative
[17,26] or on industrial scale magnetically stabilized fluidized beds and biocompatible
two phase systems [27].
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Figure 1: Different methods of magnetic separation. (a) Direct and (b) indirect method of
magnetic separation. Modified from [27].

For magnetic separation, a variety of magnetic separators are available on the market
[17]. There are two basic types of magnetic separator: batch and flow trough.

1.1.2 Batch magnetic separator
Batch magnetic separators are often used for separation on fixed volumes of reaction
mixture with the aim of removing targeted components. Magnetic separator design can be
as simple as the application and removal of a permanent magnet to the wall of a test tube
to cause aggregation, followed by removal of the supernatant (Figure 2a). The process is
not quick, because it is limited by slow accumulation rates. The isolation of nucleic acids
is mostly performed in the batch mode using commercially available lab-scale magnetic
separators (particle concentrators) [17].
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Figure 2: Basic types of magnetic separator. (a) The standard methods of magnetic separation: a
magnet is attached to the container wall of a suspension of magnetically tagged (black spheres)
and unwanted (red stars) biomaterials. The tagged particles are gathered by the magnet, and the
unwanted supernatant solution is removed. (b) The principle of flow through magnetic separator.
A solution containing tagged and unwanted biomaterials flows continuously through a region of
strong magnetic field gradient, often provided by packing the column with steel wool, which
captures the tagged particles. Thereafter the tagged particles are recovered by removing the field
and flushing through with water. Modified from [25].

1.1.3 Flow- through magnetic separator
It is preferable to increase the separator efficiency by producing regions of high magnetic
field gradient to capture the magnetic particles as they float or flow by in their carrier
medium. A typical way to achieve this is to loosely pack a flow column with a
magnetizable matrix of wire (e.g. steel wool) or beads (e.g., 0.3 mm iron spheres) [28] and
then to pump the magnetically tagged fluid through the column while a field is applied
(Figure 2b). This method is faster than the batch magnetic separation [25]. Problems can
arise due to the settling and adsorption of magnetically tagged material on the matrix.
An alternative, rapid throughput method which does not involve any obstructions
being placed in the column is the use of specifically designed field gradient systems, such
as the quadrupolar magnetic separator [25]. In this type of magnetic separator four
magnetic ‘‘poles’’ focus the magnetic field around a central, cylindrical area. The
quadrupole separator splits an inlet, magnetically labelled, cell stream into two outlets one
of which contains mainly the magnetically labelled cells [25].

1.1.3.1 High-gradient magnetic separation (HGMS)
When small or low magnetisable particles are used they have to be captured resorting to
high gradient magnetic separators (HGMS). The HGMS consists of small columns filled
with a magnetisable ferrous matrix (e.g., steel wool) to which a large external static field
(~1 T), provided by an electromagnet or a strong permanent magnet, is applied (Figure 3).
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The resulting magnetic gradients are as high as 104 T/m generating forces large enough to
capture even weakly magnetic particles in a flow stream [29-31]. Typically, HGMS has
been used to separate micron-scale aggregates [32], consisting of magnetic nanoparticles,
or encapsulated magnetic nanoparticles into larger polymer beads [29,33]. The HGMS
techniques have become commonplace in biotechnology where they are used for protein
purification [34-37] or separation of cells [23,38,39]. Besides biotechnology HGMS were
applied to treat water polluted with heavy metal ions, organic substances or
microorganisms, treat water from conventional and nuclear power plants, treat urban
waste water, etc. [24,40,41].

Figure 3: A scheme of HGMS separator. The sample (black spheres-magnetic material, blue
spheres-nonmagnetic material) flows through column filled with a magnetisable ferrous matrix
(grey lines) to which large external magnetic field is applied (left). Eluting the magnetic material
from the column after the magnetic separation is finished (right). Modified from [42].

1.1.3.1.1 Forces acting on the magnetic particle in magnetic separator
All types of magnetic separators are based on the property of magnetic field to exert a
force on a matter. The collection of magnetic particles depends strongly on the creation of
magnetic field gradients, as well as on the particle size and magnetic properties, as shown
by the Equation 1 for the magnetic force, Fm, acting on the magnetic particle in the
magnetic field gradient [29,31]:

Fm  μ 0 VP M P gradH

(1)

The variables that can be changed in Equation 1 and have the effect on the Fm are: the
particle volume (VP), particle magnetization (MP) and the gradient of the magnetic field
strength at the position of the particle (grad H). The constant in the Equation 1 is the
permeability constant of the vacuum (μ0) [22]. The magnetic force can be increased with
increase of magnetization or by changing the particle volume. For example, if we would
like to double magnetic force by the change of particle volume, we need to increase
particle diameter (d) for
, as the change of volume is proportional to a cubic diameter
3
(VP d ).
In order to determine the Fm, one needs to know the field distribution and the magnetic
response (i.e., M-H curves) of the particle. Magnetic responses associated with different
classes of magnetic material will be discussed in section devoted to superparamagnetism
(1.1.4.2 Superparamagnetism). For applications using Fm, two types of magnetic field are
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available: a homogeneous magnetic field (e.g., in HGMS separator) and an
inhomogeneous magnetic field (e.g., achieved by using an external permanent magnet). In
homogeneous magnetic field, there is no gradient in the magnetic field because the
magnetic flux density is constant over a distance. In HGMS, ferromagnetic materials are
used to concentrate the external magnetic field so that the magnetic field gradient is larger
and the magnetic force becomes stronger. In contrast, in the inhomogeneous magnetic
field exists a gradient in the magnetic flux density [43].
For successful collection of magnetic particles by HGMS, the magnetic force attracting
particles toward the wires (e.g., steel wool) must dominate the hydrodynamic drag force
(Fd) acting on the magnetic particle as the particle suspension flows through the separator
(Equation 2) [44,45].

Fd  6πηR m 

(2)

The influence on the drag force has the viscosity (η) of the medium (e.g., water), the
radius of the magnetic particle (Rm), and the difference in velocities (Δν).

1.1.4 Magnetic carriers
The use of magnetic nanoparticles dispersed in liquid media is normally based on the
ability to manipulate them with an external magnetic field. Such magnetic nanoparticles
have attracted a lot of attention in biomedicine, for example, in drug delivery or in the
detection and targeting of specific (bio)molecules or cells [25,46-49]. They can also be
used in technologies related to magnetic separation, particularly in environmental
engineering [50,51], in chemical engineering [52,53], or in bioseparation processes [5456].

1.1.4.1 Magnetic material for magnetic carriers
As the magnetic material for the carriers, simple magnetic iron-oxides like maghemite
(γ-Fe2O3) or magnetite (Fe3O4) are normally used in magnetic separation [18,57-60],
because of their low cost and relatively simple synthesis. Several other ferrites containing
Co, Cu, Ni and Mn exhibit higher magnetization and could be used in separation
applications, but unlike the before-mentioned iron oxides are not biocompatible [38]. In
contrast, the nanoparticles of iron oxide are considered to be nontoxic and were approved
by the U.S. Food and Drug Administration (FDA) for in vivo medical applications [59].
1.1.4.1.1 Surface modification of magnetic nanoparticles
1.1.4.1.1.1

Coatings of magnetic nanoparticles

Due to the large nanoparticles’ surface area, bare magnetic nanoparticles show strong
tendency to form agglomerates. To avoid agglomeration, a suitable coating (Figure 4b)
should be provided onto the iron oxide magnetic nanoparticles in order to achieve
magnetic nanoparticles that have high chemical and colloidal stability as well as to reduce
metal leaching and related toxicity (e.g., divalent Co, Ni, Mn) without deterioration of
their magnetic properties [58,61-63]. It is known that during the co-precipitation of iron
oxides surface hydroxyl groups are formed (Fe-OH) [64,65]. These groups are responsible
for the amphoteric nature of iron oxides leading to positive (Fe-OH2+) or negatively
(Fe-O−) charged surfaces depending on the pH and ionic strength [65]. Due to this
behaviour, colloidal stability by electrostatic repulsion is only achieved at extreme pH
values and low ionic strengths and therefore do not provide adequate stability for most
applications. To provide colloidal stability of their suspensions the magnetic nanoparticles
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are generally coated with polymers [66], surfactants [67,68], inorganic materials [69] or
low molecular weight chelating agents [70,71].
From inorganic materials, silica is the most commonly used for the coating of the
magnetic nanoparticles. It generally allows the encapsulation of the magnetic cores while
increasing the colloidal stability through electrostatic repulsion (silica is negatively
charged at pH > 2 [72]). Furthermore, functionalization of the surface is easily achieved
by using silane coupling agents [73,74].

Figure 4: Illustration of magnetic carrier. Parts of magnetic carrier: magnetic core (a), coating of
the core (b), functional groups on the carriers’ surface (c).

1.1.4.1.1.2

Functionalization of magnetic nanoparticles

Functionalization means to provide specific functional groups at the magnetic
nanoparticles surfaces for further bonding of different molecules to their surfaces. For
example, silica coated magnetic nanoparticles can be functionalized by using silane
coupling agents having amine, carboxyl, aldehyde, epoxy, vinyl groups, etc. (Figure 4c)
[14]. For magnetic separation of specific targets, it might be desired to have a strong
covalent binding between the nanoparticle surface and specific targets. This is achievable
through coupling reaction between specific groups (e.g., -COOH, -NH2, -CONH2, -OH
groups) on the surface of magnetic nanoparticles and -NH2 or -SH groups on the specific
targets in the presence of a coupling reagent (e.g., glutaraldehyde, carbodiimide, etc.)
[75]. As a coupling reagent crosslinking reagents (or crosslinkers) can be used. These
crosslinkers are chemical reagents used to bind molecules together with a covalent bond
and are applied in protein-crosslinking applications, e.g., in the immobilization of proteins
on solid supports for affinity purification [76,77]. For biological applications various
biological molecules such as proteins [78,79], monoclonal antibodies [80], metal ligands
[81], oligonucleotides [82,83], streptavidin [63,84], biotin and histidine [78,85] may be
bound onto the functionalized magnetic nanoparticles by chemically coupling via amide
or ester bonds.
When dispersing magnetic particles in a liquid medium it is beneficial if they are small

8

Introduction

enough to be in the superparamagnetic state.

1.1.4.2 Superparamagnetism
Superparamagnetism is a phenomenon related to ferro/ferrimagnetic particles when their
size is reduced below a certain limit and thermal excitation induces rapid fluctuations,
compared to the observation time, of the nanoparticles’ magnetic moments. The
superparamagnetic limit is at approximately 20 nm for soft magnetic materials [64,86]. At
this point these superparamagnetic nanoparticles no longer exhibit any spontaneous
magnetic moments and, in contrast to larger ferromagnetic particles, they do not
agglomerate in suspensions due to magnetic dipole-dipole interactions.
Superparamagnetism can be viewed as the combination of paramagnetic and
ferrimagnetic behaviour (Figure 5). Like paramagnets, superparamagnetic materials
exhibit zero remanence, i.e., in the absence of an applied external magnetic field (H) their
average magnetization (M) is zero. However, their magnetic susceptibility is much higher
than paramagnets and like ferrimagnets they reach magnetic saturation but without
exhibiting a magnetic hysteresis loop. Highly magnetisable particles respond quicker as
they generate greater magnetic flux densities when submitted to an applied external
magnetic field. Therefore, less intense fields can be used for an efficient separation
process and better process dynamics are achievable [38].

Figure 5: Typical magnetization curves. Magnetization (M) vs. magnetic field strength (H) curves
are shown for paramagnetic (green), superparamagnetic (blue) and ferromagnetic (red) material.

1.1.4.3 Force acting on magnetic particle in a magnetic field gradient
However, the force acting on the magnetic particle in a magnetic field gradient is
proportional to the particle’s volume (Equation 1). It appears in practice, therefore, that
individual superparamagnetic nanoparticles are just too small to be effectively separated
[87]. The magnetic separation is much more effective if the superparamagnetic
nanoparticles are assembled into nanoclusters, containing several superparamagnetic
nanoparticles in a single nano-unit, but still retaining the relatively large surface area
needed for bonding the targeted species [30]. For the magnetic separation of larger
objects, such as cells and microorganisms, the individual superparamagnetic nanoparticles
can be bonded onto their surfaces. Even if a relatively low surface concentration of the
nanoparticles is bonded and the magnetization of the object is small, its magnetic moment
in the magnetic field can be large enough for effective separation, because of its relatively
large volume [88].
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1.1.5 Colloidal suspensions
The term colloid originates from the Greek word »κολλα« meaning glue. In true
(homogenous) solution, the solute is supposed to have lost its identity, e.g., it dissociates
into its constituent ions, and apparently undergoes a charge in property. Colloidal
particles retain their identity in a suspension. A colloidal suspension is considered a
heterogeneous system [89,90]. The factors which contribute the most to the behaviour of
colloidal system are particle size and shape, their surface properties, particle-particle and
particle-solvent interactions. Moreover, in almost all colloidal systems, the contact area
between particles and the dispersing medium is large, which is also one of the reasons
why inter-particle forces play such an important role in the suspensions behaviour [90].

1.1.5.1 Origin of the surface charge
Most colloidal particles develop an electrostatic charge on their surface when they are
immersed in polar medium, i.e., water. Direct evidence for the existence of charge on
particles comes from the phenomenon of particle movement under an applied electric
field (electrophoresis). Surfaces may become electrically charged by a variety of
mechanisms [89,91]:
 Ionization of surface groups such as carboxyl and amino groups
 Differential dissolution of ions from surfaces of sparingly soluble crystals
 Isomorphic substitution
 Specific ion adsorption
The surface charge, more specifically charge density, plays an active role in colloidal
stability. It is the surface charge density, which is responsible for the repulsive forces
between charged, colloidal particles.
The liquid layer surrounding the particle, i.e., a double layer, exists of two parts; an
inner region, called the Stern layer, where the ions are strongly bound and an outer,
diffuse, region where they are less firmly attached (Figure 6). Within the diffuse layer
there is a notional boundary inside which the ions and particles form a stable entity. When
a particle moves (e.g. due to gravity), ions within the boundary move with it, but any ions
beyond the boundary do not travel with the particle. This boundary is called the surface of
hydrodynamic shear or slipping plane [89].
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Figure 6: Schematic presentation the electrical double layer. The first layer adjacent to the
charged surface is the Stern layer of specifically adsorbed ions, here the electrical potential falls
linearly with distance. Next to the Stern layer is the diffuse layer, where the potential falls
exponentially. The value of the electrical potential at the slip plane is the zeta-potential. Modified
after [92,93].

1.1.5.1.1 Zeta-potential
Within the diffuse layer there is a notional boundary inside which the ions and particles
form a stable entity. When a particle moves (e.g., due to gravity), ions within the
boundary move. Those ions beyond the boundary stay with the bulk dispersant.
Electrokinetic behaviour depends on the potential at the surface of shear between the
charged surface and the electrolyte. The potential at this boundary is the zeta (ζ)-potential.
The zeta-potential is the electrostatic potential at the surface of shear and not the potential
at the surface of the particle. The exact location of the shear plane is unknown feature of
the kinetic double layer. The magnitude of the zeta-potential gives an indication of the
potential stability of the colloidal system. Zeta-potential can provide a measure of the net
surface charge on the particle and potential distribution at the interface. If all the particles
in suspension have a large negative or positive zeta potential then they will tend to repel
each other and there will be no tendency for the particles to come together. In case when
particles have low zeta-potential values, there will be no force to prevent the particles
coming together and flocculating. However, if the particles have a density different form
the dispersant, they will eventually sediment forming a close packed bed. Zeta potential
serves as an important parameter in characterizing the electrostatic interaction between
particles in dispersed systems and the properties of the dispersion [90,94].
Colloidal particles can be stabilized against coagulation (or flocculation) by
electrostatic repulsion due to the presence of ions near their surfaces or by steric effects
arising from organic molecules (often polymeric in nature) being attached to the surface
particles [89]. The forces between the colloidal particles are important in connection to
this work. Controlling the inter-particle forces enables us to control the aggregation
behaviour of the nanoparticles in suspensions used to synthesis of heteroaggregates.
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1.1.5.2 Inter-particle forces in suspensions
The forces that act between the particles have a great influence on many macroscopic
properties of colloidal systems. Forces between particles could be separated in two
groups: they could be either attractive or repulsive. The attraction/repulsion between two
particles strongly depends on the nature of the particles and on the properties of the
medium in which they are dispersed. The balance between attractive and repulsive forces
determines the stability of a suspension. Van der Waals forces represent the attraction
forces. The repulsion between the particles in a colloidal suspension could be obtained via
electrostatic, steric, electrosteric or solvation (structural) forces [90,95,96]. Colloidal
stability is governed by the total inter-particle potential energy, Vtotal, which can be
expressed as:

Vtotal  VvdW  Velect  Vsteric  Vstructural

(3)

where VvdW is the attractive potential energy due to van der Waals interactions between
particles, Velect the repulsive potential energy resulting from electrostatic interactions
between like-charged particle surfaces, Vsteric the repulsive potential energy resulting from
steric interactions between particle surfaces coated with adsorbed polymeric species, and
Vstructural is the potential energy resulting from the presence of non-adsorbed species in
solution that may either increase or decrease suspension stability [96]. Non-adsorbing
particles and/or molecules, which are smaller in comparison to the colloidal particles, or
even solvent molecules, can cause structural forces. These are the so-called entropic
depletion forces or solvation forces in the case of a solvent [97,98]. These forces can
either promote stabilization or destabilization of the colloidal system [96]. The first two
terms in Equation 3 are presented in the theory developed by Derjaguin and Landau and
Verwey and Owerbeek (the DLVO theory), which predicts the stability of colloidal
particles suspended in a polar liquids [96].
1.1.5.2.1 Van der Waals forces
Long-range forces resulting from van der Waals forces (vdW), also named London-van
der Waals or dispersion forces, are ubiquitous and always attractive between like
particles. VvdW exhibits a power-law distance dependence whose strength depends on the
dielectric properties of the interacting colloidal particles and intervening medium. For
spherical particles of equal size, VvdW is given by the Hamaker expression:

VvdW

A 2
2
s2  4 

-  2
  ln 2 
6  s  4 s2
s 

(4)

where s is expressed as:
s

2a  h
a

(5)

and where h is the minimum separation between the particle surfaces, a the particle
radius, and A the Hamaker constant. Long-range, attractive vdW forces between particles
must be mitigated during colloidal processing to achieve the desired degree of suspension
stability. To overcome the vdW attraction, there must be some type of the interparticle
repulsion, such as electrostatic or steric forces [90,96].
1.1.5.2.2 Electrostatic forces
The stability of aqueous colloidal systems can be controlled by generating like-charges of
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sufficient magnitude on the surfaces of suspended ceramic particles. The resulting
repulsive Velect exhibits an exponential distance dependence whose strength depends on
the surface potential induced on the interacting colloidal particles and the dielectric
properties of the intervening medium. Exact analytical expressions for the electrostatic
potential energy cannot be given; therefore, analytical approximations or numerical
solutions are used [96].
1.1.5.2.3 DLVO theory
The scientists Derjaguin, Verwey, Landau and Overbeek developed a theory (DLVO) in
the 1940s which dealt with the stability of colloids in a suspension. DVLO theory
suggests that the stability of a particle in a suspension dependents upon its total potential
energy function Vtotal (Equation 6). The DVLO theory suggests that the stability of a
colloidal system is determined by the sum, i.e., total potential energy function Vtotal
(presented with blue line on Figure 7), of attractive van der Waals attractive (VA) and
electrical double layer repulsive (VR) forces that exist between particles as they approach
each other due to the Brownian motion they are undergoing.

Vtotal  VA  VR

(6)

If the particles are in close enough proximity, the London- van der Waal’s attractive
force will tend to pull the particle together (Equation 4). Bringing two particles together
the electric field will overlap and this could cause the particle to repel each other. This is
known as electrical double layer repulsion. The repulsive potential VR is a far more
complex function (Equation 7):
VR  2 π a ε ψS2 exp  κh 

(7)

where ϵ is the solvent permittivity, κ is inverse Debye length and ψs is the surface electric
potential.
This theory proposes that an energy barrier resulting from the repulsive force prevents
two particles approaching one another and adhering together. But if the particles collide
with sufficient energy to overcome that barrier, the attractive force will pull them into
contact where they adhere strongly and irreversibly together. Therefore if the particles
have a sufficiently high repulsion, the dispersion will resist flocculation and the colloidal
system will be stable. However if a repulsion mechanism does not exist then flocculation
or coagulation will eventually take place [99]. As the surface charge approaches zero the
interaction curve approaches the pure van der Waals curve, and two surfaces now attract
each other (Figure 7).
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Figure 7: The potential energy curves. Diagram of interaction energy between two particles in
polar media depending on the distance between two particles [89].

The main factor including two surfaces to come into contact is the lowering of their
surface charge or potential, brought about by increased ion binding [95]. In Figure 8 curve
V1 represent a well stabilized colloidal system with a repulsive energy maximum. This
represents the energy barrier preventing or hindering the approach of two colloidal
particles to contact. In contrast, curve V3 represents a case where repulsive barrier is
absent, implying the unstable system. The colloidal particles will coagulate rapidly, as
they will be attracted to a deep attractive energy minimum at contact. Curve V2 represent
the transition between stability and coagulation at the primary minimum. The presence of
a secondary minimum at relatively large interparticle distance is given by curve V2. If the
secondary minimum is relatively deep, it should give rise to loose flocs. These weak flocs
are sufficiently stable not to be broken up by Brownian motion, but may disperse under
an externally applied force such as vigorous agitation. This type of coagulation can be
easily redispersed by agitation [89].
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Figure 8: Influence of the DLVO interaction on the colloidal stability. Total energy curves (solid
lines) obtained by the summation of an attractive potential curve (black solid line) with different
repulsive potential curves (dashed line). The insets within the scheme presents the system
corresponding to the potentials curves. From top to bottom V1, V2, V3. Modified from [89].

1.1.6 Heteroaggregates as magnetic carriers
Nowadays, micron-sized, superparamagnetic beads, i.e., spherical nanocomposite
particles containing superparamagnetic nanoparticles dispersed in a solid matrix, usually a
polymer, are the most frequently used materials as the magnetic carriers in bioseparation
[12,27,59,68,79,100]. The superparamagnetic iron-oxide nanoparticles are usually
synthesized within the pre-synthesized, micron-sized, porous polymer beads [45]. The
nanosized superparamagnetic nanocomposite particles can also be synthesized by
different synthesis processes, such as mini-emulsion polymerization [101], in-situ
polymerization [102], polymer coating [87], and emulsion solvent evaporation [49]. The
disadvantages of the composite carriers are in the low magnetization related to the
dilution of magnetic properties with the non-magnetic matrix and the low specific surface.
As an alternative, the superparamagnetic nanoclusters can be synthesized by
assembling individual superparamagnetic nanoparticles into nanoclusters in their aqueous
suspension. The assembling can also be used to combine nanoparticles of different
functional materials into multifunctional composite nanoparticles, for example, by
combining magnetic nanoparticles with catalytic, photocatalytic, fluorescent, plasmonic,
etc., nanoparticles [103-105]. Heteroaggregation, heteroassociation, heteroflocculation
and heterocoagulation are some of the terms quoted in the scientific literature, which are
used to describe mixed particulate systems. The heteroaggregation, i.e., the process of
aggregation between nanoparticles of different types (composition, charge, or size), is
generally used to describe permanent contact between particles and hence irreversibility.
The simpler case of homoaggregation, where only one type of particle is present, is well
studied and documented in the literature [106]. Two limiting regimes influencing the
heteroaggregation kinetics have been observed in literature, i.e., diffusion-limited cluster
aggregation and reaction-limited cluster aggregation [107]. In the diffusion-limited cluster
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aggregation, in which every collision between particles results in the formation of a bond,
whereas in the reaction-limited cluster aggregation, in which a large number of particle
collisions are necessary before a stable bond is established. The cluster structure in both
cases is fractal [108,109]. Generally, the diffusion-limited cluster aggregation results in
the formation in the formation of dendrite-shaped aggregates [110,111], and the
reaction-limited cluster aggregation leads to formation of compact aggregates [112].
However, when systems are composed of several species, the reaction kinetics are much
more complex and no general kinetic theory is so far available [113,114].
Heteroaggregation has been shown to be important in many areas, such as waste-water
treatment [41,115,116], catalytic materials [117], and in biotechnology, for example, in
cell recovery [118-120].
When nanoparticles are suspended within a medium, random nanoparticle collisions are
inevitable. As a result of these collisions, nanoparticles may rebound off one another, e.g.,
when they have the same surface charge, or aggregate, e.g., when they have opposite
surface charge. The key to the synthesis of nanoclusters or composite nanoparticles is in
controlling the interactions and parameters, e.g., relative nanoparticle size, number ratios,
nanoparticle concentrations and ionic strength, between the nanoparticles in the
suspension, which was the basis of my PhD. Understanding the interactions between the
nanoparticles in the suspension is also of crucial importance for bonding a high surface
concentration of superparamagnetic nanoparticles onto large targets, such as
microorganisms, in the process of their magnetic separation.

1.1.6.1 Interactions between nanoparticles in a suspension
Generally, the interactions between nanoparticles in the suspension, which can be applied
in controlled heteroaggregation of nanoparticles, can be divided into electrostatic
attractions, acting between nanoparticles displaying opposite surface charges, and
chemical interactions, originating from chemical reactions between different molecules at
the nanoparticles’ surfaces.
1.1.6.1.1 Heteroaggregates formed by electrostatic interactions
The electrostatic heteroaggregation is based on electrostatic interactions in the suspension
[107]. Unlike van der Waals interactions, which are primarily attractive in nature,
electrostatic interactions can be either attractive (between oppositely charged particles) or
repulsive (between like-charged particles) and even directional (in the case of particles
with asymmetric surface charge distributions) [121]. While van der Waals attractions will
result in nonspecific spontaneous agglomeration, electrostatic forces can be applied to
control the aggregation.
The heteroaggregates formed by electrostatic interactions between oppositely charged
nanoparticles were synthesized by the attachment of smaller nanoparticles, e.g., gold or
maghemite, to the functionalized surfaces of larger nanoparticles, e.g., silica or
polystyrene [122-125]. Another possibility for synthesizing heteroaggregates by
electrostatic interactions is by using layer-by-layer techniques, where a multilayer of
smaller nanoparticles is attached onto larger templates [126-130].
1.1.6.1.2 Heteroaggregates formed by chemical interactions
Even better control over the process of heteroaggregation in suspensions can be achieved
by using the chemically-directed assembly of nanoparticles in suspensions [82,131]. The
nanoparticles will assemble into clusters as a result of chemical interactions originating
from covalent bonding [132], hydrogen bonding [133,134], or donor-acceptor interactions
[135]. To control the surface chemistry of the nanoparticles, they are usually
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functionalized. For instance, heteroaggregates were formed by the hydrogen bonding
between amino-functionalized gold nanoparticles and crown-ether decorated
superparamagnetic iron-oxide nanoparticles [136] or by grafting gold nanoparticles onto
thiol-functionalized magnetic nanoparticles [137]. Heteroaggregates were also formed by
using the assembly of amino-functionalized magnetite nanoparticles and NiO
nanoparticles [138]. Usually, the formation of heteroaggregates is studied using larger
silica spheres, e.g., thiol- or amino functionalized, and smaller functionalized
nanoparticles, such us palladium [139], or magnetite [140].
Specific biomolecular crosslinking interactions originating from DNA duplexes
[141,142], biotin-avidin interactions [143], antigen-antibody recognition [144], or
low-affinity immune-system carbohydrate-selectin interactions [131] can also be applied
for improved selectivity of the interactions between nanoparticles.
In addition, the nanoparticles can be assembled into heteroaggregates by using
crosslinker molecules [145,146] or click reaction, i.e., reaction between azide group and
alkynyl group of particles [147]. Typical click reactions display several important criteria,
such as high efficiency under mild conditions, minimal by-products, and limited side
reactions. The most well-documented example is the copper (Cu) (I) catalyzed
alkyne-azide cycloaddition to form 1, 2, 3 triazoles [148].

1.1.6.2 Parameters influencing on the structure of heteroaggregates
According to literature data, particle number ratios [113], relative particle sizes [132],
particle concentrations [149] and ionic strength of the suspension [150] influence the
process of heteroaggregation between oppositely charged particles in the aqueous
suspensions.
1.1.6.2.1 Influence of a relative nanoparticle size and a nanoparticle number ratio on
heteroaggregation in suspension
When nanoparticles were similar in size and equal in particle number ratio (Figure 9a),
the dissimilar particles collide in a random manner and form irregular clusters of particles
[150]. The larger the cluster the more likely they are to become visible precipitates. By
keeping the relative nanoparticle size constant and changing the nanoparticle number
ratios the formed structures of heteroaggregates can be controlled [151].
If there was a large difference in particle size and particle number ratio, the smaller
particles (in excess) adsorbed onto the surface of the larger ones (Figure 9b) [113]. The
structures of heteroaggregates can be controlled by controlling nanoparticle number
ratios. By changing the nanoparticle number ratio from equal to large excess of smaller to
larger particles Hiddessen et al., [131] synthesize heteroaggregates of different structures,
for example, raspberry-like heteroaggregates or rings formed when smaller particles were
in large excess and elongated chains, when the amount of nanoparticles was equal.
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Figure 9: A schematic representation of heteroaggregation of particles with different particle size
and different particle number ratio. Different particles of the same size with the same particle
number ratio (a), forming irregular clusters of particles; different particles with a large size and
particle number ratio (b), where the smaller particles are adsorbed onto the surface of larger
particles; and different particles with a large size and smaller particle number ratio (c), where the
smaller particles make “bridges” between larger particles.
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1.1.6.2.2 Influence of pH on heteroaggregation in suspensions
Besides relative nanoparticle size and nanoparticle number ratio, a pH of the suspension
has an important role on heteroaggregation. Heteroaggregation between oppositely
functionalized nanoparticles in a suspension is usually the most effective at the pH value,
where the opposite nanoparticles display the highest surface charge [51,132,152]. At that
pH the like-particles repeal each other and dislike-particles attract each other. In contrast,
no heteroaggregation was occurred at pH values, where the differently functionalized
nanoparticles display same surface charge [153,154].
1.1.6.2.3 Influence of ionic strength on heteroaggregation in suspension
The ionic strength is another parameter that has an influence on the process of
heteroaggregation. By controlling the added amount of salt different structures of
heteroaggregates can be formed [150]. For example, at low salt concentration, where the
long-range electrostatic interactions dominated, the open fractal heteroaggregates were
synthesized [150,155]. However, at high salt concentration, where the short-range
interactions are relevant, the heteroaggregates become very compact, with the aggregation
kinetics being extremely fast [156].

1.1.6.3 Interactions between functionalized nanoparticles and microorganisms
The above mentioned interactions and parameters that influence the heteroaggregation
between nanoparticles in the suspension are also important for the bonding of a high
surface concentration of superparamagnetic nanoparticles onto microorganisms, which
can be further separated from the suspension using magnetic separation.
For the separation of larger targets, e.g., yeast or bacteria, by magnetic separation a
high surface concentration of attached magnetic nanoparticles could be achieved by
electrostatic interactions between microorganisms (negatively charged) and oppositely
(positively) charged magnetic nanoparticles [88,157]. Using the electrostatic interactions
between functionalized nanoparticles and microorganisms, the surface coverage of
microorganisms can be controlled by changing the concentration of functionalized
nanoparticles and/or the incubation time. Singh et al., [158] found out that the higher
concentration of functionalized magnetic nanoparticles and longer incubation time
significantly increased the coverage of bacteria cells.
Biomolecular interactions between functionalized magnetic nanoparticles and
microorganisms are another possibility to achieve even denser and more specific surface
coverage of attached magnetic nanoparticles onto microorganisms compared to
electrostatic interactions. For specific magnetic separation of larger biological targets,
e.g., bacteria cells, with smaller magnetic nanoparticles by biomolecular interactions,
magnetic nanoparticles are usually functionalized with antibodies against surface antigens
of cells [159], proteins [160] or antibiotic [161-163]. In contrast to electrostatic
interactions, where functionalized nanoparticles would attach onto every particle in the
suspension with opposite surface charge, nanoparticles functionalized with biomolecules
would attach to specific microorganism on the principle of key and lock model [162].

1.2 Malolactic fermentation
Winemaking normally involves two fermentation processes: an alcoholic fermentation
and a malolactic fermentation (MLF). Yeasts conduct the alcoholic fermentation in wine,
mainly converting sugars to ethanol and carbon dioxide. MLF is so-called secondary
fermentation and generally occurs just after the alcoholic fermentation in winemaking,
with a delay more or less long according to the wine-making conditions, bacteria
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concentration and physical and chemical factors of the wine. This phase consists of an
adaptation phase of the cells to stress factors of the wine. It starts as soon as the bacterial
population reaches a concentration of 106 colony-forming units (CFU)/mL [164] and its
duration is approximately 5 days to 3 weeks according to physical and chemical factors
[165]. MLF is performed by the lactic acid bacteria (LAB), that converts the L-malic acid
to L-lactic acid and carbon dioxide (Equation 8) [166] with the mass balance (Equation
8a)[167].

C 4 H 6 O5  C3 H 6 O 3  CO 2

(8)

 0.67g

(8a)

1g

 0.33g

Basically, the two acidic groups of malate are replaced with only one acidic group
present in lactate which results in a decrease in acidity of the wine. Different bacteria
genera of LAB (Lactobacillus, Pediococcus, Leuconostoc and, principally, Oenococcus)
have been reported to carry out MLF in wine produced worldwide (Table 1) [168-170].
Under certain conditions, the contributions made by MLF improve wine quality, but the
same contributions may be considered highly undesirable under a different set of
circumstances (see Table 2) as found in the cool- versus warm- viticultural regions. MLF
in wine is desirable for three reasons: to decrease the acidity, to enhance the organoleptic
characteristic and to increase the microbiological stability of wine [171]. MLF is
encouraged in cool viticultural regions (e.g. northern Europe, New Zealand, Canada or
northeast USA [172]) where grapes may have high levels of malic acid, in wine aging in
oak barrels, when long-time maturation in bottles is part of the process (e.g. Champagne),
or when a specific organoleptic profile is required, as in Chardonnay, Burgundy white
wines and Bordeaux red wines [173].
Table 1: List of the most widespread lactic acid bacteria species in grape must and wine [166].

-

-

Lactobacilli -

Cocci

-

Facultative
heterofermenters
Strict heterofermenters

-

Homofermenters

-

Heterofermenters

-

Lactobacillus casei
Lactobacillus plantarum
Lactobacillus brevis
Lactobacillus hilgardii
Pediococcus damnosus
Pediococcus pentosaceus
Leuconostoc oenos (Oenococcus
oeni)
Leuconostoc mesenteroides
subsp. mesenteroides

In some wines MLF is considered spoilage, especially in warm viticultural regions
with grapes containing less malic acid. Uncontrolled or spontaneous MLF implies several
risks, such as a considerable increase in volatile acidity, consumption of residual sugars
and formation of undesirable metabolites, such as biogenic amines, that can affect human
health and lead to low quality wines [174,175]. In addition to undesirable organoleptic
changes, the colour of red wine may be reduced by as much as 30 % [176], and biogenic
amines may be produced [177]. If MLF is not desired, the growth of LAB in wine must be
suppressed by removing or inactivating the bacteria that are present. This can be achieved
by employing antimicrobial compounds as wine preservatives and genetic modification of
yeast strains to produce antimicrobial agents such as bacteriocins [173].
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Table 2: Influence of LAB's metabolism on wine sensory profile [178].

Bacterial strain
Selected O. oeni

Advantage
- Reduction of total acidity
- Reduction of ketone and
aldehyde compounds (reducing
SO2 requirement)
- Partial microbial stability
- Reduction
of
grassy
and
vegetative notes
- Increase in front-pallet volume
- More diacetyl level control
- Dominance over wild bacteria

Spontaneous O. oeni -

-

Risk
- Production of volatile acidity
(especially under high pH
conditions, in presence of
residual sugars and after L-malic
acid degradation)
- Loss of colour
- Production of ethyl carbamate

Reduction of total acidity
Reduction of ketone and
aldehyde compounds (reducing
SO2 requirement)
Partial microbial stability
Reduction
of
grassy
and
vegetative notes
Increase in front-pallet volume
-

Long lag phase involving an
increase in the volatile acidity
depending on the pH
Significant bacterial growth
involving a high production of
diacetyl
Production of spoilage aromas
and flavours (mousy off flavour,
sweat, sauerkraut)
Reduction of esters (fruity
characters)
Loss of varietal aromas
Colour loss by direct action on
polyphenols
Production of biogenic amines
Production of ethyl carbamate

1.2.1 Factors influencing the MLF
Wine is a complex environment (sugar, fatty acids, amino acids, organic acids, phenol
components, ethanol, SO2, pH). Its physical and chemical characteristics vary according
to numerous conditions: vine variety, climatic conditions, and winemaking conditions.
These physical and chemical characteristics do not correspond to the optimum conditions
for growth of LAB and particularly Oenococcus oeni (O. oeni) and are, thus, stressful.
Therefore, these parameters have a major impact on the progress of MLF. The factors
influencing MLF can be divided into the following categories [165]:
 The chemical and physical composition of wine.
 The microbial interactions between the LAB and other wine microorganisms.

1.2.1.1 Influence of physical and chemical factors on MLF
1.2.1.1.1 Influence of temperature
Temperature has an important role in the final quality of wine [179]. It modifies growth
speed of all microorganisms (yeasts and bacteria). Majority of LAB being mesophilic
[180], its optimum growth is between 25 and 30°C in laboratory culture. In wine the

Introduction

21

optimum temperature of growth is different from that obtained in a laboratory. The ideal
temperature for growth of O. oeni in wine and consumption of L-malic acid is between 20
and 25°C, according to the strain tested [181]. This value is modified according to
physical and chemical parameters and notably ethanol content. The higher the ethanol
content, the more of the optimum growth temperature is decreased. The average
temperature at which MLF is carried out in the cellars is between 18 and 22°C. These
conditions are therefore favourable for the growth of O. oeni. However, in certain cases
temperature is often less than 18°C, bacterial growth is then slower, enzymatic activities
are reduced and MLF starts late. Low temperature has an impact on the molecule and
notably on transcription, mRNA translation and DNA replication [180]. In fact, cold
temperatures induce formation of secondary structures in the mRNA which slow down
translation [182]. Temperature changes can equally induce negative DNA rolling and
modify topoisomerase activities and DNA gyrase [183,184].
1.2.1.1.2 Influence of pH
pH is the factor which has most influence on development of LAB in wine. Most LAB are
neutrophilic. Generally, the optimum pH growth of LAB is close to neutrality [185].
Some families of bacteria such as Lactobacillus and Oenococcus show more acidophilic
behaviour. In terms of initiation and completion of MLF, wines of pH 3.3 and above
generally exhibit few problems, whereas at lower pH, difficulties may be experienced
[186]. O. oeni usually represents the dominant species in wine below pH 3.5. At higher
pH Lactobacillus and Pediococcus spp. may survive and grow. The pH strongly affects
malolactic activity of the cell [187]. Although sugar utilization and growth of O. oeni are
inhibited by low pH [188], malolactic activity is the highest at pH 3.5 to 4.0.
1.2.1.1.3 Influence of ethanol content
Ethanol, produced by yeast during alcoholic fermentation, is considered as one of the
main factors which inhibits growth of LAB in wine. The final ethanol content is very
variable according to the wine 10-16 % (v/v). Different types of LAB are more or less
tolerant to ethanol. O. oeni can tolerate content attaining 14 % (v/v) [181,189]. These
values are however variable according to the strain studied [187]. Resistance to ethanol
also varies according to other environmental conditions such as temperature and wine pH
[181,189]. Cell tolerance to ethanol diminishes when environmental pH is low and
temperature increases. Low concentrate in ethanol 3-5 % (v/v) can stimulate O. oeni
growth [181,189]. Ethanol toxicity is generally attributed to the fact that this molecule
inserts itself into the hydrophobic part of the membrane lipid double layer [190].
Destabilization of the membrane structure then occurs which later affects several cell
processes such as DNA replication, enzymatic activities, metabolites transport and
peptidoglycane synthesis [190,191].
1.2.1.1.4 Influence of sulphur dioxide
Sulphur dioxide (SO2) is another factor which plays an essential role in the growth of
O. oeni and on the realization of MLF [179]. This component, found in wine with variable
concentrate according to the wine-making conditions, has two origins: an exogenous
origin and an endogenous origin.
The exogenous SO2 originates from sulphuring during wine-making. Sulphur dioxide
is mainly used for its antioxidant effect and antimicrobial activity. It can be added to
grape must when it is being put into the vat, to limit proliferation of LAB and thus
avoiding interruption of alcoholic fermentation [192].
Endogenous SO2 originates from yeast metabolism. During alcoholic fermentation,
yeasts synthesize and naturally liberate molecular SO2 in wine. The quantity varies
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according to yeast strain and wine-making conditions [193,194].

1.2.1.2 Influence of microbial interactions between the LAB and other wine
microorganisms
During the process of wine-making, there is large microbial diversity. O. oeni coexists
with several other micro-organisms: LAB and essentially yeasts. This bacterium is in
competition with the latter for usage of wine nutriments.
1.2.1.2.1 Interactions between yeasts and LAB
During alcoholic fermentation, yeasts multiply. Yeasts consume sugar and nitrogenous
sources, including amino acids, more quickly than bacteria and liberate toxic metabolites
(ethanol, fatty acids, SO2) for the LAB that are also at the origin of regression of the
bacterial population [193,195]. Yeasts can equally produce and liberate substances
possessing a bacteriostatic or bactericidal effect which affects MLF [194,196]. At the end
of alcoholic fermentation, yeast autolysis thus liberates growth factors (amino acids,
vitamins, mannoproteins) for the LAB [195,197]. These molecules allow a quick growth
of the bacteria and a decrease in the latency time between the two fermentations.
Yeasts/bacteria interaction is complex, firstly opposing, then synergic, and is still
relatively unknown [193].
1.2.1.2.2 Interactions between LAB
This phenomenon of competition also exists between different types of LAB. During the
wine-making process, opposing effects between different bacterial types entitled
Pediococcus, Lactobacillus, Leuconostoc and Oenococcus can be found [198]. These
effects are probably due to liberation of components with antimicrobial property such as
bacteriocines [199].
1.2.1.2.3 Bacteriophages
As for during the development process of dairy products, phage represents a threat for the
MLF process. O. oeni strains can be infected by phage [200]. These phage attacks appear
in wine together with a slowdown of MLF [187]. The phages, isolated from wine, are able
to induce lytic and lysogene cycles in O. oeni [200,201]. Difficulties in MLF due to phage
can therefore result in a need for more time, thus allowing for undesirable bacteria such as
Pediococcus to develop.

1.2.2 Lactic acid bacteria
LAB are present in all grape musts and wines. Depending on the stage of the winemaking
process, environmental conditions determine their ability to multiply. Their impact on
wine quality depends not only on environmental factors acting at the cellular level but
also on the selection of the best adapted species and strains of bacteria.
All the strains have a similar cellular organization, but their physiological differences
account for their specific characteristics and varying impact on wine quality. They are
classified according to their morphological, genetic, and biochemical traits [166].

1.2.2.1 Cell wall
The cell wall of Gram-positive bacteria, such as LAB, is essentially composed of a
peptidoglycan (murein), a specific component found on the outer side of the cytoplasmic
membrane of almost all bacteria (Figure A1, Appendix) [202]. The main structural
features of peptidoglycan are linear glycan strands cross-linked by short peptides. The
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glycan strands of the cell wall consist of the repeating disaccharide N-acetylmuramic acid
and N-acetylglucosamine (Figure A2, Appendix). They alternate along the entire length of
the chain, linked by β-type (1-4) glycosidic bonds that can be hydrolyzed by lysozyme or
mutanolysine. A chain of four amino acids is linked to muramic acid; L-alanine,
D-alanine and D-glutamic acid are in majority. A peptide bond links the tetrapeptide of
another polysaccharidic chain to the third amino acid (Figure A2, Appendix). The
peptidic chains vary depending on the species of the bacteria. The sequence of their
amino acids can be used in taxonomy [166].
The cell walls of LAB, like those of nearly all Gram-positive bacteria, also contain
ribitol phosphate or glycerol phosphate polymers called teichoic acids. Glycerol based
teichoic acids contain a glycolipid by which they attach themselves to the external layer
of the plasmic membrane. They pass through the peptidoglycan and are at the surface of
the cell wall acting as the antigenic sites of bacteria. The proportion of peptidoglycans
and teichoic acids varies depending on the species and also the phase of the cell
development cycle. Teichoic acids can represent up to 50 % of the weight of the cell wall.
The cell wall is rigid and gives the cell its form: round for cocci, elongated for bacilli. It
permits the cell to resist very high internal osmotic pressures (up to 20 bars) [203]
There are more than 100 known surface proteins of Gram-positive bacteria [204].
Many of these proteins share some conserved features needed for cell wall anchoring
[205].
Water, mineral ions, substrates and metabolic products diffuse freely across the cell
wall. At this level, proteases also release amino acids from proteins and peptides which
are used for cellular metabolism [166].

1.2.2.2 Multiplication of LAB
All bacteria multiply by binary division (Figure 10). A cell gives two completely identical
daughter cells. Multiplication supposes, on the one hand, division of nuclear material, and
on the other hand, synthesis for the construction of new cellular envelopes and
cytoplasmic elements, in particular ribosomes and enzymes.

Figure 10: Multiplication of O. oeni. TEM image of binary division of O. oeni.

The replication occurs almost during the entire cellular cycle at the mesosomes. When
it is finished, the scission of the cytoplasm begins. A septum is formed in the middle of
the cell as a result of the synthesis of portions of the membrane and the cell wall. It
separates the mother cell little by little into two daughter cells. The genetic material and
the other cellular components are simultaneously distributed between them. Finally, when
the septum is completely formed, the two daughter cells separate. Cell and nucleus
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division are not synchronous; replication is quicker. Moreover, a replication cycle can
start before cell division is completed. For this reason, bacteria cells in their active growth
phase contain more than one chromosome per cell. During division, plasmids (much
smaller than the chromosome) are not always correctly distributed between the cells after
their replication, hence their instability over generations [166].

1.2.2.3 Taxonomy
The objective of taxonomy is to identify, describe and class microorganisms.
Classification is made according to several hierarchical levels. For bacteria, the highest
level corresponds with their classification among procaryotes. In a species of bacterium,
strains grouped together share a number of identical characters. These characters radically
differentiate them from other strains [166].
Phenotypes include morphological, physiological, biochemical and immunological
characters as a whole and the composition of certain cellular components. A first level
takes into account the percentage of guanine and cytosine bases in the DNA; the
(G + C) % with respect to the total number. Two strains are not necessarily related
because they have the same (G + C) %. In fact, the base composition does not give any
indication of the DNA sequence. Among Gram-positives, LAB belong to the phylum
Clostridium.
The Clostridium branch consists of three groups: the first includes the Lactobacillus,
Pediococcus, Leuconostoc, Oenococcus, and Weissella genera; the second, Streptococcus
and Lactococcus; and the third, Carnobacterium, Vagococcus and Enterococcus [166].
Dicks et al. [206] proposed a new species, Oenococcus oeni, for bacteria previously
known as Leuconostoc oenos, currently the only species in the Oenococcus genus. This
proposition was based on the phylogenetic distance of O. oeni with respect to other LAB.
1.2.2.3.1 Oenococcus oeni
O. oeni (formerly Leuconostoc oenos) [206] is the major bacterial species found in wines
during MLF, and is well adapted to the low pH, high SO2 and ethanol levels of
concentration in wine [168]. Such harsh conditions result in very slow growth and poor
cell density of biomass in wine. The slow growth and poor yields of the bacteria were
frequently encountered when starter cultures were used to inoculate wine or cider, with
MLF taking up to several weeks or even months for completion in such conditions. Even
under more favourable conditions (optimal pH, appropriate sugar without ethanol) the
specific growth rate of O. oeni is low; ranges of 0.01-0.04 h−1 on glucose and
0.06-0.10 h−1 on glucose/fructose mixture have been observed [207].
Description of O. oeni [166]:
 Non-mobile, non-sporulating, spherical or slightly elongated cells, assembled in
pairs or small chains; diameter 0.5-0.7 μm, a length 0.7-1.2 μm.
 Facultative anaerobiosis.
 Chemo-organotroph: requires a rich medium and fermentable sugars.
 Optimum growth temperature 20-30°C.
 Metabolic products of glucose: CO2, lactic acid and ethanol.
 Arginine is metabolized by certain strains of O. oeni, whereas other Leuconostoc
species respond negatively to this test.
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 (G + C) % from 38 to 44 %.
 No teichoic acid.
1.2.2.3.2 Metabolism of LAB
Metabolism represents the biochemical reactions of degradation and synthesis carried out
by the bacteria cell during multiplication. LAB are chemotrophic: they find the energy
required for their entire metabolism from the oxidation of chemical compounds [166].
Research in progress is showing that these bacteria can modify some of the components
and sensory properties of wine, providing a new opportunity to alter the chemistry and
possibly the aroma and flavour perception of wine (Figure 11) [208].

Figure 11: A schematic representation of the biosynthesis and modulation of flavour-active
compounds by malolactic bacteria [208].

The metabolism of sugars and organic acids during MLF can be divided into three
phases. During the growth phase (Phase I), sugar catabolism occurs with little production
of acetic and lactic acid; minimal citric and malic acid are metabolised in this phase. As
the bacterial cell numbers increase above 5∙106 CFU/mL during Phase II, the catabolism
of sugar ceases and malic acid metabolism proceeds accompanied by production of lactic
acid; citric acid remains untouched at this stage, and there is no acetic acid produced
during malic acid degradation. Phase III is characterized by the metabolism of citric acid
accompanied by an increase in acetic acid. The increase of lactic acid content in the wine
results in a softer mouth-feel and the acetic acid contributes to the volatile acidity of the
wine (Figure 11) [208].
Generally, wine LAB are known to be particularly fastidious microorganisms with
complex nutrient requirements. For a long time, the degradation of malic acid to lactic
acid (Equation 8) was believed to be the source of energy for the growth of the malolactic
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bacteria in wine. LAB cannot grow with L-malic acid as a unique carbon source,
therefore these microorganisms need an additional energy source, such as residual
fermentable sugars, i.e., glucose or fructose or amino acids such as arginine, to allow cell
growth [171]. A source of carbon (derived from sugars), nitrogen (derived from free
amino acids or short peptides), vitamins (nicotinamide (B3), thiamine (B1), biotin (B7) and
pantothenic acid (B5)), mineral ions (Mn2+, Mg2+, K+ and Na+) and purine derivatives
(guanine, adenine, xanthine and uracil) are all required for optimum growth [209].
1.2.2.3.2.1

Sugar metabolism

Better growth of O. oeni was obtained in the presence of sugar mixtures
(glucose/fructose, glucose/sucrose and fructose/sucrose) compared with single sugars
[188]. Bacteria using the heterofermentative pathway transform hexoses principally but
not exclusively into lactate. The other molecules produced by this metabolism are
essentially CO2, acetate and ethanol; this is the pentose phosphate pathway (Figure A3,
Appendix). Pyruvate is further reduced by a D-lactate dehydrogenase in D-lactate that is
partly used for the peptidoglycan synthesis, thus reducing the quantity to be rejected by
the cell and avoiding D-Ala synthesis [166,210]. Oenococcus ferments fructose to
fructose-6-P, which then enters the pentose-P pathway and is converted to mannitol
without the co-formation of sorbitol [211].
1.2.2.3.2.2

Amino acid metabolism

Oenococcus strains are fastidious organisms that require amino acids and vitamins in
addition to a fermentable carbohydrate. Ritt et al. [212] demonstrated that that O. oeni was
able to assimilate various oligopeptides to fulfil amino-acid requirements. Fourcassie et
al. [213] demonstrated the absolute requirement for four amino acids (arginine, glutamic
acid, tryptophan and isoleucine), while six others (valine, methionine, cysteine, leucine,
aspartic acid and histidine) are required for optimum growth of O. oeni. A range of amino
acids is found in wine [166,214]. Arginine, being one of the most important amino acids
in grape must and wine, represents a potential source of energy and increases the viability
of O. oeni [215]. In wine, heterofermentative LAB may degrade arginine during MLF via
the arginine deiminase (ADI) pathway (Figure A4, Appendix), leading to the formation of
ammonia, ornithine, citrulline, ATP and CO2 [216]. Oenococci were able to degrade
arginine at pH 3.9 and partially at pH 3.6, but not at pH 3.3 [217].
The growth of O. oeni was significantly enhanced in the presence of low sugar
concentration with organic acids such as malate or citrate.
1.2.2.3.2.3

Organic acid metabolism

Citrate and malate are the two major organic acids metabolized by Oenococcus. Within
bacteria, citric acid is split into an oxaloacetate molecule and an acetate molecule by the
lyase (Figure A5, Appendix). Oxaloacetate is then decarboxylated into pyruvate. Pyruvate
is the source of acetoin compounds: diacetyl, acetoin and 2,3-butanediol. The first is
particularly important organoleptically. It is the very aromatic molecule that gives butter
its smell [166].
LAB metabolise L-malate by one of three different enzymatic pathways (Figure A6,
Appendix), converting it to L-lactate and CO2 [166]. Some LAB, e.g., O. oeni, possess an
active malolactic enzyme, which decarboxylates L-malate directly to L-lactate without
free intermediates. Several studies have shown that L-malate stimulates the growth and
biomass production of O. oeni [218-220]. O. oeni changes its metabolism, when pH drops
below pH 3.5. Below pH 3.5, L-malate is metabolised at a high rate, whereas
carbohydrate metabolism proceeds very slowly [173].
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1.2.2.3.3 Malolactic enzyme
The decarboxylation of malic acid to lactic acid forms the basis of malolactic
fermentation. In recent years it has become clear that the transformation of L-malic acid
into L-lactic acid is not a true fermentation, but rather the enzymatic decarboxylation of
malic acid, which could be catalysed by three possible pathways (Figure A6, Appendix).
First observations indicated a two-step reaction of malic enzyme (ME, EC
1.1.1.38-oxaloacetate-decarboxylating,
1.1.1.39-decarboxylating
and
1.1.1.40-oxaloacetate-decarboxylating using NADP+) and L-lactate dehydrogenase
(L-LDH, EC 1.1.1.27). Thereafter a three-step reaction including L-malate dehydrogenase
(L-MDH, EC 1.1.1.37), oxaloacetate decarboxylase (OADC, EC 4.1.1.3) and L-LDH was
also discussed or even a possible complex of two or three enzymes was presumed [221].
Caspritz and Radler [222] proved that the responsible enzyme, referred to as the
malolactic enzyme (MLE, not EC classified), consists of two identical subunits and
directly converts L-malic into L-lactic acid. The active form is composed of two or four
identical subunits of 60-70 kDa and the protein is strongly homologous to malic enzymes
from different organisms [173]. This reaction is performed in the presence of catalytic
concentrations of nicotinamide adenine dinucleotide (NAD+) and Mn2+ but the
mechanism of the MLE remains unclear because no reduction of NAD+ or detection of
free reaction intermediates were reported [223]. Schumann at al. [221] prepared the
recombinant MLE from O. oeni strain DSM 20255 that retained 95 % of its activity after
3 months at room temperature and 7 months at 4°C.

1.2.3 Control of MLF
The control of MLF may be governed in several ways. It can be promoted through: strain
selection, starter culture development and improved reactivation, development of
malolactic reactors with free or immobilized bacteria, or enzymes or the construction of
recombinant wine yeast strains conducting concurrent alcoholic fermentation and MLF
[173]. Controlled MLF by the use of selected immobilized LAB is desired for the
following reasons [224]:
 Natural MLF takes a long time, and growth limitations of lactic acid microflora
affect and depend on the physical-chemical properties and nutritional composition
of wine, e.g., fatty acids and ethanol may inhibit LAB growth. Therefore,
immobilization techniques aim to increase the tolerance of the MLF bacteria.
 The development of desired flavour by using selected cultures of bacteria.
 The acceleration of MLF by higher cell densities achieved by immobilization
techniques.
 The feasibility of application and commercialization of the process by lyophilized
and immobilized cultures.
 The reuse of cell for MLF and the application of continuous processes [225,226].
During recent years several technologies have been proposed to control MLF of wines
by using LAB, principally O. oeni [225]. These alternative technologies usually involve
the use of high densities of the bacteria cells, free or immobilized by adsorption onto or
encapsulation into different matrices, such as calcium alginate [227,228] or pectate [229],
κ-carrageenan [230-232], polyacrylamide [230], cellulose [233,234] and poly(vinyl
alcohol) hydrogel [235]. Genisheva et al. [236] used natural residues, e.g., corn cobs,
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grape skins and grape stems for support of O. oeni cells in MLF. As a support for
immobilization have also been used chemically modified chitozan beads
(CCB)-chitopearls [226]. The study of the literature has shown numerous studies for
developing MLF using different types of bioreactors with free or immobilized LAB.
However, direct enzymatic bioconversion has scarcely been studied and only one
enzymatic reactor has been reported. The ME (EC 1.1.1.38) of the LAB enables direct
conversion of L-malic acid into L-lactic acid and carbon dioxide [222,237].
However, the encapsulation method has mass transfer limitations for nutrients that lead
to inactivation, or even death, of the cells in the centre. To control MLF, instead of
entrapment or immobilizing bacteria cells onto different matrices, magnetic nanoparticles
could be absorbed onto the LAB cells’ surface, as in case of separation of magnetic
responsive yeast from sparkling wine [88]. Magnetic responsive LAB could be separated
from wine at the end or at a certain point of MLF using an external magnetic field and so
end or preventing further spontaneous MLF. There are already reports of isolation of
Gram-positive bacteria (as it is O. oeni) from aqueous solution by using vancomycin
[161] or aminoglycoside antibiotic -modified magnetic nanoparticles [163].
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2 Aims and Hypothesis

2.1 Aims
In recent years, the influence of biotechnology has increased. New ways of biosynthesis
have been developed and are being further developed in biotechnology. At the end of
biosynthesis or biotechnology process, there is a need for separation of products or
specific targets from the liquid mixture. A possible way to separate targeted species from
the liquid mixture is magnetic separation, where appropriate magnetic carriers are bonded
with targeted species in the liquid mixture. After the attachment of the targeted species
onto the magnetic carriers of they are separated from the liquid mixture using an external
magnetic field. The removal of such magnetic carriers by using of the magnetic field is
more selective, efficient, and often also much faster than centrifugation or filtration.
Magnetic nanoparticles are of great interest for use as magnetic carriers in the
separation. Decreasing a size of the particles used in magnetic separations from
micrometers to nanometers increases the available absorptive surface by 100 to 1000
times. It is also beneficial, it the magnetic particles are small enough to be in
superparamagnetic state (below approximately 20 nm), because they do not agglomerate
due to magnetic dipol-dipol interactions. However, decrease of the size of the magnetic
carriers to nano size, required for superparamagnetism is not practical, because the
magnetic force acting on a particle in a field gradient is proportional to the particle
volume (Equation 1). If the particles are too small, e.g., superparamagnetic, the magnetic
forces acting on them in a magnetic-field gradient will not be large enough for efficient
separation. The only way for effectively increase of the magnetic force Fm acting on a
magnetic particle in a stable suspension exposed to a magnetic field gradient, while
maintaining the superparamagnetic state, is to increase the particle volume. Therefore,
because of the size limitation intrinsic to superparamagnetism, the only possibility is to
create an assembly of a large number of superparamagnetic nanoparticles, i.e.,
superparamagnetic nanocluster. The minimum size for such nanoclusters of
superparamagnetic iron-oxide nanoparticles that can be effectively manipulated by a
magnetic field gradient was estimated to be approximately 50 nm. The ideal
superparamagnetic nanoclusters for applications related to magnetic manipulation should
be of uniform size of approximately 60 nm; they should have a high, effective absorptive
surface area; and they should contain a large fraction of the magnetic material.
The main purpose of this thesis was to obtain the additional knowledge of interactions
between different types of nanoparticles in an aqueous suspension. The obtained
knowledge is crucial for synthesis of magnetic carriers - superparamagnetic nanoclusters
using of the assembly of superparamagnetic nanoparticles in the suspensions. The same
approach can also be used in the synthesis of multifunctional nanocomposite particles,
combining nanoparticles of different materials, e.g., superparamagnetic nanoparticles
with nanoparticles with catalytic, fluorescent, or plasmonic properties. On the other hand,
bonding between two different types of nanoparticles represents a model for bonding
individual superparamagnetic nanoparticles onto larger objects, e.g., microorganisms,
which is a crucial part in the process of their magnetic separation. Therefore, the first aim
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to be reached in this PhD thesis was to synthesize magnetic carriers with
heteroaggregation of superparamagnetic maghemite nanoparticles in an aqueous
suspension into superparamagnetic nanoclusters. Such magnetic carriers would have a
high, effective absorptive surface area and contain a large fraction of magnetic material.
The second goal of this thesis is related to the possible application of magnetic
separation in biotechnology. The aim was to prepare “magneto-responsive” bacteria with
attachment of functionalized superparamagnetic nanoparticles onto the surfaces of LAB
(O. oeni). The magneto-responsive bacteria could be used for the control of MLF in wine.
At the certain stage or at the end of MLF, magneto-responsive bacteria could be separated
from wine by using an external magnetic field.

2.2 Hypothesis
For the use of magnetic nanoparticles as magnetic carriers, e.g., in biotechnology,
biomedicine and environmental engineering, it is necessary to know and understand the
interactions between nanoparticles in the suspension. The first part of this thesis was
devoted to the hypothesis stating that appropriate magnetic carriers for magnetic
separation or multifunctional composite nanoparticles, combining nanoparticles of
different materials can be synthesized by the control of interactions between nanoparticles
in the aqueous suspension by controlling the nanoparticles’ surface properties.
The understanding of the interactions between nanoparticles and various other objects
in liquid mixture, e.g., the interactions between magnetic carriers and targeted species, is
crucial for their magnetic separation. So, my next hypothesis in this thesis was, that by the
controlling of interactions between the magnetic nanoparticles and surface of larger
objects, e.g., microorganisms, magnetic nanoparticles can be attached to their surfaces.
Magnetically modified microorganisms can be than separated from the suspension in the
process of magnetic separation.
On the other hand, the microorganisms, e.g., bacteria, with attachment magnetic
nanoparticles onto the surfaces can be manipulated with an external magnetic field during
their fermentation process. In the second part of this thesis I was following the hypothesis
stating that the MLF in wine can be controlled by magnetic separation of
magneto-responsive bacteria, prepared by the attachment of magnetic nanoparticles onto
bacteria cells, in a certain stage of MLF.
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3 Materials and methods

3.1 Controlled synthesis of heteroaggregates
3.1.1 Materials
Silica nanoparticles (SNPs) were synthesized using a modified Stöber process by Dr.
Marjan Bele from the National Institute of Chemistry, Ljubljana, Slovenia [238]. For the
amino-functionalization of the silica nanoparticles (aSNPs) and amino-functionalization
of the superparamagnetic silica-coated maghemite nanoparticles (aMNPs)
3-(2-aminoethylamino)propylmethyldimethoxysilane (APMS) was grafted onto their
surfaces, as described elsewhere [74].
Detailed information about the synthesis and functionalization of the
superparamagnetic maghemite nanoparticles is given in Section A1.3 in Appendix. In
brief, maghemite (γ-Fe2O3) nanoparticles were synthesized using co-precipitation from
aqueous solutions and then the stable aqueous suspension of the nanoparticles was
prepared using citric acid as the surfactant, as described elsewhere [70]. The nanoparticles
in the stable suspension were coated with a thin layer of silica using the hydrolysis and
polycondensation of tetraethoxysilane (TEOS) in the presence of an alkaline catalyst
NH4OH, as described in ref. [69]. The silica-coated maghemite nanoparticles (MNPs)
were functionalized with grafting presynthesized carboxyl-terminated silane molecules
onto their surfaces to get carboxyl-functionalized silica-coated maghemite nanoparticles
(cMNPs) or by grafting APMS to get aMNPs, as described in ref. [74].
The controlled heteroaggregates of functionalized superparamagnetic nanoparticles
and superparamagnetic clusters were synthesized by using amino-functionalized
superparamagnetic iNANOvativeTM|silica nanoparticle clusters (a-iNANO) that were
kindly provided by a Nanos Scientificae d.o.o. (Nanos Sci).
Other chemicals used for the synthesis of heteroaggregates were
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride
(EDC),
N-hydroxysulfosuccinimide
(Sulfo-NHS),
carboxy-(polyethylene
glycol)n-amine
(CAPEGn) with 8 (CAPEG8) or 24 (CAPEG24) ethylene glycol units and were purchased
from Thermo Scientific.

3.1.2 Controlled heteroaggregation of model nanoparticles in an
aqueous suspension
3.1.2.1 Electrostatic heteroaggregation
For the electrostatic heteroaggregation the aqueous suspension of aSNPs at pH 5.5 was
vigorously admixed into the suspension of cMNPs at pH 5.5 at room temperature. The
cMNPs/aSNP number ratio R was kept constant at R = 89 or R = 15, whereas the
concentration of cMNPs was changed (0.7 and 15 mg/mL).
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3.1.2.2 Chemically-driven heteroaggregation
The chemical interactions between the two types of nanoparticles, aSNPs and cMNPs,
were the result of direct covalent bonding between the activated carboxyl groups and the
amino groups of the functionalized molecules at the nanoparticle surfaces or by using
heterobifunctional crosslinkers. The carboxyl surface groups of cMNPs were activated
using single-step EDC coupling protocol [76]. In brief, the pH of the suspensions
containing cMNPs (15 mg/mL, 4 mL) was adjusted to 5.5 with HCl (0.01 mol/L). The
calculated amount of 5-fold molar excess of EDC (19 mg) was admixed to the suspension
of cMNPs. After 5 min of rigorously stirring the calculated amount of aSNPs suspension
(11 mg/mL, 4 mL) was added and the pH was adjusted to 7.3 with HCl (0.01 mol/L). The
reaction mixture was stirred at room temperature for 2 hours. The formation of a covalent
bond between the aSNPs and the cMNPs was studied for two different concentrations of
cMNPs (0.7 and 15 mg/mL) and cMNPs/aSNP number ratios of R = 89 or R = 15.
3.1.2.2.1 Heteroaggregation using heterobifunctional crosslinker
Apart from the direct bonding between the activated carboxyl groups and the amino
groups of the functionalization molecules, the heterobifunctional crosslinker molecules
were used for the nanoparticles’ assembly. The crosslinkers were first bonded to the
activated cMNPs and subsequently reacted with the aSNPs. As a heterobifunctional
crosslinker, CAPEGn samples with two different molecular weights (CAPEG8,
442 g/mol and CAPEG24, 1146 g/mol) were used (see Figure A11 and Figure A12 in
Appendix). First, EDC in a 5-fold molar excess (19 mg) was used to form active ester
functionalities with carboxylate groups on the cMNPs (15 mg/mL, 4 mL). To increase the
solubility and stability of the active intermediate Sulfo-NHS (22 mg) was added to the
suspension of cMNPs [76]. The pH value of the reaction mixture was adjusted to 5.5
using the HCl (0.01 mol/L) and stirred for 20 min at room temperature. After that the
activated cMNPs were washed with distilled water using centrifugation (15,600g, 5 min).
Second, the prepared stock solution of CAPEGn dissolved in DMSO, with the
concentration of CAPEG8 (67 mg/mL) or CAPEG24 (250 mg/mL), was added to the
suspensions of the cMNPs with the activated carboxyl groups. The added amount of
CAPEGn stock solution was calculated with respect to the number of carboxylate groups
on the cMNPs in the molar ratio 1.5:1. Then the pH value of the reaction mixture was
adjusted to 7 using NaOH (0.01 mol/L). Finally, the reaction mixture was stirred for
2 hours at room temperature. To remove any unbound CAPEGn, the nanoparticles were
washed with distilled water using centrifugation (12,800g, 5 min). The CAPEGn
functionalized cMNPs were labeled as MNP-PEG8, for CAPEG8, and MNP-PEG24, for
CAPEG24. The aSNPs and MNP-PEG (MNP-PEG8 or MNP-PEG24) were chemically
bonded at the higher concentration of MNP-PEG (15 mg/mL) and the MNP-PEG/aSNP
number ratio of R = 89.
The pH of the suspensions containing MNP-PEG (15 mg/mL, 2 mL) was adjusted to
5.5 with HCl (0.01 mol/L). The calculated amount of 5-fold molar excess of EDC
(9.5 mg) was admixed into the suspension of MNP-PEG. After 5 min of rigorously
stirring, the calculated amount of aSNPs suspension (11 mg/mL, 2 mL) was added and
the pH was adjusted to 7.3 with HCl (0.01 mol/L). The reaction mixture was stirred at
room temperature for 2 h. The formed heteroaggregates were collected with a permanent
magnet, washed with and dispersed into distilled water.
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3.1.2.3 Controlled heteroaggregation of functionalized superparamagnetic
nanoparticles and superparamagnetic clusters in an aqueous
suspension
For the controlled heteroaggregation of functionalized superparamagnetic nanoparticles
and superparamagnetic clusters, the aSNPs used in the model system were replaced with
a-iNANO. The heteroaggregates were synthesized by chemical interactions between
a-iNANO and cMNPs, which was the result of direct covalent bonding between the
activated carboxyl groups and the amino groups of the functionalized molecules at the
nanoparticle surfaces. The carboxyl surface groups of cMNPs were activated using
single-step EDC coupling protocol [76]. Briefly, the pH of the suspensions containing
cMNPs (1 mg/mL, 4 mL) was adjusted to 5.5 with HCl (0.01 mol/L). The calculated
amount of 5-fold molar excess of EDC (1.5 mg) was admixed to the suspension of
cMNPs. After 5 min of rigorous stirring the calculated amount of a-iNANO suspension
(2 mg/mL, 3 mL) was added and the pH was adjusted to 7.5 with HCl (0.01 mol/L). The
reaction mixture was stirred at room temperature for 2 hours. The heteroaggregation of
the a-iNANO and the cMNPs was studied for two different cMNPs/a-iNANO number
ratios, i.e, R = 100 or R = 20.

3.1.3 Controlled synthesis of superparamagnetic heteroaggregates
In order to assemble the two types of nanoparticles, i.e., aMNPs and cMNPs, into
superparamagnetic heteroaggregates, the carboxyl groups on the surfaces of the cMNPs
were activated using single-step EDC coupling protocol [76]. Briefly, the pH of the
suspensions containing cMNPs (1 mg/mL, 100 mL) was adjusted to 5.5 with HCl
(0.01 mol/L). The calculated amount of 5-fold molar excess of EDC (32 mg) was
admixed to the suspension of cMNPs. After 5 min of rigorously stirring the calculated
amount of aMNPs suspension (8 mg/mL, 2 mL) was added drop-wise to the suspension of
the activated cMNPs and the pH was adjusted to 7.3 with HCl (0.01 mol/L). The reaction
of the amide bonds' formation between the activated cMNPs and the aMNPs was carried
out during vigorous stirring at room temperature for 3 hours. The formation of a covalent
bond between the aMNPs surrounded by the cMNPs was achieved at cMNPs/aMNP
number ratios of R = 6 (Figure 12). The formed heteroaggregates were collected with a
permanent magnet (the magnetic field at the surface of the magnet was measured with a
gaussmeter to be approximately 0.5 T), washed with and dispersed into distilled water.
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Figure 12: Schematic presentation of superparamagnetic heteroaggregates synthesis. (a)
cMNPs/aMNP number ratios of R = 6, (b) functional groups of aMNPs or cMNPs, (c) attachment
of cMNPs onto aSNPs in suspension at pH 7.3 and (d) magnification of formed
superparamagnetic heteroaggregate.

3.1.4 Characterization
The use of the larger (90 nm in diameter size) amorphous SNPs and the smaller
crystalline maghemite nanoparticles (11 nm) made the analysis of the formed
heteroaggregates using transmission electron microscopy (TEM) relatively
straightforward. For the TEM analysis the materials were deposited by drying the
suspension on a copper-grid-supported transparent carbon foil. A field-emission electronsource TEM (JEOL 2010F) coupled with an energy-dispersive X-ray spectroscopy
(EDXS) microanalysis system (LINK ISIS EDS 300) was operated at 200 kV. The
nanoparticle size, expressed as an equivalent diameter, was estimated using visual
measurements on at least 500 nanoparticles. The area of the nanoparticles was estimated
from the TEM images using DigitalMicrograph™ Gatan Inc. software. The
heteroaggregates were also observed with a scanning electron microscope (SEM). For the
SEM analysis the materials were deposited by drying the suspension on a graphite
specimen mount and observed without any additional conductive surface coating. The
field-emission electron-source SEM (JEOL 7600F) was operated at 15 kV. The
suspensions of the functionalized nanoparticles were monitored with electro-kinetic

Materials and methods

35

measurements of the zeta (ζ)-potential with ZetaProbe Analyzer (Zeta PALS Zeta
Potential Analyzer, Brookhaven Instruments Corporation). Ten measurements (10 cycles
per measurement) were made for each suspension at a particular pH.

3.1.4.1 The kinetics of the heteroaggregation
The kinetics of the heteroaggregation between the cMNPs and aSNPs in the aqueous
suspension was monitored using DLS analysis. The light source was a He-Ne laser with a
wavelength of 632.8 nm. The intensity-correlation function was measured using an
ALV-6010/160 correlator that enables measurements over a time range of 108-103 s. For
each experiment, the nanoparticle suspensions were admixed into a disposable glass vial,
and shaken to mix well before measuring the intensity of the auto-correlation function at a
135° scattering angle. The temperature in the scattering cell was maintained at 23°C. The
mean diameter of the aggregates was continuously monitored in situ for approximately
3 hours. For the first 30 min, each data point was collected in 60 s intervals. Then, from
30 to 196 min, each data point was collected in 15 min intervals. The nanoparticle
concentrations used in the experiment for cMNPs was 0.7 mg/mL and the cMNPs/aSNP
number ratios R = 89 and R = 15. To relate the changes in the measured average
hydrodynamic size with the heteroaggregates formation, the samples were extracted after
different times of heteroaggregation and inspected using the TEM. The samples for the
TEM characterization of the formed heteroaggregates were prepared by taking a sample
of the suspension, where the heteroaggregates were formed at a higher cMNP
concentration (15 mg/mL) and the nanoparticle number ratio R = 89, immediately diluted
by 100-times in ethanol and deposited by drying on the TEM specimen support.

3.1.4.2 The effect of ionic strength on the zeta-potential of the suspensions and
the kinetic of aggregation
The ζ-potential of nanoparicles suspensions were measured at a constant pH, i.e., for the
cMNP and the aSNP at 5.5 and for the aMNP at 4, and different ionic strengths
(0.1-1000 mM KCl). Ten measurements (10 cycles per measurement) were made for each
suspension.
The effect of changed ionic strength (0.1-150 mM KCl) in the nanoparticle
suspensions at pH 5.5 for cMNPs or aSNPs and pH 4 for aMNPs was investigated by
measuring the dynamics of nanoparticle aggregation. For each experiment, the
nanoparticle suspension was pipetted into a disposable glass vial, and shaken so as to mix
well before measuring the intensity of the auto-correlation function at a 135° scattering
angle. The temperature in the scattering cell was maintained at 23°C. The mean diameter
of the aggregates was continuously monitored in situ for approximately 100 min. For the
first 10 min, each data point was collected in 2 s intervals. From 10 to 100 min, each data
point was collected in 20 s intervals. The particle concentrations used in the experiment
were 0.7 mg/mL for the cMNPs, 0.5 mg/mL for the aSNPs and 0.15 mg/mL for the
aMNPs.

3.2 Preparation of magneto-responsive bacteria for the magnetic
separation in biotechnology
3.2.1 Bacterial cultures
Dry LAB strain O. oeni (UVAFERM BETA, MBR® process) used in the experiments
were provided by Lallemand Inc. (Europa) and stored according to the manufacturer's
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recommendations.

3.2.1.1 Reactivation of bacteria and inoculation
The bacteria package was removed from freezer 30 min before use. The reactivation of
freeze-dried bacteria was conducted in accordance with supplier's recommendations. The
mass of freeze-dried bacteria (e.g., 89.38 mg) was rehydrated in 20 times its weight (e.g.,
1.788 mL) of distillated water at 20°C for a maximum 15 min. Calculated amount of
bacteria suspension, that corresponded to 107 CFU/mL initial population of bacteria, was
given into 1:1 % (v/v) mixture distillated water/ synthetic media or wine. So, activated
bacteria were inoculated into synthetic media or wine.

3.2.1.2 Fermentation media
3.2.1.2.1 Synthetic media
MLF and HGMS were carried out in a synthetic media with the chemical composition
shown in Table 3 (in g/L of distilled water), at pH 3.2:
Table 3: The composition of the synthetic media.

Component
Ethanol
Glycerol
Glucose
Fructose
Citric acid
Malic acid

[g/L]
81
5.2
0.7
0.9
0.5
2

As bioactivator, 0.3 g L–1 of Supravit (Esseco) was added to the initial substrate.
3.2.1.2.2 Wine
MLFs were also carried out in a wine mixture Chardonny and Pinot blanc (mixture for
sparkling wine) after alcoholic fermentation. The wine samples were kindly provided by
Ptujska klet. Before the start of MLF, the wine was not previously sulphurized or filtered.
Initial total residual sugar content in wine before MLF was 1.5 g/L, 11 % (v/v) of ethanol,
3 g/L of L-malic acid, 0.21 g/L citric acid and < 0.1 g/L of L-lactic acid, with pH 3.07. As
bioactivator, 0.3 g L–1 of Supravit (Esseco) and 0.2 g/L of Opti'malo plus (Danstar
Ferment AG) was added to the initial substrate (contents of activator are listed in Section
A1.5 in Appendix).

3.2.1.3 Sampling
Samples were taken at the beginning and at the end of malolactic fermentation. For
WineScan (WSC) analysis samples were not filtered, wherase for enzymatic analysis of
acids the samples were filtered through 0.2µm filter (regenerated cellulose, Chromafil).

3.2.1.4 Fermentation processes
A glass bioreactor (Figure 13) with the total volume of 0.5 L closed with fermentation
bung was filled with fermentation media and inoculated with bacteria or
magneto-responsive bacteria. The fermentation were carried out for 21 days, at 22°C
without mixing in triplicates.
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Figure 13: Glass bioreactor.

3.2.2 Preparation of magneto-responsive bacteria
Magneto-responsive bacteria were prepared by electrostatic adsorption of positively
charged aMNPs onto O. oeni displaying negative surface charge. First, the prepared
bacteria suspension was either washed 3 times with distillated water using
Centrifuge 5430, Eppendorf (6900g, 2 min) or ultrafiltrated (Solvent resistant stirred cell,
Millipore; ultrafiltration membrane 30 kDa; 2 bar of N2 pressure; bacteria suspension
(starting volume was 15 mL ) was washed with 45 mL of distilled water and ultrafiltrated
to starting volume) to remove impurities, such as salts used as a bacteria growth media
that might change the ionic strength of the suspension affecting the binding of aMNPs to
the bacteria surface.
The attachment between the negatively charged bacteria cells and positively charged
aMNPs occurred in aqueous suspension at pH 4, when the suspension of bacteria cells
(pH 4) was vigorously admixed into the suspension of aMNPs (1 mg/mL, pH 4). To study
the efficiency of the attachment of the aMNPs onto the bacteria cell surface in an aqueous
media, two different concentrations of bacteria cells and two different aMNPs/bacteria
ratios were taken. The attachment was studied at higher concentration of bacteria cells,
i.e., 5∙109 cells/mL (B1), and lower concentration, i.e., 5∙107 cells/mL (B2). Assuming full
coverage of bacteria cell with aMNPs, the higher ratio was set to 1:8745 (R1), i.e., 8745
aMNPs per one bacteria cell and lower ratio to 1:3336 (R2). The combinations of the
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bacteria concentrations and the aMNP/bacteria ratios with detailed volumes are listed in
Table 4.
Table 4: Applied concentrations of bacteria cell and aMNP/bacteria ratios.

Sample Bacteria
Bacteria
name
concentration suspension
[cells / mL ]
volume
[mL]
5∙109
1
B1R1
7
5∙10
1
B2R1
9
5∙10
1
B1R2
5∙107
1
B2R2

aMNP/bacteria
ratio

aMNP (1 mg / mL)
volume added
[mL]

1:8745
1:8745
1:3336
1:3336

0.5
0.005
0.2
0.002

For viability tests and fermentation applications the higher concentration of bacteria
and the higher ratio were used.

3.2.2.1 Adsorption of magnetic nanoparticles onto bacteria during the
fermentation
Positively charged magnetic nanoparticles can also be also attached onto the bacteria cells
at a certain stage of the MLF. After 7 days after the inoculation of wine I added aMNPs
into wine where the pristine bacteria, without the magnetic nanoparticles grew. The
bacteria concentration in wine was estimated to be approximately 108 cells/mL. During
vigorously mixing (900 rpm) 6 mL aMNPs (1 mg/mL, pH 4) was added dropwisely into
400 mL of wine with pH 3.1 and left mixing for 30 min at room temperature. So prepared
“postmagneto-responsive” O. oeni were then separated from wine using HGMS.

3.2.3 Characterization
Electron microscopy methods provide possibility for investigation of the morphological
and ultrastructural properties of prokaryotic cells as well as their interactions with
surroundings. The magnetic responsive bacteria were characterized using transmission
electron microscopy (TEM; JEOL 2100) and scanning electron microscopy (SEM; JEOL
7600F). For the TEM and SEM analysis the bacterial suspensions were 10 times diluted
in mixture ethanol (20 % (v/v))/distilled water. For the TEM analysis the diluted
suspensions were deposited by drying the suspension on a copper-grid-supported
transparent carbon foil and for the SEM analysis the diluted suspensions were deposited
by drying on a graphite specimen mount and observed with an additional 3-nm platinum
surface coating.
The cell number of the bacteria cells was characterized by flow cytometry (Partec) and
counting on the plates.

3.2.3.1 Flow cytometry analyses
For flow cytometry, a CyFlow Space cytometer (Partec, Münster, Germany) equipped
with a 50-mW blue laser emitting at 488 nm. A forward scatter (FSC, for cell size) and
side scatter (SSC, for cell granularity) were used to define the population of cells. Optical
filters were: for detecting PI dye 675/25 nm (FL3) and for SYTO9 dye 590/50 nm (FL2).
Setting region on FSC/SSC was used to discriminate bacteria from the background. Gates
were defined in the histogram plots of green fluorescence and red fluorescence. Gated
cells were analysed at low rate settings of approximately 200 cells s−1, and at least
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20,000 cells were analysed. Data were analysed using the FlowJo software (Tree Star,
Ashland, OR, USA). A high precision of better than 5 % is guaranteed by precise
counting and mechanical volume measurement. The counting reproducibility is better
than 2 % relative standard deviation [239].
3.2.3.1.1 Staining procedure
Stock solutions of the dyes were prepared as follows: red-fluorescent nucleic acid stain
propidium iodide (PI) and green-fluorescent nucleic acid stain SYTO9 were used from
the LIVE/DEAD® BacLight™ Bacterial Viability kit (Molecular Probes) as proposed by
the manufacturer. The SYTO9 dye enters all cells, PI was internalised only in dead cells.
All stock solutions were stored at -20°C. 6 μL of the stock solution was added to 2 mL
of culture containing approximately 106 cell and mix thoroughly by pipetting up and
down several times. So prepared sample was incubate at room temperature in the dark for
15 min.

3.2.3.2 Enumeration O. oeni on agar plates
The number of O. oeni cells was determined by plate count method. 1 mL of starting
suspension for dilutions contained 50 mg of freeze-dried bacteria. Serial decimal dilutions
of the culture were prepared in Milli-Q water and spread plated on MRS agar (Biolife
Italiana, Italia) in duplicates. MRS agar is nutritionally rich and was developed for the
general isolation of LAB [168]. The approximate composition of this medium before
steam sterilization (121°C, 15 min) is presented in Table 5 (in g/L of distilled water)
Table 5: The approximate composition of MRS medium before steam sterilization.

Component
peptone
beef extract
yeast extract
glucose
Tween 80
ammonium citrate
MgSO4
MnSO4
sodium acetate
K2HPO4

[g/L]
10
10
5
20
1 mL
2
0.2
0.05
5
5

After sterilization the pH of the medium was 6.25. Inoculated plates were incubated at
30°C for 7 days under anaerobic conditions. These anaerobic conditions were used to
prevent the growth of acetic acid bacteria and to accelerate LAB growth. The number of
colony-forming units per millilitre (CFU/mL) was estimated by averaging colony counts
on each plate and multiplying by dilution factors. Plates with less than 35 or more than
350 colonies were excluded from the analysis.

3.2.3.3 Analytical methods
3.2.3.3.1 WineScan analysis
WSC analysis were performed by Kmetijsko-gozdarski zavod Nova Gorica. Organic
acids
were
measured
using
a
WineScan FT 120 Fourier Transform Infrared Spectrophotometer
(Foss,
Hillerød,
Denmark) that employs a Michelson interferometer was used to generate the
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FT-IR spectra. Because the WineScan FT120 is a specialized instrument designed
specifically to generate quantitative data against the background matrix of wine, the
number of scans generated per sample, the selection of wavenumbers, and the processing
of the spectra have been pre-selected by the manufacturer and are not accessible to
change by the user.
3.2.3.3.2 Enzymatic analysis
Concentrations of L-malic and L-lactic acid were determined with enzymatic test kits
(specific for the determination of L-malic acid or L-lactic acid) from Oenolab Diagnostics
and were performed at the Kmetijski inštitut Slovenije.
The most commonly used quantitative analytical method for monitoring MLF is the
enzymatic determination of L-malic acid and/or L-lactic acid. This method uses an
enzyme that specifically reacts with L-malic acid or L-lactic acid (the principles of
determination are described in Section A1.6 in Appendix) and a UV-visible
spectrophotometer to monitor the progress of the analytical reaction. The determination is
based on the formation of NADH measured by the increase in light in light absorbance at
340 nm. My analysis were performed by BS-200 Chemistry Analyzer (Mindray). The
estimated relative error of measurement is below 10 %. The results of enzymatic analysis
are expressed as mean value of triplicates.

3.2.4 HGMS of magneto-responsive bacteria
HGMS experiments were performed with a model L-1CN Frantz canister separator,
supplied by S. G. Frantz Co., Inc. (Trenton, NJ). The HGMS system consisted of a
nonmagnetic stainless column with working space 0.6 cm in width by 2.5 cm in depth and
22.2 cm in length, for a volume of 35.3 cm3 filled with type 430 fine grade stainless steel
wool also supplied by S. G. Frantz Co., Inc. The column was packed with approximately
5 vol. % (15 g) of matrix material, which is the maximum packing fraction that could be
obtained manually. For magnetic separation, the canister was placed in the 1 cm gap
between the two metal plates of the separator horizontally. A magnetic field between the
two plates, which could be varied in strength, was generated with an attached
electromagnet. The direction of the magnetic field was transverse to the direction of flow
through the column. The maximum flux density generated between the two plates was
1 T, as measured with a handheld magnetometer. In all experiments, the maximum
magnetic flux density was used.
A continuous magnetic separation experiments were performed at room temperature
by passing 250 mL of the suspension (magneto-responsive bacteria/synthetic media or
magneto-responsive bacteria/wine) from the reaction vessel, through the HGMS column
with the electromagnet on, into filtrate vessel (Figure 14). The suspension was first
roughly shaken and then pumped at 4.3 mL/min steadily with peristaltic pump (Watson
Marlow 400, United Kingdom) through the HGMS column.
The separation of magneto-responsive or postmagneto-responsive O. oeni from wine
during the MLF was achieved by pumping the wine through the HGMS column with the
electromagnet on (1T) with peristaltic pump (4.3 mL/min). The total volume of
bioreactors was pumped twice through the HGMS column. To clean the HGMS column
after each separation, the electromagnet was switched off and the column was back
flushed (190 mL/min steadily with peristaltic pump) with cold distilled water (2L) and
ethanol absolute (0.2L). To see if the MLF would continue after the HGMS, the
bioreactors containing filtrate were blown through with N2 for 5 min and then closed with
fermentation bung.
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Figure 14: The HGMS setup. Scheme (a) and practical setup (b) of continuous HGMS. The
suspension is pumped with peristaltic pump through the column, with the electromagnet on, into
filtrate vessel.
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4 Results

The results in Chapter 4 are divided into material and biotechnology part. The material
part was devoted to the synthesis of nanoclusters using controlled heteroaggregation of
superparamagnetic iron-oxide nanoparticles in the aqueous suspensions. The nanoclusters
can be used in magnetic separation. The majority of research represents a direct
comparison between the heteroaggregation controlled by the two types of interactions
between the nanoparticles in the suspensions, i.e., electrostatic and chemical, in the same
system of the two types of functionalized nanoparticles. The results of this research are
also important for synthesis of multifunctional composite nanoparticles and for the
control of magnetic nanoparticles bonding onto larger targets, e.g., bacteria in the process
of their magnetic separation. The second part describes a possible application of magnetic
separation in biotechnology. New method was developed for magnetic separation of LAB
at certain stage of MLF of wine. The method includes bonding of functionalized magnetic
nanoparticles onto bacteria cell membranes in the suspensions, application of the so
“magnetized” bacteria in the fermentation and their magnetic separation from wine using
the HGMS.

4.1 Synthesis of magnetic carriers using colloidal processing of
nanoparticles
The purpose of the first part of this Chapter was to study the interactions between
nanoparticles in aqueous suspensions in order to synthesize magnetic carriers or
multifunctional composite nanoparticles. On the other hand, the understanding of
interactions between nanoparticles in the aqueous suspension is important for bonding of
smaller nanoparticles onto larger objects, e.g., microorganisms, which is a crucial part of
the process of their magnetic separation.
The study of interactions between the two types of nanoparticles in an aqueous
suspension was based on the model system composed of smaller cMNPs and larger aSNP.
The cMNPs and the aSNPs were assembled into heteroaggregates in the aqueous
suspension applying electrostatic interactions between the nanoparticles displaying an
opposite electrical surface charge, or chemical interactions, resulted from direct covalent
bonding between activated carboxyl groups and amino groups of the functionalization
molecules at the nanoparticle surfaces. For the synthesis of the superparamagnetic
heteroaggregates that could be used in magnetic separation applications the two types of
superparamagnetic nanoparticles, i.e., aMNPs and cMNPs were assembled in an aqueous
suspension.
This section starts with the characterization of the starting suspensions used in
experiments, continues with controlled heteroaggregation of two types of nanoparticles in
aqueous suspensions and concludes with the synthesis of superparamagnetic
heteroaggregates.

4.1.1 Characterization of the starting suspensions
The TEM analysis showed that the globular aSNPs were of a uniform size of 92±5 nm
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(equivalent diameter), corresponding to a calculated specific surface area of 30 m2/g
(Figure 15).

Figure 15: TEM image of aSNPs (a) and measured distribution of particle size expressed as
equivalent diameter (squares) and a corresponding Gaussian fit (line) (b).

The average cluster size of globular shape a-iNANO estimated from TEM images was
92±16 nm and the thickness of the amorphous silica shell was approximately 11±1 nm
(Figure 16). The specific surface area of the a-iNANO was estimated to be 26 m2/g. The
a-iNANO were superparamagnetic with a saturation magnetization of 25 Am2/kg
(Figure A14, Appendix).

Figure 16: TEM image of a-iNANO (a) and measured distribution of particle size expressed as
equivalent diameter (squares) and a corresponding Gaussian fit (line) (b).

The average particle size of the maghemite nanoparticles before the coating with the
silica layer was estimated from the TEM images to be 11±3 nm (Figure 17).
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Figure 17: TEM image of maghemite nanoparticles (a) and measured distribution of particle size
expressed as an equivalent diameter (squares) and a corresponding Gaussian fit (line) (b).

An equivalent nanoparticle diameter of the globular cMNP was estimated from the
TEM images to be 24±4 nm (Figure 18). The specific surface area of the cMNPs was
estimated by considering the size and the spherical shape of the cMNPs to be 100 m2/g.
The cMNPs were superparamagnetic with a saturation magnetization of 32 Am2/kg
(Figure A13, Appendix). There was no significant difference between the cMNPs and
aMNPs in particle diameter or saturated magnetization.

Figure 18: TEM image of cMNPs (a) and measured distribution of particle size expressed as
equivalent diameter (squares) and a corresponding Gaussian fit (line) (b).

The bare SNPs show a relatively acidic character, because their structure is terminated
with negatively charged silanol Si-OH surface groups. Due to the negatively charged -OH
surface groups, the MNPs and SNPs show a negative ζ-potential above the isoelectric
point (IEP) at pH 3.5. The presence of amino groups of the APMS molecules at the
surfaces of aSNPs (Figure 19), aMNPs (Figure 41) or a-iNANO (Figure A14, Appendix)
results in a shift of the IEP to a higher pH value of 7.5 [74].
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Figure 19: ζ-potential as a function of pH for MNPs (black squares), cMNPs (red circles), SNPs
(green triangles) and aSNPs (blue triangle).

The cMNPs with the covalently bonded, pre-synthesized, carboxyl-terminated silane
molecules at their surfaces showed a highly negative ζ-potential at a pH above the IEP at
approximately 3 due to the negatively charged carboxyl groups. The high absolute values
of the ζ-potential provided strong electrostatic repulsive forces between the nanoparticles
in the suspensions, providing a good colloidal stability over a broad region of pH, except
close to the IEP.
Figure 20 compares changing of the ζ-potential with pH for the cMNPs, MNP-PEG8
and MNP-PEG24. The cMNPs display a negative ζ-potential. After bonding the
heterolinker to their surfaces the MNP-PEG8 and MNP-PEG24 still show a negative
ζ-potential, due to the negatively charged carboxyl groups on the cMNPs surfaces. In the
case of PEG with a higher molecular weight, the carboxyl groups are shielded by the
longer polymer chains that cover the carboxyl groups at the cMNP surfaces and cause a
decrease of the ζ-potential values. For the case of PEG with a lower molecular weight the
carboxyl groups might not be as shielded as in the case of the high-molecular-weight PEG
because of the different thickness of the polymer shell, also affected by the different
conformations of the PEG molecules. For high molecular weights, the PEG is mainly
present as a helix, whereas at low molecular weights, its conformation has been reported
as an expanded random coil [240].

Figure 20: ζ-potential as a function of pH for cMNPs (red circles), MNP-PEG8 (green triangles)
and MNP-PEG24 (blue triangles).

The nanoparticle hydrodynamic size distributions in the stable aqueous suspensions of
a-iNANO (8 mg/mL, pH 4), aSNPs (11 mg/mL, pH 5.5), aMNPs (8 mg/mL, pH 9),
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cMNPs (15 mg/mL, pH 5.5), MNP-PEG8 (15 mg/mL, pH 5.5), and MNP-PEG24
(15 mg/mL, pH 5.5) were measured with DLS (Fritsch, ANALYSETTE 12 DynaSizer)
(Figure 21). The aSNPs showed a wide size distribution, ranging from 100 to 500 nm,
with the peak at around 250 nm (Figure 21a). The smallest sizes correspond well to the
aSNPs sizes determined from the TEM images, whereas the majority of the aSNPs were
present in the form of small agglomerates. The a-iNANO show narrow hydrodynamic
size distribution with the majority of a-iNANO around 110 nm that corresponds well to
the a-iNANO size determined from the TEM analysis. The cMNPs and the aMNPs had a
narrow hydrodynamic size distribution with the majority of cMNPs and aMNPs being
below 20 nm, which is in good agreement with the average diameter of the MNPs
determined from the TEM analysis. The MNP-PEG8 and MNP-PEG24 synthesized by
attachment of heterobifunctional crosslinker molecule of different lengths onto cMNPs
increased the hydrodynamic diameter of cMNPs (Figure 21e and f).
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Figure 21: Number-weighted size distribution of hydrodynamic size for a-iNANO (8 mg/mL,
pH 4) (a), aSNPs (11 mg/mL, pH 5.5) (b), aMNPs (8 mg/mL, pH 9) (c), cMNPs (15 mg/mL,
pH 5.5) (d), MNP-PEG8 (15 mg/mL, pH 5.5) (e), and MNP-PEG24 (15 mg/mL, pH 5.5) (f). The
plots were generated by statistical method obtained by instrument software nanoQ™ which uses
Pade Laplace method to obtain the size distributions from the raw data.

Continuous DLS measurements of the aqueous suspensions of the functionalized
nanoparticles at pH 5.5, i.e., the pH at which the heteroaggregation by applying
electrostatic interactions between amino- and carboxyl-functionalized nanoparticles were
applied, over time showed no increase in the hydrodynamic diameter, proving that the
nanoparticles do not agglomerate (Figure A16, Appendix). However, by increasing the
ionic strength (0.1-150 mM KCl) of the suspensions the ζ-potential values decreased
(Table 6) and as a consequence the nanoparticles started to agglomerate (Figure 22).
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Table 6: Changing of ζ-potential for cMNPs, aSNPs and aMNPs by changing the ionic strength of
the nanoparticle suspensions.

cMNP
aSNP
aMNP
Ionic strength
ζ-potential (mV)
ζ-potential (mV)
ζ-potential (mV)
(mM)
0
-29.1
41.9
10.12
0.1
-28.8
54.1
6.7
1
-23.1
47.4
3
10
-24.0
22.2
-5
100
-23.9
13.4
-16.45
1000
-6.9
7.9
-17.28
The influence of increased ionic strength for the cMNPs suspension are presented on
the graphs showing normalized hydrodynamic diameter D(t)/D(0) (where D(t) is the
average hydrodynamic size at a certain time (t) and D(0) is the average hydrodynamic
size for the first measurement) as a function of time (Figure 22). If the value of the
normalized hydrodynamic diameter is higher than 1, the aggregation of nanoparticles
appears. The shorter time of collecting data by the continuous DLS measurement resulted
in a large scattering of normalized hydrodynamic diameter values in the first 10 min
(Figure 22). I expected that the agglomeration of nanoparticles in the nanoparticles’
suspension would appear immediately when I add the sufficient amount of salt. In order
to detect the fast start of the aggregation the time of collecting data by the continuous
DLS measurement was shorter in the first 10 min than from 10 min on.
The relative change of the hydrodynamic diameter for the cMNPs started to increase
above 100 mM of KCl, suggesting the agglomeration. In contrast to cMNPs aggregation
caused by the relatively large increase in ionic strength, the aggregation of aSNPs and
aMNPs appeared already at a small increase in the ionic strength (less than 10 mM KCl)
of the suspension (data not shown).
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Figure 22: Kinetic measurement of aggregation for cMNPs (0.7 mg/mL, pH=5.5) by different
ionic strengths (0, 0.1, 1, 10, 100, 150 mM of KCl).

For the heteroaggregation using chemical interactions the carboxyl groups on the
surfaces of cMNPs in the suspension were activated with EDC, which might increase the
ionic strength of the nanoparticles’ suspension and caused the aggregation of cMNPs.
Continuous DLS measurements of the suspension of the activated cMNPs at pH 5.5 used
during the chemical heteroaggregation showed no increase in the normalized
hydrodynamic diameter (Figure 23). This result indicates that the addition of EDC does
not cause the agglomeration between nanoparticles in the cMNPs suspension.

Figure 23: The influence of added EDC (0.133 mg) on the aggregation of cMNPs (0.7 mg/mL,
0.6 mL) at pH 5.5.
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4.1.2 Controlled heteroaggregation of two types of nanoparticles in an
aqueous suspensions
Nanoparticles were assembled into heteroaggregates in an aqueous suspension applying
electrostatic interactions or chemical interactions between the nanoparticles. The two
types of mentioned interactions were studied by changing different parameters, such as
nanoparticle concentration, nanoparticle number ratios and ionic strength of the
suspension, as a method for the controlled synthesis of heteroaggregates.
This subsection starts with the study of heteroaggregation due to attractive electrostatic
interactions between two types of nanoparticles in a suspension, continues with the study
of heteroaggregation by chemical interactions between the two types of the nanoparticles
in the suspension and concludes with the kinetics of heteroaggregate formation in the
suspensions.

4.1.2.1 Heteroaggregation by electrostatic interactions
Heteroaggregation by applying attractive electrostatic interactions occurs between two
types of nanoparticles displaying an opposite surface charge. If the nanoparticles display
the same surface charge, they repulse and no heteroaggregation is expected. In order to
prove this, I admixed SNPs (45 mg/mL) into cMNPs (15 mg/mL) with the cMNPs/SNP
number ratio R = 15 and at pH 9. At pH 9 both types of used nanoparticles in the
suspensions display a negative surface charge (Figure 19). No aggregation was observed
by DLS measurements for both starting suspensions of nanoparticles, suggesting that both
starting suspensions were in dispersed state.
The TEM analysis of mixed suspension (Figure 24) indicates that there was no
heteroaggregation between the SNPs and the cMNPs at pH 9, where both types of the
nanoparticles displaying a negative surface charge. After drying the suspension of the
mixed nanoparticles on a TEM specimen support, the larger SNPs were only sporadically
covered with the smaller cMNPs. Observed larger agglomerates of the cMNPs in contact
with the SNPs’ surfaces could be formed during the preparation of the TEM specimen.
Although the cMNPs were in a dispersed state in the suspension at pH 9, they came into
contact when the suspension dried on the TEM specimen support.

Figure 24: TEM image of cMNPs and SNPs mixture.

To confirm that there was no heteroaggregation between SNPs and cMNPs the mixture
was analysed by DLS measurements. Figure 25 (a) and (b) show the number distribution
of the hydrodynamic radius for the particles in the starting suspensions and Figure 25 (c)
for the mixture of cMNP/SNP. The two peaks on the Figure 25 (c) clearly indicates the
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two populations of the nanoparticles. The first peak is in good correspondence with larger
number of the smaller cMNPs and the second one with the larger SNPs. There was no
change in the number distribution of the cMNP/SNP mixture over time (graphs not
shown). The influence of the suspensions’ concentrations on the heteroaggregation was
tested by diluting the starting suspensions for 100 times (i.e., 0.45 mg/mL for SNPs and
0.15 mg/mL for cMNPs) and then mixing the two suspensions at the same cMNPs/SNP
number ratio R = 15. Also in this case no aggregation was observed. The two peaks on
graph (c) of Figure 25 proved that there was no heteroaggregation between SNPs and
cMNPs.

Figure 25: DLS measurement of hydrodynamic radius size distribution for: (a) cMNPs suspension
(15 mg/mL, pH 9), (b) SNPs suspension (15 mg/mL, pH 9) and (c) mixture of cMNP/SNP
suspension (R = 15).

The purpose of this PhD work was to develop a method for the controlled synthesis of
nanoparticles clusters in the aqueous suspensions by the process of heteroaggregation.
The heteroaggregation by applying attractive electrostatic interactions, i.e., interactions
between the negatively charged cMNPs and the positively charged aSNPs, was carried
out by mixing the two aqueous suspensions at pH 5.5, where the absolute difference in
their ζ-potential was the largest (Figure 19).
First, the heteroaggregation between the aSNPs and the cMNPs was studied at the
lower (0.7 mg/mL) concentration of the cMNPs and the cMNPs/aSNPs number ratio
R = 89. Figure 26 (a) and (b) show TEM images of the heteroaggregates of the aSNPs and
the cMNPs formed at the lower (0.7 mg/mL) concentration of the cMNPs and the
cMNPs/aSNPs number ratio R = 89. After the drying of the highly diluted suspension on
the TEM specimen support, the larger aSNPs were covered with the smaller cMNPs. Such
heteroaggregates were situated on the support individually or in small groups, while the
rest of the unbound cMNPs formed agglomerates. Since there was no agglomeration
observed by the continuous DLS measurement of the starting cMNP suspension over time
(for details see graph (a) on Figure A16 in Appendix), I concluded that the cMNPs were
in a dispersed state in the suspension at pH 5.5, and they came into contact when the
suspension dried on the TEM specimen support. The analysis of a large number of
heteroaggregates revealed that the coverage of the aSNPs with cMNPs was relatively
non-uniform. The cMNPs mainly attached to the larger aSNPs as individual
nanoparticles; however, they were quite frequently in close contact with each other or
even in the form of small agglomerates, while larger areas of the aSNPs’ surfaces were
uncovered. The larger agglomerates of the cMNPs in contact with the aSNPs’ surfaces
can form during the preparation of the TEM specimen. However, the cMNPs were also
observed in close contact at the surfaces of the individual aSNPs lying on the specimen
support with no other cMNPs in the proximity, strongly suggesting that they came into
contact already during heteroaggregation in the suspension.
It is known from the literature, that the concentration of nanoparticles in the
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suspension has an influence on the surface coverage of larger particles with smaller ones
[241]. The influence of the nanoparticle concentration was investigated by changing the
cMNPs concentrations (0.007, 0.07, 0.7, 15 mg/mL) and keeping a constant
cMNPs/aSNPs number ratio R = 89. TEM analysis revealed that the surface coverage of
the larger aSNPs with the smaller cMNPs was nonhomogeneous at the lower
concentrations. At the lowest concentration of the cMNPs (0.007 mg/mL), the majority of
aSNPs were uncovered or poorly covered, having attached just a few cMNPs. By
increasing the cMNPs concentration the surface coverage of the larger aSNPs was
improving. When the concentration of cMNPs in the suspension was increased to the
highest value (15 mg/mL), the coverage of the central aSNPs with cMNPs improved;
however, it was still relatively nonhomogeneous, with the cMNPs frequently present at
the aSNPs’ surfaces in the form of small agglomerates (Figure 26c).

Figure 26: TEM images of heteroaggregates formed by attractive electrostatic interactions. At
lower (0.7 mg/mL) cMNPs concentration (a,b), at the higher (15 mg/mL) cMNPs concentration
(c), and at the increased ionic strength (50 mM KCl, 0.7 mg cMNPs/mL) (d). The cMNPs/aSNPs
number ratio was maintained at R = 89 in all the samples.

During electrostatic heteroaggregation the change of the nanoparticle number ratio R
can strongly influence the coverage of larger nanoparticles with smaller ones [242]. To
investigate the influence of the nanoparticle number ratio on the coverage of larger aSNPs
with smaller cMNPs, the cMNPs concentration was kept constant (15 mg/mL) and
different cMNPs/aSNPs number ratio R (15, 89 and 450) were used. At R = 15 the
sedimentation of particles from the suspension was observed immediately after mixing
the two suspensions. The coverage was nonhomogeneous and similar to the one obtained
where cMNPs concentration was 0.7 mg/mL and R = 89. By increasing R to 89 the
surface coverage of aSNPs improved, but the coverage of aSNPs was still relatively
nonhomogeneous. To improve the coverage of the central aSNP the nanoparticle ratio R
was further raised from R = 89 to R = 450; however, no significant improvement in the
aSNPs coverage by the cMNPs was observed. Obviously, in my experiment the ratio
R = 89 was already high enough, and therefore a further increase did not have any
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influence on the coverage.
Nanoparticles in aqueous suspensions normally carry an electric surface charge due to
charged surface groups. The DLVO theory states that dispersions of such nanoparticles
are stable at low salt concentrations due to the repulsive electrostatic forces caused by the
overlap of the diffuse layers. Addition of salt destabilizes such suspensions, whereby
aggregation is induced by attractive van der Waals forces due to screening of repulsive
electrostatic interactions by salt. By screening of repulsive electrostatic interactions
between cMNPs, the nanoparticles come closer and as a result the coverage of the larger
aSNPs could be improved. To verify this, I studied the influence of the increased ionic
strength of the suspension (50 mM and 75 mM of KCl) on the coverage of aSNPs.
To determine the critical amount of added salt, where the nanoparticles start to
aggregate, at concentrations and pH value where the heteroaggregation by electrostatic
interactions was studied, I did the continuous DLS measurements of an individual
aqueous suspensions of cMNPs (0.7 mg/mL, pH 5.5) or aSNPs (0.5 mg/mL, pH 5.5)
without and with different amounts of added KCl. No aggregation was observed over the
wide range of ionic strength (up to 100 mM KCl) for the cMNPs suspension (Figure 22).
The aggregation of the nanoparticles in the suspension appears immediately when the
critical aggregation concentration is reached. In the case of the cMNPs suspension the
aggregation was observed above 100 mM KCl of ionic strength. In contrast, aSNPs
started to aggregate already at a very low (0.1 mM KCl) ionic strength.
Next, the heteroaggregation by electrostatic interactions at the three different ionic
strengths (0, 50, 75 mM KCl) was done. First, I added the calculated amount of KCl into
the cMNPs suspension and then vigorously admixed the aSNPs suspension into cMNPs
suspension. The total ionic strength of the cMNP/aSNP mixture was 50 or 75 mM.
The coverage of the central aSNP with the cMNPs (0.7 mg/mL, R = 89), was clearly
improved at the increased ionic strength of the suspension (50 mM KCl) (Figure 26d)
compared to the coverage of aSNPs where ionic strength was not increased (Figure 26b).
Increasing ionic strength to the higher value (75 mM KCl) did not change significantly
the coverage of the central aSNP with the cMNPs. However, it seemed from TEM
analysis that the aggregated cMNPs attached onto the central aSNPs. This could be
explained by the aggregation of cMNPs, caused by too high ionic strength, before the
aSNPs were admixed. The experiment showed that the change of ionic strength has an
influence on the coverage of central aSNP with cMNPs.

4.1.2.2 Heteroaggregation by chemical interactions
Controlled process of heteroaggregation between nanoparticles in an aqueous suspension
can be achieved by chemical interactions between surface groups of functionalized
nanoparticles. In the following experiment I studied the influence of chemical interactions
on the surface coverage of the larger aSNPs with the smaller cMNPs.
The covalent bonding between the activated carboxyl groups (single-step EDC
activation) at the cMNPs and the amino groups at the aSNPs was more effective in the
formation of the heteroaggregates compared to the simple electrostatic interactions.
Figure 27 shows TEM and SEM images of the sample obtained by reacting the activated
cMNPs with the aSNPs in the suspension at the higher concentration of the cMNPs
(15 mg/mL) and R = 89. The aSNPs were homogeneously covered by the cMNPs. A
statistical analysis of the TEM images showed that each aSNP was covered, on average,
by approximately 23±4 cMNPs, leading to a calculated average surface coverage of the
larger aSNPs with the smaller cMNPs of 38±7 %. Besides the individual cMNPs, small
agglomerates of the cMNPs were seldom visible on the aSNPs.
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Figure 27: TEM (a) and SEM (b) image of the heteroaggregates formed between the aSNPs and
the cMNPs (15 mg/mL, R = 89) by activating the carboxyl surface groups of cMNPs with EDC.

The bonding between the two types of nanoparticles takes place after mixing the two
stable suspensions: the suspension of activated cMNP at pH = 5.5 and the suspension of
aSNP at pH = 9. The pH of the resulting suspension was close to 7 and was further
increased to the value of 7.3 required for the reaction between the activated carboxyl
groups and the amino groups. At pH = 7.3 the aSNPs are close to the IEP and therefore
they tend to agglomerate (Figure 19). However, the aSNPs were always homogeneously
covered with cMNPs, the two aSNPs were never in a direct contact, and it seems that the
smaller cMNP never reacted with the two aSNPs bridging them together. It can be
concluded that the chemical reaction between the two types of nanoparticles is faster than
the spontaneous agglomeration of the aSNPs due to van der Waals forces. The two types
of nanoparticles probably still display an opposite surface charge at that pH = 7.3;
however, the zeta-potential of the aSNPs is very low, so additional electrostatic
interactions, if they exist, should be small.
When the lower concentration of cMNPs (0.7 mg/mL) in the suspensions and R = 89
was applied, the appearance of the formed heteroaggregates was similar to that of the
heteroaggregates formed by the electrostatic interactions. The reason probably lies in the
rapid hydrolysis of the active ester leaving group (o-acylisourea) formed when the EDC
reacts with the carboxylate group on the cMNPs. Because of the lower concentration of
the cMNPs in the suspension and the required constant ratio between the EDC and the
cMNPs, the EDC concentration was too low to effectively activate the carboxyl groups. It
is known that the single-step EDC coupling protocol for the activation of carboxyl groups
is not effective at low concentrations of nanoparticles [63].
To improve the surface coverage of the central aSNPs, I also tried with the two-step
activation process at lower (0.7 mg/mL) and higher (15 mg/mL) concentration and
constant R = 89 for cMNPs, where Sulfo-NHS was added after the addition of EDC to
increase the solubility and stability of the active intermediate, which ultimately reacts
with the attacking amine [63]. TEM analysis of formed heteroaggregates by lower cMNPs
concentration showed that the larger aSNPs were poorly, nonhomogeneous covered,
similar to single-step EDC activation at lower concentration. However, by increasing the
cMNP concentration (15 mg/mL) the coverage of central aSNPs improved, but it was
similar to the one of the single-step EDC activation at higher cMNP concentration. In
contrast, the DLS measurement of formed heteroaggregates by two-step activation
process showed differences. The distribution of single-step activation process gave a
broader hydrodynamic diameter size distribution, ranging from 100 to 470 nm. In
contrast, the use of the two-step activation process, the hydrodynamic diameter size
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distribution was narrower, ranging from 110 to 180 nm. This result suggests that the
formed heteroaggregates were more uniform by the two-step activation process.
The influence of nanoparticles’ number ratio on the coverage of the larger aSNPs with
the smaller cMNPs was tested at the constant cMNPs concentration (15 mg/mL) and
different cMNPs/aSNPs number ratio R (15 and 89). Similar to the heteroaggregation by
electrostatic interactions, by lowering the cMNPs/aSNPs number ratio (R = 15), the
sedimentation of particles from the suspension was observed immediately after mixing
the two suspensions. The coverage of the central aSNPs was nonhomogeneous
(Figure 28) compared to higher R = 89 (Figure 27).

Figure 28: Heteroaggregates formed by the chemical interaction between aSNPs (11 mg/mL, 4
mL) and cMNPs (15 mg/mL, 4 mL) at R = 15.

The influence of increased ionic strength of the nanoparticles’ suspension was not
expected to have a significant improvement on the coverage of larger aSNPs with smaller
cMNPs in the process of heteroaggregation by the chemical interactions. To verify this
statement, I tested covalent bonding between the activated carboxyl groups (single-step
EDC activation) at the cMNPs and the amino groups at the aSNPs, where I added KCl
(1 mM) to the starting suspension of cMNPs (0.7 mg/mL). The final ionic strength of the
mixture was 50 mM KCl. TEM analysis of the heteroaggregates formed at the increased
ionic strength showed no significant improvement of the coverage of the larger aSNPs
with the smaller cMNPs. The result indicates that the increased ionic strength has no
significant influence on the coverage, unlike it had in the case heteroaggregation by
applying attractive electrostatic interactions between oppositely charged nanoparticles.
4.1.2.2.1 The use of a heterobifunctional crosslinker
The heteroaggregation by using heterobifunctional crosslinkers of different lengths was
also studied. In the experiments the concentration of cMNPs (15 mg/mL) and R = 89
were constant, while the length of the crosslinker molecule was different (3 nm for PEG8
and 9 nm for PEG24).
The surface coverage of the larger aSNPs with the smaller MNP-PEG8 or
MNP-PEG24 was similar to that obtained by direct bonding between the activated
carboxyl and the amino groups. Figure 29 shows heteroaggregates formed between the
aSNPs and the MNP-PEG24. The estimated average surface coverage of the larger aSNPs
with the smaller MNP-PEG24 from the TEM images was equal to that obtained by direct
bonding between the activated carboxyl and the amino groups, 37±7 %, whereas the
average surface coverage of the aSNPs covered with MNP-PEG8 was somewhat lower,
i.e., 34±6 %.
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Figure 29: TEM (a) and SEM (b) image of the heteroaggregates formed between the aSNPs and
the MNP-PEG24 (15 mg/mL, R = 89).

However, the DLS measurement of the hydrodynamic diameter of formed
heteroaggregates by using heterobifunctional crosslinker of different lengths showed
differences (Figure 30). The distribution of formed heteroaggregates between the aSNPs
and the MNP-PEG24 gave a broader hydrodynamic diameter size distribution, ranging
from 100 to 600 nm, and majority of heteroaggregates around 400 nm (Figure 30a). In
contrast, the hydrodynamic diameter size distribution was narrower for the formed
heteroaggregates between aSNPs and MNP-PEG8, ranging from 100 to 400 nm and
majority of heteroaggregates around 250 nm (Figure 30b). The results suggest that the
length of crosslinker molecule influence on hydrodynamic size of formed
heteroaggregates, i.e., the longer length of crosslinker molecule gave broader
hydrodynamic size distribution.

Figure 30: DLS graphs showing number-weighted size distribution of formed heteroaggregates
between aSNPs and MNP-PEG24 (15 mg/mL, R = 89) (a), MNP-PEG8 (15 mg/mL, R = 89) (b).

4.1.2.3 Kinetics of heteroaggregation
The surface coverage of central nanoparticle might be governed by the kinetics of
heteroaggregation. To verify this, the kinetics of heteroaggregation was followed by
measuring changes in the relative ratio of the hydrodynamic diameter D(t)/D(0) of the
particles in the suspension with time using in-situ DLS measurements. The D(t)/D(0) ratio
can change due to interactions between the different nanoparticles; it can increase with
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heteroaggregation or with the spontaneous agglomeration of the particles due to van der
Waals forces, or it can decrease due to the sedimentation of larger particles. The increase
of D(t)/D(0) only with heteroaggregation, i.e., bonding of the single layer of smaller
cMNPs onto the larger aSNPs, should be relatively small, because the aSNPs are
considerably larger than the cMNPs. Moreover, to detect the kinetics of heteroaggregation
the time of the individual DLS measurement should be short, resulting in a large
scattering of the results. Thus, the formation of the heteroaggregates due to electrostatic
interactions could not be detected. Most probably, the process of heteroaggregation was
too fast to be detected.
When the two suspensions containing nanoparticles displaying an opposite surface
charge were mixed at the cMNPs concentration of 0.7 mg/mL and R = 89, the D(t)/D(0)
remained inside the scatter of the results (Figure 31). The same result was also obtained
when the cMNPs concentration was decreased by 10 or 100 times. Most probably, the
heteroaggregation due to the electrostatic interactions is too fast to be detected with DLS.
It is well known that, in the absence of any steric barrier, oppositely charged particles
aggregate due to the attractive electrostatic interactions immediately upon mixing [40].
The time needed to finish the first measurement after the mixing of the two suspensions
was approximately one minute.

Figure 31: The kinetics of formed heteroaggregates by electrostatic interaction between aSNP
(0.5 mg/mL) and cMNP (0.7 mg/mL) at pH 5.5 and R = 89.

In contrast, when the chemical interactions are applied to the heteroaggregation of the
two types of nanoparticles at the cMNPs concentration of 0.7 mg/mL and R = 89, the
initial increase in D(t)/D(0) was clearly visible in the DLS measurements (Figure 32).
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Figure 32: The kinetics of formed heteroaggregates by chemical interaction between aSNP
(0.5 mg/mL) and cMNP (0.7 mg/mL) at R = 89.

Figure 33a shows the changing of D(t)/D(0) with time after the suspension of the
aSNPs was mixed with the suspension of the activated cMNPs (0.7 mg/mL, R = 89). The
D(t)/D(0) increased in the initial 20 min and then it remained constant, indicating that the
heteroaggregation achieved its steady state. Only after a longer time than 1.5 hours did
the D(t)/D(0) start to slowly decrease, indicating the slight sedimentation of the larger
particles. To link the increase in D(t)/D(0) with the heteroaggregation, the samples were
retracted at different times after the mixing of the two suspensions. The analysis of the
sample extracted right after the two suspensions were mixed (Figure 33b) shows that the
smaller cMNPs were only seldom in direct contact with the aSNPs. The sample extracted
20 min after the mixing showed a much larger number of cMNPs in direct contact with
the aSNPs, i.e., much better coverage of the aSNPs with the cMNPs (Figure 33c). This
sample showed no significant difference in terms of the coverage of the sample extracted
at the end of the process (Figure 33d). The results indicate that the chemical bonding
between the cMNPs and the aSNPs was completed in approximately 20 min.
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Figure 33: Relative change of hydrodynamic diameter with time for chemical heteroaggregation
at the cMNPs concentration of 0.7 mg/mL and R = 89 (a) and TEM of the samples of
heteroaggregates extracted from the reaction mixture right after (t = 0) (b), 20 min (c) and
3 hours (d) after the two suspension were mixed.

The kinetics of heteroaggregation due to the chemical interactions appears to be slower
compared to that involving the electrostatic interactions. The reason is most probably in
the slower diffusion in the suspension during the chemical heteroaggregation, where there
is almost no influence of the electrostatic forces on the transport of the nanoparticles.
The DLS measurements of the heteroaggregation kinetics in the suspension containing
higher concentrations of the nanoparticles (15 mg/mL of cMNPs) were not possible
because the suspension was not transparent enough for the laser beam, although the
suspension remained stable for a long time.
When the aSNP suspension was admixed to the cMNP suspension at the lower
concentration of 0.7 mg/mL and at the lower cMNP/aSNP number ratio R = 15 the
continuous DLS measurements showed no initial increase in D(t)/D(0) with time for
electrostatic interaction (Figure 34) or chemical interaction (Figure 35) between aSNPs
and cMNPs.
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Figure 34: The kinetics of formed heteroaggregates by electrostatic interaction between aSNP
(0.5 mg/mL) and cMNP (0.7 mg/mL) at pH 5.5 and R = 15. The decrease of D(t)/D(0) after
approximately 30 min is the result of the sedimentation of larger heteroaggregates.

Figure 35: The kinetics of formed heteroaggregates by chemical interaction between aSNP
(0.5 mg/mL) and cMNP (0.7 mg/mL) at R = 15. The decrease of D(t)/D(0) after approximately
30 min is the result of the sedimentation of larger heteroaggregates.

Initially, the D(t)/D(0) ratio remained inside the fluctuations of the measurements.
However, already after approximately 30 min the D(t)/D(0) started to decrease, indicating
sedimentation of the larger particles. The sedimentation of the particles from the
suspension was also observed immediately after the mixing of the two suspensions at the
higher concentration of the cMNPs (15 mg/mL) and at lower R = 15. I assume that in the
case when the cMNPs were in larger excess in the reaction suspension, i.e., R = 89, the
non-attached cMNPs acted like stabilizers of the suspension of the formed
heteroaggregates. In contrast, in the suspension with the smaller nanoparticle number
ratio R = 15, the smaller cMNPs make bridges between the larger aSNPs (Figure 29).
Thus, instead of separate heteroaggregates with a defined structure, the larger structures
are formed, which are relatively large and quickly sediment from the suspension.
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4.1.3 Controlled heteroaggregation of functionalized
superparamagnetic nanoparticles and superparamagnetic clusters
in an aqueous suspension
Knowing the interactions between nanoparticles in aqueous suspensions is also important
for the synthesis of multifunctional composite nanoparticles, combining nanoparticles of
different materials. By replacing model particles with different materials, the developed
method for chemically-driven heteroaggregation by single-step EDC activation could be
the preferred method for the synthesis of multifunctional composite nanoparticles. For
example, in the model system the nonmagnetic aSNPs served as a support for cMNPs
with magnetic properties. The system could be used in catalytic applications, by replacing
nonmagnetic aSNPs with magnetic particles for support and by replacing magnetic
cMNPs with nanoparticles with catalytic properties. Such multifunctional composite
particles could be magnetically separated from the reaction mixture after the reaction,
where they were used as catalyst.
In the following experiment, I tried to demonstrate the use of the developed
chemically-driven heteroaggregation method for the preparation of composite
nanoparticles. To synthesise composite nanoparticles with improved magnetic properties
and different surface coverage of larger nanoparticles with smaller cMNPs, I replaced the
nonmagnetic aSNP from the model system with the magnetic a-iNANO.
The covalently-driven heteroaggregation between activated carboxyl-functionalized
cMNPs (1 mg/mL) and amino-functionalized a-iNANO, was studied at two different
cMNP/a-iNANO nanoparticles number ratios, i.e., smaller (R = 10) and higher (R = 100).
Figure 36 shows a difference in the coverage of the central a-iNANO with the smaller
cMNPs at a) the higher and b) the smaller cMNP/a-iNANO nanoparticles number ratios.
Results showed that the cMNP/a-iNANO system behaved similar to previously studied
model system. Like in the model system, the a-iNANO were more homogeneously
covered by the cMNPs at the higher R = 100 (Figure 36a), compared to the smaller
R = 10 (Figure 36b). Besides the individual cMNPs, small agglomerates of the cMNPs
were also seldom visible on the a-iNANO. The suspension of formed heteroaggregates at
the higher R = 100 start to sediment approximately one day after the synthesis was
finished. In contrast to the model system, the sediment was easily re-dispersed with gentle
mixing and no larger aggregates was observed. The observed behaviour at the smaller
R = 10 was similar to the one observed at the model system at R = 15. The sedimentation
of the particles from the suspension was observed immediately after mixing of the two
suspensions.
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Figure 36: SEM images of formed heteroaggregates between a-iNANO and cMNPs (1 mg/mL) for
R = 100 (a) and R = 10 (b).

4.1.4 Superparamagnetic heteroaggregates
Superparamagnetic heteroaggregates that could be used as magnetic carriers in magnetic
separation applications were synthesised by the heteroaggregation of
differently-functionalized superparamagnetic nanoparticles of the same size in the
aqueous suspension. Figure 37 shows TEM images of the synthesized superparamagnetic
heteroaggregates using covalently driven heteroaggregation between central aMNPs
(8 mg/mL) and outer cMNPs (1 mg/mL) at the cMNP/a MNP number ratio R = 6.

Figure 37: TEM images of the representative superparamagnetic heteroaggregates at low (a) and
high (b) magnification.

The superparamagnetic heteroaggregates composed of 6-11 nanoparticles had
relatively uniform sizes of approximately 50-70 nm, as estimated from TEM images.
The DLS measurement of starting suspensions of the functionalized nanoparticles
(Figure 38a and b) had the majority of nanoparticles’ hydrodynamic diameter around
20 nm. Some nanoparticles in the starting suspensions might have aggregated over time,
which resulted in the broader hydrodynamic size distribution up to 60 nm. The
hydrodynamic size distribution of the synthesized superparamagnetic heteroaggregates
can be described by two populations, i.e., the first one between 30-40 nm and the second
one between 50-90 nm (Figure 38c). The distribution between 30-40 nm presents the
majority of nanoparticles in the suspension of formed superparamagnetic
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heteroaggregates and can be ascribed to the superparamagnetic heteroaggregates in the
early stage of the heteroaggregation process. The increase in the hydrodynamic size
(Figure 38c between 30-40 nm) compared to the hydrodynamic size of starting
suspensions of the functionalized nanoparticles (Figure 38a and b), where the majority of
the nanoparticles was around 20 nm, indicates, that the heteroaggregation between the
oppositely functionalized nanoparticles appeared. The distribution between 50-90 nm,
could be ascribed to the synthesized superparamagnetic heteroaggregates.
At the aMNPs/cMNPs number ratio R = 12 (data not shown), the formed
superparamagnetic heteroaggregates had broader hydrodynamic size distribution (up to
500 nm) compared to the aMNPs/cMNPs number ratio R = 6 (Figure 38c). The
superparamagnetic heteroaggregates formed at the higher nanoparticle ratio are more
likely to sediment due to gravitation and are difficult to be re-dispersed once the
sedimentation occurs. By lowering the aMNPs/cMNPs number ratio to R = 6, the
hydrodynamic size distribution of the formed superparamagnetic heteroaggregates
decreased. By considering the size of the individual silica-coated nanoparticle and their
spherical shape, a specific surface area of the heteroaggregates was calculated to be
78 m2/g. The specific surface area of formed heteroaggregates is important, because it
provides a larger absorptive surface area needed for bonding of targeted species in
magnetic separation. The absorptive specific surface area of synthesized
superparamagnetic heteroaggregates is larger compared to that of most commercially
available superparamagnetic beads [243,244], which are generally used in different
magnetic separation applications.

Figure 38: DLS number distribution of aMNPs (a), cMNP (b) and formed superparamagnetic
heteroaggregates (c).

Besides nanoparticle number ratios, the concentrations of the nanoparticle suspensions
were also found to be important for the effective assembly of the superparamagnetic
heteroaggregates. In the case of the twice-higher concentration of cMNPs (compared to
the concentrations of cMNPs used in the case presented above), the uncontrolled
agglomeration took place after the synthesis of the superparamagnetic heteroaggregates,
whereas the formation of the superparamagnetic heteroaggregates with the twice-diluted
reaction mixture was not effective.

4.2 Preparation and magnetic separation of lactic acid bacteria
from fermentation media
In the second part of this chapter I describe a possible application of magnetic separation
in biotechnology. The attachment of superparamagnetic nanoparticles onto larger objects,
i.e., bacteria, was studied in order to prepare the “magneto-responsive” lactic acid
bacteria (LAB) O. oeni. The bonding between the magnetic nanoparticles and the bacteria
is crucial for their magnetic separation. Generally, the magnetic separation of bacteria is
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important for applications where the bacteria need to be removed from the process or in
fermentation applications to control the fermentation process. To demonstrate the
application of magnetic separation, the malolactic fermentation (MLF) of wine was
performed with magneto-responsive bacteria. MLF is so-called secondary fermentation of
wine and is performed by the LAB that converts the L-malic acid to L-lactic acid and
carbon dioxide. Uncontrolled or spontaneous MLF implies several risks, such as a
considerable increase in volatile acidity, consumption of residual sugars, undesirable
organoleptic changes, change of wine colour formation of undesirable metabolites, such
as biogenic amines, that can affect human health and lead to low quality wines. If MLF is
not desired, the growth of LAB in wine must be suppressed by removing or inactivating
the bacteria that are present. This can be achieved by employing magnetic separation of
LAB from wine.
First, magneto-responsive bacteria were prepared by absorption of magnetic particles
onto LAB. Next, the influence of the attached magnetic nanoparticles onto LAB
metabolism was investigated by comparing the final conversion of L-malic acid into
L-lactic acid by LAB without or with attached magnetic nanoparticles onto the bacteria.
Finally, the magneto-responsive bacteria were separated from media using HGMS.

4.2.1 Characterization of bacteria
O. oeni belong to the Gram positive group based on the Gram staining method
(Figure A17, Appendix). In the literature the shape of O. oeni is described as spherical or
slightly elongated [166]. The shape of bacteria used in my experiments (Figure 40 and
Figure 43), i.e., O. oeni (UVAFERM BETA), could be described as oval shape or by
mathematical description as prolate spheroid. Figure 39 shows the SEM analysis of
freeze-dried bacteria powder. LAB are incorporated within a some sort of matrix
(Figure 39a) composed of larger particles of a plate-like shape. Besides plates with
incorporated bacteria, cube-like particles were observed in freeze-dried powder. The
EDXS analysis of the cube-like particles showed the presence of aluminium, silica,
sodium and oxygen. In my opinion the composition could be ascribed to aluminosilicate
zeolits. It is known, that aluminosilicate are good moisture adsorbents [245]. Such
particles could be added as molecular sieves to capture moisture that might appear during
storage of the freeze-dried bacteria and could cause their damage. SEM image of the
matrix with included LAB taken at higher magnification (Figure 39b) reveals that the
shape of LAB could be described as a prolate spheroid.
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Figure 39: SEM image of freeze-dried O. oeni. Figure 39a shows a cross-section of a plate-like
particle of the matrix with incorporated O. oeni. In the top right corner cube-like particles are also
seen. The bacteria cells are better seen at higher magnification in Figure 39b. When the matrix
particles was fractured, some of the bacteria were fractured and the others remained intact and
their shape can be resolved. A part of bacteria was pulled from the matrix during fracturing
leaving the holes with shape that perfectly corresponds to the shape of bacteria

When water was added, the matrix in which the freeze-dried bacteria were
incorporated, was dissolved. Analysis of TEM images of the bacteria after washing with
water and drying, confirmed their prolate spheroid shape with 1.5±0.3 µm for the long
dimension and 0.5±0.07 µm in transverse (Figure 40). By considering these values, the
specific surface area of the dry O. oeni was estimated to be 2 μm2. It is expected that the
bacteria shrink during drying.

Figure 40: TEM image of O. oeni. The freeze-dried bacteria were reactivated in distilled water and
deposit by drying suspension on a specimen support. Uranyl acetate was added as a contrast agent
for TEM analysis.

A surface charge of aMNPs and O. oeni were followed by measurements of the
ζ-potential of their aqueous suspensions as a function of pH (Figure 41). The O. oeni
show an acidic character, because its cell wall consists of several polymers and
macromolecules, which possess carboxyl, hydroxyl and phosphate surface groups [246],
displaying negatively surface charge.
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Figure 41: ζ-potential of the O. oeni and the aMNPs as a function of the pH value of their aqueous
suspension.

The number of bacteria cells in starting bacteria suspension was determined by flow
cytometry technique and plate count method. To estimate the number ratio between the
functionalized nanoparticles and the bacteria cells I needed the absolute number of the
bacteria cells in the suspension. Flow cytometry was used to analyse stained cells at the
level of individual cells. For staining of O. oeni I used live-dead bacterial viability kit
BacLight™, which is composed of two nucleic acid-binding stains, Syto9 that stains all of
the bacterial cells (green) (Figure 42a) and PI, that stains dead or dying cells (red)
(Figure 42b). Figure 42 shows images obtained by fluorescence microscopy in order to
test the stains in viability kit and not to determine the percentage of viable cells.

Figure 42: O. oeni fluorescence detection of (a) all and (b) dead bacteria. The images were
obtained by fluorescence microscopy to test the suitability of viability kit.

By the flow cytometry analyses, the stained O. oeni cells were easily detected by their
light scattering. In the dot plot of the FSC vs. SSC, a region was subsequently defined that
comprised the cell population (flow cytometry method is described Section A1.8 in
Appendix). Interfering particles that also had an SSC above the threshold, but were not in
the delineated region were thus disregarded. 3∙109 cells/mL was determined by flow
cytometry. The use of fluorescent stains in combination with flow cytometry allows the
detection and discrimination of viable culturable, viable nonculturable, and nonviable
organisms [247]. The viability for O. oeni in bacteria suspension, determined by flow
cytometry, was 98 %.
In practice, bacterial viability is measured using the plate count technique and is
assimilated to culturability. However, in the case of O. oeni, the plate count technique
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requires a very long incubation time of about 10 days or more [248]. To verify the number
of bacteria cells obtained by flow cytometry, the bacteria were grown on MRS agar
plates. The number of 5∙109 CFU/mL was determined by the plate counting, which is in
good agreement with OIV (International Organisation of Vine and Wine) codex that
states: »The number should be more or equal to 1011 CFU/g for lyophilised or dried
bacteria.« [249]. The disadvantage of plate count method is that we only detect viable
cells. Since in my experiments the number obtained by plate count method
(5∙109 CFU/mL) was higher, but of the same order of magnitude (109) than the number
obtained by flow cytometry analysis, I decided to use it for further planning of
experiments.

4.2.2 Preparation of the magneto-responsive bacteria
The preparation of magneto-responsive O. oeni was studied by using positively-charged
aMNPs, which interact by attractive electrostatic interactions with the O. oeni displaying
a negative surface charge. The attachment between the negatively-charged O. oeni and
the positively-charged aMNPs occurred in the aqueous suspension at pH 4, when the
suspension of the bacteria cells (pH 4) was vigorously admixed into the suspension of
aMNPs (1 mg/mL, pH 4).
First, the influence of the ionic strength, on the coverage of O. oeni with aMNPs was
investigated. The bacteria suspension, prepared by reactivation of the freeze-dried
bacteria powder, might contained salts or some other components form growth media
besides bacteria cells (Figure 39). The presence of these water soluble components
increases the ionic strength of the suspension and consequently causes the agglomeration
of the individual aMNPs. To remove remaining impurities, the bacteria suspension was
ultrafiltrated (for details see Section 3.2.2 in Materials and Methods) before they were
added to the suspension of aMNPs.
Figure 43a shows the attachment of the aMNPs (1 mg/mL, R1 = 1:8745, pH 4) on the
non-ultrafiltrated O. oeni (B1 = 5∙109 cells/mL, pH 4). After drying of the strongly diluted
suspension on a SEM specimen support, the O. oeni were covered with a low number of
the smaller aMNPs non-uniformly. The aMNPs were mainly attached to the larger
bacteria cells as small agglomerates, especially at the rim of bacteria cells, while larger
areas of the bacteria cells were uncovered. The formed agglomerates and consequently
larger uncovered areas might be explained by the influence of an increased ionic strength.
The coverage of the bacteria cell was clearly improved when the bacteria suspension
was ultrafiltrated (Figure 43b). The bacteria cells were covered more homogenously with
the individual aMNPs, although some agglomerates of aMNPs were also observed.
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Figure 43: Attachment of aMNPs onto non-ultrafiltrated (a) and ultrafiltrated (b) O. oeni.

TEM analysis showed that different aMNPs/bacteria number ratios and different
bacteria concentrations influenced the coverage of the ultrafiltrated O. oeni with the
aMNPs. The aMNPs/bacteria number ratios were chosen according to the specific surface
area of bacteria cells determined from microscopic analysis of dry bacteria cells. The
coverage of O. oeni with the smaller aMNPs was better in the case of the higher
(R1 = 1:8745) (Figure 44a and b) compared to the lower (R2 = 1:3336) aMNPs/bacteria
ratio (Figure 44c and d). The O. oeni were more homogenous covered at the higher
(B1 = 5∙109 cells/mL) (Figure 44a) compared to the lower (B2 = 5∙107 cells/mL)
(Figure 44b) bacteria concentration at the same aMNPs/bacteria ratio (R1). In the case of
the lower bacteria concentration (B2) the excess of the unbound aMNPs formed
agglomerates. It is evident that by decreasing the aMNPs/bacteria ratio less aMNPs were
attached to the bacteria cells (Figure 44c and d). I assume that in the case when the
aMNPs are in excess (R1), the non-attached aMNPs act like stabilizers preventing
aggregation of the magnetically-modified O. oeni, whereas in the case of the lower
aMNPs/bacteria ratio (R2), the aMNPs act like linkers between the bacteria cells.
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Figure 44: Attachment of aMNPs onto bacteria at different bacteria concentrations and different
aMNP/bacteria ratios; (a) B1R1, (b) B1R2, (c) B2R1 and (d) B2R2.

The preparation process of the magneto-responsive bacteria and the attached magnetic
nanoparticles onto the bacteria cells might have an influence on the viability of the
O. oeni. To answer this question the flow cytometry analysis were performed. The flow
cytometry results of the bacteria cells that were ultrafiltrated or bacteria cells with
attached aMNPs were the same as in the case of the non-ultrafiltrated bacteria suspension.
The percentage of live bacteria in the suspension remained the same, i.e., 98 %. The
process of preparation magneto-responsive bacteria and the attached magnetic
nanoparticles onto the bacteria cells show no antibacterial effect on the O. oeni.
If a sufficient surface concentration of the nanoparticles is bonded to the surface of
LAB, magneto-responsive bacteria magnetic moment in the magnetic field can be large
enough for effective separation, because of its relatively large volume. The difference in
the homogenous and non-homogenous coverage of O. oeni with aMNPs had an effect on
the magnetic separation of magneto-responsive bacteria from the bacteria suspension. The
prepared magneto-responsive O. oeni, homogenously covered B1R1 (Figure 44a) and
non-homogenously covered B1R2 (Figure 44b), were collected from the suspension by
the permanent magnet. The flow cytometry was used to determine the number of nonseparated bacteria cells remained in the supernatant after 30 minutes of the magnetic
separation. 0.5 % in O. oeni case of B1R1 and 2 % in O. oeni case of B1R2 of the total
bacteria cells used in the experiment remained in the suspension. The result suggests that
the magnetic separation was more efficient when the O. oeni surface was homogenously
covered with aMNPs (B1R1), compared to the non-homogenously surface coverage
(B1R2).
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4.2.3 Influence of the attached magnetic nanoparticles on the O. oeni
metabolism during MLF
Although it was shown that the attached magnetic nanoparticles accelerate the metabolic
activity of the wine yeast by fastening the fermentation process kinetics [88], the attached
magnetic nanoparticles onto the surface of O. oeni should not have an influence on the
bacteria metabolism.
The influence of attached aMNPs on the metabolism of O. oeni was tested by
performing the MLF in wine after alcoholic fermentation. Results obtained by enzymatic
analysis showed that there was practically no differences on the final values of pH and
organic acids in wine comparing the inoculation according to the manufacturer's
recommendations (control bacteria in Table 7) and inoculation with purified bacteria
suspension (centrifuged or ultrafiltrated bacteria) or the magneto-responsive bacteria
(centrifuged or ultrafiltrated bacteria with the aMNPs).
The comparison between start (first raw in Table 7) and the end values of pH and
organic acids (Table 7) confirmed, that the attached aMNPs does not affect the O. oeni
metabolism. Results also showed that the purification methods, e.g., centrifugation or
ultrafiltration, which were used for the preparation of the magneto-responsive bacteria
does not have any influence on the bacteria metabolism.
Table 7: The comparison between start and end values of pH and organic acids for MLF in wine.
(a) starting values for wine, (b) end values for inoculation according to manufacturer's
recommendations, (c) end values for inoculation with purified bacteria and (d) end values for
inoculation with magneto-responsive bacteria.

sample
(a)
control wine

pH

L-malic acid

L-lactic acid

citric acid

3.07

2.66

<0.05

0.187

(b)
control bacteria

3.23

<0.05

2.02

0.045

(c)
centrifuged bacteria

3.21

<0.05

2.02

0.054

ultrafiltrated bacteria

3.25

<0.05

2.00

0.034

(d)
centrifuged bacteria
with aMNPs

3.20

<0.05

1.98

0.047

3.24

<0.05

1.96

0.053

ultrafiltrated bacteria
with aMNPs

4.2.4 HGMS of magneto-responsive bacteria
The first aim of the HGMS study was to set up the continuous HGMS that could be scaled
up to an industrial scale. The HGMS method was designed in the previous preliminary
experiments based on separation of MNPs. First, MNPs (1 mg/mL) were separated from
an aqueous suspension using batch or continuous HGMS. To estimate the efficiency of
batch HGMS, VSM analysis were used. After the HGMS the column was backflushed
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with distilled water to elute the magnetic nanoparticles and to clean the column. The
eluted suspension of nanoparticles did not sediment and hydrodynamic diameter
determined by the DLS measurement was 18 nm (DLS and VSM measurements are
shown in Section A1.9 in Appendix). This result suggests that the HGMS did not cause
the aggregation of separated MNPs in the column.
Next, the MNPs in the aqueous suspension were replaced by the magneto-responsive
bacteria. The same concentration of the magneto-responsive bacteria (108 CFU/mL) were
separated either by batch or by continuous HGMS. The efficiency of separation was
determined by flow cytometry analysis as a quotient between the number of cells after
HGMS divided by the number of cells before the HGMS. To achieve the similar
separation efficiency (approximately 96 %), between batch and continuous HGMS, the
pump velocity had to be set to the lowest possible achieved by the peristaltic pump
Watson Marlow 400, i.e., 4.3 mL/min.
With an aim to develop a method for continuous HGMS of the magneto-responsive
bacteria from wine, they were first separated from the synthetic media after the MLF. The
synthetic media had the similar composition like wine. Besides inoculated LAB with or
without attached magnetic nanoparticles, no other microorganism, e.g., yeast, was present
in synthetic media. Due to the exhaust of CO2, which is one of the two products of
L-malic conversion, I can assume that the fermentation process occurred. The efficiency
of the HGMS and the number of remained cells was determined by the flow cytometry
analysis. No difference in the flow cytometry analysis, e.g., background noise, was
observed if the LAB were dispersed in distilled water or in the synthetic media. Figure 45
shows graphs FSC vs. SSC before (a) and after (b) HGMS.

Figure 45: Graphs FSC vs. SSC before (a) and after (b) HGMS.

The “tail” shape part, i.e., part between 10 and 1000 FSC, of the graph (a) on the
Figure 45 presents the magneto-responsive bacteria (for details look Section A1.9 in
Appendix) before the HGMS. It is clearly seen that tail part on the graph corresponding to
magneto-responsive bacteria is missing after the HGMS. The achieved efficiency of the
HGMS was 96 %. The number of bacteria cells/mL after the HGMS was 4∙103, which is
less than the number of cells needed for the start or continuing the MLF [164]. The result
of successful separation was further confirmed by TEM analysis before and after the
HGMS separation. Before the HGMS, the magneto-responsive bacteria were seen on the
specimen support, whereas after the HGMS the specimen support contained no bacteria
cells.
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4.2.4.1 Separation of the magneto-responsive bacteria from wine
Finally, HGMS was carried out on the wine sample. Figure 46 presents FSC vs SSC
graphs before and after the HGMS in wine sample. Two populations of cells are clearly
seen in the graph. The part between 10 and 200 FSC on the FSC vs SSC graph could be
ascribed to the magneto-responsive bacteria, whereas the upper right population, i.e.,
between 200 and 1000 FSC, could be ascribed to yeast according to literature [250]. The
second population might be already present in wine, since it was not filtered before
experiments or it was added by bioactivators. Due to the two populations and non-specific
staining for O. oeni the efficiency of the HGMS estimated by flow cytometry analysis
was 59%.

Figure 46: Graphs FSC vs. SSC before (a) and after (b) HGMS in vine sample.

The efficiency of the HGMS was further tested with a TEM analysis and by
observations of MLF process after the HGMS. No bacteria were observed in the samples
after the HGMS with the TEM analysis, whereas some larger cells, e.g., yeast, were
observed.
The TEM analysis of the magneto-responsive bacteria after the MLF showed that
although the cells multiplied, the nanoparticles remained on their surfaces (Figure 47a, b
and c). After drying of the bacteria suspension on a TEM specimen support, the vast
majority of the bacteria cells were deposited on the support as clusters containing several
bacteria cells.
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Figure 47: TEM image of bacteria and aMNPs after the MLF. Magneto-responsive bacteria after
MLF in synthetic media (a), aMNPs at bacteria surface at high magnification in the synthetic
media (b), magneto-responsive bacteria after MLF in wine (c) and aMNPs at bacteria surface at
high magnification in wine (d).

Detailed TEM analysis of the nanoparticles after the MLF reviled that they partially
dissolved in wine. In Figure 47d empty silica shells, which remained after dissolution of
the iron-oxide core of the nanoparticles are visible. Dissolution of the attached magnetic
nanoparticles was more obvious when the MLF occurred in wine compared to synthetic
media. However, the dissolution of the nanoparticles did not significantly decrease the
efficiency of the magnetic separation. For practical applications the nanoparticles should
be prepared by appropriate surface coating to prevent their dissolution.
The MLF can be controlled by the removal of O. oeni at a certain stage of
fermentation. The termination of MLF can be monitored by the exhaust of CO2, which is
one of the products in the MLF of the conversion of L-malic acid into L-lactic acid. To
stop the fermentation in a certain stage of MLF the HGMS was performed after 7 days
after the inoculation of wine with the magneto-responsive O. oeni. Furthermore, the
aMNPs were adsorbed onto the pristine O. oeni, without the magnetic nanoparticles
(labelled as “postmagneto-responsive” O. oeni in Table 8) after 7 days after their
inoculation of the wine. The efficiency of HGMS of the magneto-responsive O. oeni was
estimated based on the consumption of L-malic acid and citric acid, the production of
L-lactic acid and the change of the pH value (Table 8).
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Table 8: Changing of pH and in content of organic acids with MLF of wine. First raw shows the
starting values for the wine. “Pristine O. oeni” represent bacteria without attached magnetic
nanoparticles (the control). “Magneto-responsive O. oeni” represent bacteria with attached
magnetic nanoparticles. The measurement were made after the bacteria were magnetically
separated from the wine after 7 days of MLF, and after additional 7 days or 14 days after the
separation. For “postmagneto-responsive O. oeni” the pristine bacteria was used for MLF. After 7
days of ML the magnetic nanoparticles were adsorbed onto the bacteria and they were
magnetically separated. “Recycled magneto-responsive O. oeni” represent back flushed
magneto-responsive O. oeni from HGMS column, which were inoculated into a new substrate.
(The error of the measurements of the acid content was estimated to be ±10 %).

time after
inoculation
[days]

pH

L-malic acid
[g/L]

L-lactic acid
[g/L]

citric acid
[g/L]

Control wine

3.07

3

<0.1

0.21

Pristine O. oeni

3.08
3.15
3.17

1.3
0.1
0.1

1.3
2.2
2.2

0.16
0.02
0.01

7
14
21

Magneto-responsive
O.oeni

3.13
3.13
3.13

0.5
0.5
0.5

1.7
1.7
1.7

0.12
0.12
0.12

7
14
21

Postmagneto-responsive
O.oeni

3.09
3.09
3.09

0.9
0.9
0.8

1.4
1.4
1.4

0.14
0.14
0.12

7
14
21

sample

Recycled
3.08
2.2
0.5
0.19
magneto-responsive
3.19
0.1
2.1
0.05
O. oeni
The starting concentration of L-malic acid and citric acid was decreased after 7 days
after the inoculation of wine. In contrast, the concentration of L-lactic acid increased and
the exhaust of CO2 was observed. The results indicate that the MLF proceeded. The
concentration of L-malic acid and citric acid continued to decrease and the concentration
of L-lactic acid continued to increase in the next 7 days in bioreactors containing the
pristine O. oeni without attached magnetic nanoparticles. In contrast, the acids
concentrations remained the same and no exhaustion of CO2 was observed in bioreactors
after the HGMS of the magneto-responsive O. oeni. Results prove that the fermentation
process was stopped completely. It is therefore reasonable to expect that the fermentation
can be completely stopped in the desired stage of the fermentation with the separation of
the magneto-responsive bacteria.
After the HGMS of the magneto-responsive O. oeni, the HGMS column containing
trapped magneto-responsive O. oeni, was back flushed with distilled water. The
“recycled” magneto-responsive O. oeni were than inoculated into a new bioreactor
containing wine. The consumption of L-malic acid and the production of L-lactic acid
(last two rows in Table 8) clearly indicate that the MLF occurred. Result proves that the
separation process does not have a negative effect on the magneto-responsive O. oeni in
the HGMS column. Therefore, the recycled magneto-responsive bacteria could be further
used in another MLF. The MLF can also be stopped in the desired stage of the process
when the pristine bacteria are applied and the magnetic nanoparticles are added just
before the separation. The magnetic nanoparticles added in the form of concentrated
suspension to the wine with the O. oeni adsorbed onto the bacteria and enabled their

7
14
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effective HGMS. Also in the case of post addition of the magnetic nanoparticles, the MLF
was completely stopped.

76

Results

77

5 Discussion

5.1 Controlled heteroaggregation of two types of nanoparticles in
an aqueous suspension
Appropriate magnetic carriers for the selective magnetic separation and multifunctional
composite nanoparticles can be synthesized by assembly of nanoparticles in the aqueous
suspension. To control this process the understanding of interactions between the
nanoparticles with different surfaces’ properties in the suspensions is crucial. The crucial
information about the synthesis of heteroaggregates can be generated by knowing the
influence of numerous parameters, such as, relative nanoparticle sizes, nanoparticle
number ratios, nanoparticle concentration, and ionic strength, on the heteroaggregation
process.
The aim of this thesis was to synthesize magnetic carries with controlled
heteroaggregation of superparamagnetic nanoparticles in the aqueous suspension. The
study showed that different heteroaggregates can be formed, when the interactions
between nanoparticles with different surfaces’ properties in the suspension are controlled.
First, the influence of attractive electrostatic interactions and chemical interactions
between two types of nanoparticles in an aqueous suspension was studied in order to
develop a method for the controlled synthesis of the heteroaggregates. The
heteroaggregation experiments described in this thesis were based on the model system
composed of larger amorphous aSNPs and smaller crystalline cMNPs. The process of
heteroaggregation was followed by DLS measurements and by determination of
differences in a surface coverage of the central aSNP with the smaller cMNPs based on
TEM analysis.
The electrostatic heteroaggregation processes are particularly interesting, but still not
well understood [251]. Different parameters, e.g., nanoparticle concentration, nanoparticle
number ratios, ionic strength, etc., were reported to have an influence on the
heteroaggregate structure formed by applying electrostatic interactions between
nanoparticles [28,132,252,253]. The TEM images (Figure 26) of formed
heteroaggregates, synthesized by applying attractive electrostatic interactions between
oppositely charged nanoparticles, show that the heteroaggregation between aSNP and
cMNPs occurred at pH 5.5 and at the constant nanoparticle number ratio (R = 89) at both,
i.e., the lower (0.7 mg/mL) and the higher (15 mg/mL) nanoparticle concentration of the
cMNPs. An analysis of a large number of heteroaggregates revealed that the coverage of
the aSNPs with the cMNPs was relatively non-uniform. The cMNPs mainly attached to
the larger aSNPs as individual nanoparticles; however, they were quite frequently in close
contact with each other or even in the form of small agglomerates, while larger areas of
the aSNPs’ surfaces were uncovered. The close contact between the cMNPs was
surprising, since they display a strongly negative surface charge and should therefore
repulse each other. The reason for the close contact between the cMNPs at the surfaces of
the aSNPs, even though repulsive electrostatic forces are expected between them, is not
clear. It can be explained by formation of small aggregates already during synthesis of the
cMNPs. During the synthesis of MNPs, the silica layer might be formed around two or
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more maghemite nanoparticles. Such “mini” clusters of the MNPs further functionalized
with carboxyl groups, are still too small to be separated from the suspension by applying
an external magnetic field, when washing the suspension of cMNPs with distilled water.
Since they are usually in minority compared to the individual MNPs population, the DLS
analysis might not characterize them properly. However, their behaviour in the
nanoparticle suspensions will be similar to individual maghemite nanoparticles with a thin
layer of silica. These clusters of cMNPs are having the same surface charge as an
individual cMNP at pH 5.5, i.e., negative. During the process of heteroaggregation
applying the attractive electrostatic interactions between the oppositely charged
nanoparticles, such cluster might attach to the aSNP surface. Using TEM analysis the
attachment of such cluster might look like the individual cMNPs are in close contact at
the surfaces of the aSNPs. The close contact between the cMNPs at the surfaces of the
aSNPs can also be explained by the change in the overall surface charge of the formed
heteroaggregate. When the negatively charged cMNP attaches to the positively charged
aSNP, its ζ-potential can locally change to become positive and this represents the
preferred location for the next adsorbing cMNP. The attachment of the nanoparticles with
a high surface charge in the form of smaller agglomerates onto the surfaces of larger,
oppositely charged particles was also observed by others [122,152,242]. However, it has
never been observed in the electrostatically driven heteroaggregation of larger,
micron-sized particles.
The surface coverage of the larger aSNPs can be varied by changing the concentration
of the nanoparticles in the suspensions or by the nanoparticle number ratio. By increasing
the cMNP concentration and keeping the same nanoparticle number ratio, the surface
coverage of the larger aSNPs was improved. Better, but still non-uniform coverage with
the increasing cMNPs’ concentration can be explained by larger possibility for the
collisions between the oppositely-charged nanoparticles in the suspension. When the
nanoparticle suspension is diluted the electrostatic forces between the nanoparticles are
decreased due to larger average distance between the oppositely charged nanoparticles’
surfaces (Equation 7) [96]. It is known, that the magnitude and length scale of
electrostatic interactions can be tuned controllably through the choice of solvent (e.g.,
dielectric constant) as well as the concentration of the charged nanoparticles [145].
The increase of the number ratio between the nanoparticles of the two different sizes
has been reported to improve the coverage of the larger nanoparticles with the smaller
ones during electrostatic heteroaggregation [242]. This was, for example, observed in the
electrostatic heteroaggregation of multi-walled carbon nanotubes and hematite particles
[103]. My experiments showed no significant improvement of the surface coverage when
the nanoparticle number ratio was increased from R = 89 to R = 450. It seems that the
R = 89 was already high enough, and therefore a further increase did not have any
influence on the coverage. However, if I compare the result of the surface coverage at
R = 15 with R = 89, an improvement in surface coverage at R = 89 was observed.
Therefore, I can conclude that the nanoparticle number ratio improves the surface
coverage.
An improvement of surface coverage of aSNPs with cMNP by electrostatic
interactions by increasing the ionic strength of the suspension was clearly seen
(Figure 26d). There are several reports on the influence of the ionic strength on the
formation of heteroaggregates between oppositely charged particles [156,253-256].
Although the stability of starting nanoparticles’ suspensions is decreased by increasing
the ionic strength (Figure 22), the coverage of nanoparticles can generally be improved
[156,257,258]. Electrostatic screening effects at the increased ionic strength decrease the
effective electrostatic interaction [259,260]. Thus, the decrease in the repulsive interaction
between the like-charged cMNPs can improve their surface density at the surfaces of the
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aSNPs while the decrease in attractive interaction between the oppositely-charged
nanoparticles can make the kinetics of heteroaggregation slower, also observed by the
continuous DLS measurements in my experiments, and thus improve the homogeneity.
However, also the agglomeration of the formed heteroaggregates in the suspension was
more intensive at the increased ionic strength. Therefore, I can conclude that the increased
ionic strength of the nanoparticle suspension does influence the surface coverage of larger
nanoparticles with smaller one.
Compared to electrostatic interactions, the chemical interactions between activated
carboxyl groups at the cMNPs and amino groups at the aSNPs ware more effective in the
formation of the heteroaggregates and the surface coverage of the aSNPs with the cMNPs
was more uniform (Figure 27). The significant difference in the appearance of the
heteroaggregates obtained by the chemical interactions (Figure 27) compared to that
obtained by the electrostatic interactions (Figure 26) strongly suggests that the covalent
bonds between the two types of the functionalization molecules at the nanoparticles
successfully formed.
The nanoparticle concentration in the experiments of the covalently-driven
heteroaggregation influenced the activation of carboxyl groups of the cMNPs with the
EDC activator molecule. Due to this effect of the concentration on the activation of the
carboxyl groups, the effect on the surface coverage of aSNPs cannot be resolved. The
results obtained by TEM analysis support this by observed better coverage of aSNPs with
cMNPs in experiment with higher cMNP concentration (15 mg/mL) where carboxyl
groups ware successfully activated, whereas in case of lower cMNP concentration
(0.7 mg/mL) the coverage of aSNP was poor, suggesting that the concentration of cMNP
was too low for successful activation of carboxyl groups. It is known that the single-step
EDC coupling protocol for the activation of carboxyl groups is not effective at low
concentrations of nanoparticles [76]. Due to effect on the activation, the influence of the
nanoparticles concentration on the coverage during the covalently-driven
heteroaggregation was smaller compared to electrostatic interactions, where the increase
of the nanoparticle concentration effectively improved the surface coverage of aSNP.
The influence of the nanoparticle number ratio on the surface coverage of aSNP during
the covalently- driven heteroaggregation was clearly seen by TEM analysis on the
Figure 27 for the higher (R = 89) and Figure 28 for the lower (R = 15) nanoparticles
ratios. In the case of the lower nanoparticle number ratio (R = 15) the sedimentation of
the formed heteroaggregates was observed immediately after admixing the aSNPs into the
suspension of the activated cMNPs. The fast sedimentation strongly suggests that the
smaller cMNPs make bridges between the larger aSNPs. Such heteroaggregates are
expected to be larger and have more branched structure [131]. In contrast, at R = 89,
where the cMNPs ware in larger excess in the reaction suspension, the non-attached
cMNPs acted like stabilizers of the suspension of the formed heteroaggregates.
Furthermore, the heteroaggregate structure at R = 15 was expected to be more branched
[131], while the obtained structure of the formed heteroaggregates at R = 89 could be
described as raspberry-like. The raspberry-like heteroaggregates were also observed by
others, when higher nanoparticles number ratio and large size difference between two
types of nanoparticles were applied [131,261].
Using heterobifunctional crosslinkers (MNP-PEGn) as binding molecules no
significant improvement of the surface coverage of the aSNP was observed (Figure 29)
compared to direct bonding between the activated carboxyl and amino groups (Figure 27).
The difference in crosslinker molecule length had no significant effect on the surface
coverage. However, the influence of the crosslinkers of different length was observed by
DLS analysis (Figure 30). The difference in the hydrodynamic size distribution due to
different lengths of attached crosslinker molecules to the nanoparticle surface was also
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reported by other researchers [240]. Results obtained by DLS measurements of the formed
heteroaggregates support the idea that the longer crosslinker molecule would result in a
broader hydrodynamic size distribution (Figure 30a) and the shorter crosslinker molecule
would result in more narrow hydrodynamic size distribution (Figure 30b).
The kinetics of the heteroaggregation has a decisive influence on the appearance of the
heteroaggregates. In general, apart from the relative size [256], the number ratio R
between the two types of particles defines the morphology of the heteroaggregates. When
the difference in the sizes of the particles is large, the larger particles are usually coated
with the smaller ones at the large R values [131], as also observed in my experiments
(Figure 27). With a decrease in the R value such heteroaggregates first start to form
colloidal clusters through bridging the larger particles with the smaller ones (Figure 28).
With a further decrease in the R value the ring-like and elongated chains are preferred
[131]. However, when the process is too fast, non-uniform, disordered, colloidal
structures are formed. Only by slowing down the kinetics of heteroaggregation with
controlling the inter-particle interactions in the mixed systems, well-ordered
hetero-aggregated structures can be obtained [262]. The significant difference in the
kinetics of heteroaggregate formation was observed, comparing the continuous DLS
measurement of the electrostatically-driven (Figure 31) and the covalently-driven
heteroaggregation (Figure 32). I concluded based on continuous DLS measurements (see
Figure 31 and Figure 32) that the electrostatic-driven heteroaggregation is very fast. At
the nanoparticle concentrations usually applied in the heteroaggregation (0.7 mg/mL of
cMNPs and R = 89) the kinetics were too fast to be measured. By decreasing the
nanoparticle concentration, the aggregation might be slowed to time scales accessible or
measurable by the continuous DLS. However, the same result was obtained when the
cMNPs concentration was decreased by 10 or 100 times. Most probably, the
heteroaggregation due to the electrostatic interactions is too fast to be detected with DLS.
It is well known that, in the absence of any steric barrier, oppositely charged particles
aggregate due to the attractive electrostatic interactions immediately upon mixing [107].
In my case, the slower heteroaggregation due to chemical interactions resulted in a much
larger and much more homogeneous coverage of the larger aSNPs with the smaller
cMNPs compared to the faster heteroaggregation caused by the attractive electrostatic
interactions. The reason is most probably in the slower diffusion in the suspension during
the chemical heteroaggregation, where there is almost no influence of the electrostatic
forces on the transport of the nanoparticles.
Chemical heteroaggregation is therefore the preferred method for the synthesis of
clusters of nanoparticles of controlled size, as was demonstrated in the case of
superparamagnetic nanoparticle clusters for applications in magnetic separation [241].
The homogenous surface coverage of the larger nonmagnetic aSNPs with the magnetic
cMNPs obtained by chemically-driven heteroaggregation on the model system also
indicated a promising method for the synthesis of multifunctional composite
nanoparticles. The method is relatively simple in terms of experimental conditions and
equipment used, needing no high temperatures or external electric or magnetic fields. The
multifunctional composite nanoparticles with raspberry-like structure bearing smaller
nanoparticles over the larger central nanoparticle have been found in wide range of
applications [263,264]. To estimate the developed method for the controlled synthesis of
heteroaggregates in an aqueous suspension by the process of the covalently-driven
heteroaggregation, the non-magnetic aSNPs in the model system were replaced with
superparamagnetic nanoclusters a-iNANO. Analogous results, in terms of surface
coverage of the larger nanoparticles by the smaller ones at different nanoparticle number
ratios (Figure 36), were obtained as in the case of the model system. Based on the
different surface coverage of the larger nanoparticles with the smaller ones, the developed
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method has the potential to be used as the synthesis method for multifunctional composite
nanoparticles.
A superparamagnetic heteroaggregates were synthesised with the control of
interactions between differently functionalized superparamagnetic nanoparticles in an
aqueous suspension. The superparamagnetic heteroaggregates were synthesised using
chemical bonding between the central aMNPs and the outer cMNPs. The surplus of the
cMNPs in the reaction mixture ensured that each of the aMNPs was surrounded by as
many of the cMNPs as possible. However, at the higher nanoparticle number ratio
(R = 12), they were more likely to sediment and were difficult to be re-dispersed once the
sedimentation accrued. In contrast, at the same nanoparticles’ concentration but with
lower nanoparticle number ratio (R = 6) the suspension of formed superparamagnetic
heteroaggregates was more stable. The superparamagnetic heteroaggregates were
composed of 6-11 nanoparticles and had relatively uniform sizes of approximately 50-70
nm, as estimated from TEM images (Figure 37). Using only TEM analysis we cannot
distinguish, which nanoparticle is the amino- and which is the carboxyl- functionalized,
since they are composed of the same material with the same size. Based on analogy with
the results obtained on the model system, where the aSNP present in the suspension in a
lower number were situated in the centre of the heteroaggregate, I can speculate that also
the formed superparamagnetic heteroaggregate shown in the Figure 21b aMNP is in the
centre and is surrounded by the cMNP.

5.2 Controlled attachment of magnetic nanoparticles onto bacteria
The described method for the controlled synthesis of heteroaggregates by the process of
heteroaggregation is not limited to the synthesis of magnetic carriers described in this
study. In principle, by the control of interactions between magnetic nanoparticles and the
surface of larger objects that are frequent targets of a magnetic separation process, e.g.,
bacteria, magnetic nanoparticles can be attached to the objects’ surfaces. The attachment
of the magnetic nanoparticles on such objects is an important part of their magnetic
separation. The attachment of magnetic nanoparticles (aMNPs) onto the LAB O. oeni
surface was studied in order to develop a method for the preparation of
magneto-responsive bacteria that could be used in the winemaking. The wine industry is a
branch, where large quantities of final product are produced. To minimize the expenses
during the production of wine the method for the preparation of magneto-responsive
bacteria should be an inexpensive process. The electrostatically-driven attachment of
magnetic nanoparticles can be the method of choice, mainly for the economic reasons.
The preparation of magneto-responsive bacteria was based on electrostatic interactions
between negatively-charged O. oeni and positively-charged aMNPs at pH 4 (Figure 41).
Bonding of nanoparticles onto cell wall can damage the cell membrane of microorganism
[265,266]. The cell membrane of O. oeni used in my experiments was reinforced by the
MBR® process developed by Lallemand to adapt the cells to the harsh conditions in
MLF, e.g., high amount of ethanol, low pH, etc. [209]. This allowed me to rehydrate
bacteria in distilled water, where other cells without reinforced cell membrane can swell
due to hypotonic environment [267], and washed the O. oeni suspension with
centrifugation or ultrafiltration, without causing any damaged to the O. oeni cell
membrane. The adsorption of the magnetic nanoparticles onto the non-ultrafiltrated
bacteria was non-uniform compared to attachment onto the ultrafiltrated O. oeni
(Figure 43). The result suggests that freeze dried bacteria besides bacteria cell might
contain some rest of growth media (rich in nutrients) that might increase the ionic
strength of the bacteria suspension. Although no difference in ζ-potential values was
observed between non-ultrafiltrated and ultrafiltrated O. oeni, the ionic strength of non-
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ultrafiltrated bacteria suspension could be high enough to cause the aggregation of the
aMNPs and cause the nonhomogeneous surface coverage of the O. oeni.
Previous researches dealing with the adsorption of magnetic nanoparticle onto
microorganism surfaces show that apart from the suspension pH [268], the nanoparticle
concentration influences the surface coverage of the microorganisms [158]. There are
very few reports investigating the number ratio R between the magnetic nanoparticles and
the microorganisms [88,265]. The number ratio between bacteria and magnetic
nanoparticles decisively affected the surface coverage of the bacteria with the magnetic
nanoparticles (Figure 44). Similar to synthesized heteroaggregates at higher R, the surface
of the bacteria was more homogenously covered (Figure 44a) compared to the coverage at
the lower R (Figure 44b). It is worth mentioning that at the lower R, the absorbed
nanoparticles make bridges between bacteria cells (Figure 44c), similar to the situation
observed with the chemically-driven heteroaggregation at R = 15 (Figure 28). The
difference in the behaviour of the magneto-responsive O. oeni covered with the
nanoparticles at different number ratios was investigated by a direct assay of O. oeni
removal from the suspension by a permanent magnet. The higher concentration of the
attached nanoparticles onto the bacteria cell increases the efficiency of the
magneto-responsive bacteria removal from the suspension [265]. In my experiment, the
separation efficiency of homogenously covered bacteria with aMNPs (5∙109 cells/mL,
R = 8745) was slightly higher (99.5±2%) compared non-homogenously covered bacteria
(5∙109 cells/mL, R = 3336) (98±2%). Small difference can be also ascribed to
experimental error. However, the high separation efficiency suggests that the developed
method could be used to prepare magneto-responsive bacteria that can be further
magnetically separated from the reaction mixture.
Results in Table 7 show that the preparation method for the magneto-responsive
O. oeni or adsorption of the aMNPs onto the bacteria cell did not have an influence on the
O. oeni metabolism. The known main factors influencing metabolism of O. oeni are
temperature, pH, ethanol and sulphur dioxide concentration [269]. A literature review of
the influence of attached nanoparticles on the bacteria metabolism in general shows that
this topic is not well researched yet. The influence of the attached nanoparticles on the
growth of bacteria was studied by other researchers in order to see the cytotoxic effect
[270-272]. In my opinion, although the surface of the LAB is fully covered with
nanoparticles, there is still enough space for the transport of material needed for bacteria
growth. Due to occupied bacteria surface with magnetic nanoparticles, the transport might
be slower compared to LAB without attached magnetic nanoparticles. By fully cover the
LAB surface, the weight of bacteria increase, resulting in faster sedimentation of the
bacteria compared to LAB without attached nanoparticles. In this case, the transport of
material needed for growth might be more difficult compared to the floating cells, which
might be seen as slower metabolism. Therefore, the attachment of magnetic nanoparticles
onto LAB might result in slower kinetics of metabolism compared to bacteria cells
without attached nanoparticles.

5.3 HGMS separation of magneto-responsive LAB
A deep understanding of heteroaggregation is also a key issue for development of novel
biotechnological applications, such as bacteria separation [148] and industrial extraction
of enzymes from culture fungi [93]. In the last part of this chapter I will discuss the
hypothesis that the MLF can be controlled by magnetic separation of magneto-responsive
O. oeni in a certain stage of MLF.
To estimate the efficiency of the continuous HGMS of the magneto-responsive O. oeni
from the fermentation media the flow cytometry analysis was used. The difference before
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and after the HGMS separation of the magneto-responsive O. oeni from the synthetic
media is clearly seen on the Figure 45. The number of unseparated bacteria after the
HGMS was 4∙103 bacteria cells/mL, which is less than the number of cells needed for the
start or continuing the MLF [164].
By changing the fermentation media from synthetic to wine I demonstrated the HGMS
of the magneto-responsive O. oeni on a practical case. Unfortunately, the flow cytometry
analysis of HGMS of the magneto-responsive O. oeni from wine after HGMS was not the
appropriate method for determining the separation efficiency. The flow cytometry results
before and after HGMS show two populations of cells (Figure 46) due to non-specific
staining of O. oeni. The second population could be ascribed to yeast [178], since the
wine was not filtrated before the inoculation with the magneto-responsive bacteria. The
carbon dioxide is one of two major products by LAB conversion of L-malic acid into
L-lactic acid (Equation 8), and also the parameter for monitoring the process of MLF
[166]. Since there was no exhaust of CO2 observed in the bioreactor containing the
separation filtrate after the HGMS of the magneto-responsive bacteria from wine I can
conclude that the MLF process was stopped by the HGMS.
Unfortunately, the time of MLF could also affect the HGMS process. The maghemite
cores of aMNPs start to dissolve at a certain time in wine (Figure 47d). This could
decrease the HGMS effectiveness. The aMNPs in synthetic media also start to dissolve,
but much slower than in wine (Figure 47b). Besides malic and citric acid used in the
synthetic media, there are others acids that might speed up the dissolution of maghemite
cores of aMNPs [269]. Therefore, to prevent the dissolution of maghemite, a porous silica
layer [273] covering maghemite nanoparticles should be replaced by another non-porous
and insoluble material. In practice, this problem of maghemite dissolution can be solved
by applying appropriate protective coatings at the nanoparticles, for example, made of
carbon or amphiphilic molecules.
The MLF in wine starts when the O. oeni reach the population of 106 cells/mL
[176,209,274]. The cell multiplying stops when bacteria reach a stationary phase. The cell
concentration at the stationary phase can reach up to 108 cells/mL [170,274], but usually
is lower as reported by other researchers [168,275]. The O. oeni are known to grow
slowly compare to other bacteria [176]. Their slow growth and chain-like structures
formed during multiplication [176] could be advantages in magnetic separation. During
the MLF the magneto-responsive bacteria cells multiply and their magnetization
decreases because of the increase in the number of non-magnetized bacteria. Although the
O. oeni multiply during fermentation process, the magnetic nanoparticles remained on
their surfaces in a relatively high concentration (Figure 48).
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Figure 48: TEM image of magneto-responsive bacteria before (a) and after (b) MLF. Before MLF
(a) the surface of O. oeni was densely covered with aMNPs. The chain like structure of O. oeni
formed when bacteria multiply (b) resulted in decrease in number of aMNPs on the bacteria
surface.

However, the newly formed bacteria cells might not contain the attached magnetic
nanoparticles on their surface and can therefore not be magnetically separated. However,
the multiplied cells are usually linked into chain-like structure, where only the first cell,
i.e., original magneto-responsive bacteria, has attached magnetic nanoparticles. To ensure
the efficient magnetic separation of such bacteria chains, the surface of the original
magneto-responsive bacteria should be covered with magnetic nanoparticles in surface
concentration as high as possible. Regarding this, in my fermentation experiments the
magneto-responsive bacteria surfaces were densely covered with aMNPs. Although the
cells multiplied during MLF, they were efficiently separated after MLF using the HGMS.
Therefore, the high surface coverage of bacteria with the magnetic nanoparticles plays an
important role in the magnetic separation.
Results in Table 8 prove that the MLF in wine was stopped by the magnetic separation
of magneto-responsive bacteria. In the first 7 days of the MLF, the conversion of L-malic
acid into L-lactic acid is clearly seen. Also the pH values had increased and the exhaust of
CO2 from bioreactors was observed. These are the indices that the MLF in bioreactors
occurred. In the next 7 days the indices continued to change in bioreactors containing
O. oeni without attached magnetic nanoparticles. In contrast, the concentration of acids,
pH values did not change and no exhaust of CO2 was observed in bioreactors containing
HGMS filtrate. The same values were obtained at the end of MLF experiment. These
results prove that the MLF stopped after the HGMS of magneto-responsive O. oeni.
Regarding to the obtained results I can conclude that the fermentation process can be
controlled by the magnetic separation of the magneto-responsive bacteria in the desired
stage of the fermentation.
The trapped magneto-responsive bacteria in the HGMS column were successfully used
in another MLF experiment. During the HGMS the bacteria were exposed to the high
magnetic field. The exposure of microorganisms to the magnetic field could have an
influence on the metabolism or viability of microorganism [276]). Although the
magneto-responsive bacteria were exposed to high magnetic field during their magnetic
separation, it seem that the effect of high magnetic field had no effect on their
metabolism. The concentrations of L-malic acid and citric acid decreased, whereas
concentrations the L-lactic acid increased (last two rows in Table 8). It is therefore
reasonable to expect that the recycled magneto-responsive bacteria could be further used
in another MLF.
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In this thesis the study of the heteroaggregation of different nanoparticles in an aqueous
suspension was experimentally studied as a possible method for the synthesis of
superparamagnetic nanoclusters of a controlled size that can be applied as magnetic
carriers in magnetic separation. The same method can be also used for the synthesis of
multifunctional composite particles combing nanoparticles of different materials. The
work represents a rare direct comparison between the heteroaggregation controlled by two
types of interactions, electrostatic or chemical, in the same system of the two types of
functionalized-nanoparticles. The heteroaggregation controlled by the electrostatic or by
the chemical interactions is directly compared on the model system consisting of larger,
amino-functionalized silica nanoparticles (aSNPs) and much smaller, superparamagnetic,
carboxyl-functionalized, silica-coated maghemite nanoparticles (cMNPs). The influence
of the electrostatic interactions between the two types of nanoparticles displaying an
opposite surface charge on the heteroaggregation was compared to the influence of the
chemical interactions originating from direct covalent bonding between the activated
carboxyl functional groups at the cMNPs and the amino groups of the aSNPs. TEM
analysis showed that the attractive electrostatic interactions result in a low and
non-uniform coverage of the larger aSNPs with the smaller cMNPs, independent of the
experimental conditions used, e.g., the concentration of the nanoparticles and the
cMNPs/aSNPs number ratio. In contrast, chemical bonding between the functionalized
molecules at the nanoparticle surfaces led to a much greater and more homogeneous
coverage of the aSNPs with the cMNPs. The use of heterobifunctional crosslinkers
(CAPEGn) as binding molecules had no significant influence on the coverage. In-situ
DLS measurements strongly suggested that the higher and more homogeneous coverage
in the case of the chemical heteroaggregation is related to the slower kinetics of
heteroaggregates formation compared to the electrostatic aggregation. For the synthesis of
the clusters/composites using the heteroaggregation of the nanoparticles in the aqueous
suspensions, rapid chemical reactions at the surfaces of the two different types of
nanoparticles have to be ensured and the heteroaggregation has to be performed at the pH
of the suspension where there are no strong electrostatic attractions between the
nanoparticles that would increase the kinetics of the interactions. The chemical
heteroaggregation would therefore be the preferred method for the synthesis of clusters of
superparamagnetic nanoparticles of controlled size needed in magnetic separation, as well
as for the synthesis of multifunctional composite nanoparticles, combining nanoparticles
of different functional materials.
For the synthesis of the superparamagnetic heteroaggregates for applications in
magnetic separation the two types of superparamagnetic maghemite nanoparticles, i.e.,
amino-functionalized (aMNP) and carboxyl-functionalized (cMNP), were assembled in
the aqueous suspensions due to chemical bonding between the activated carboxyl
functional groups at the cMNPs and the amino groups of the aMNPs. The
heteroaggregates of a controlled size were only obtained at the appropriate nanoparticle
concentration and the nanoparticle number ratio. Therefore, I can conclude that the
chemically-driven heteroaggregation is appropriate method for the synthesis of the
superparamagnetic heteroaggregates of controlled size for magnetic separation, if the
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nanoparticle concentration and the nanoparticle number ratio is controlled during the
synthesis.
On the other hand, the bonding of smaller maghemite nanoparticles onto larger silica
nanoparticles represents a model for bonding individual superparamagnetic nanoparticles
onto larger objects, for example, microorganisms, which is a crucial part in the process of
their magnetic separation. The electrostatic interactions between aMNPs and lactic acid
bacteria O. oeni were used to prepare magneto-responsive bacteria. TEM analysis showed
that the ionic strength of the bacteria suspension, the nanoparticle concentration, and the
nanoparticle number-to-bacteria ratio influence the surface coverage of the O. oeni with
the aMNPs. The difference of the surface coverage of the O. oeni with the aMNPs also
effected the separation of the magneto-responsive bacteria from the suspension using a
permanent magnet. The method used for the magneto-responsive bacteria preparation and
attachment of the aMNPs onto the bacteria cell did not have a negative influence on the
O. oeni metabolism, as shown in Table 7. The electrostatic interactions between the
negatively-charged O. oeni and the positively-charged aMNPs would therefore be the
appropriate method for the preparation of the magneto-responsive bacteria that could be
used in wine industry.
The magneto-responsive bacteria can be separated from fermentation media at a
certain stage of the fermentation process using high gradient magnetic separation
(HGMS). The developed separation method does not have a negative influence on the
metabolism of the magneto-responsive O. oeni trapped in the HGMS column, since the
MLF also occurred by using recycled magneto-responsive O. oeni. Flow cytometry
analysis of the synthetic media containing the magneto-responsive bacteria before and
after the HGMS showed successful separation. The used flow cytometry method was not
appropriate for determining separation efficiency of the magneto-responsive bacteria from
wine because of too pore selectivity. However, the exhaust of CO2 from bioreactor
containing wine stopped after the HGMS and the analysis of acids concentration showed
no change (Table 8). These results proves that the fermentation process stopped.
Therefore, I can conclude that the HGMS was successful in the separation of
magneto-responsive bacteria from wine. Furthermore, the fermentation process can be
controlled with the separation of magneto-responsive bacteria.
In this thesis I showed that heteroaggregates of controlled size can be prepared by
understanding the interactions and parameters between nanoparticles with different
surfaces’ properties in the aqueous suspension. The method for the controlled synthesis of
heteroaggregates described in thesis can be used for the synthesis of magnetic carriers
appropriate for application in a magnetic separation of specific targets, such as, bacteria
or proteins. The same method can also be applied for the synthesis of multifunctional
composite nanoparticles combining nanoparticles of different materials.
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Appendix

A1.1 Cell wall and metabolism of LAB
The cell wall of O. oeni is essentially composed of a peptidoglycan that is only found in
prokaryotes (Figure A1).

Figure A1: Polysaccharidic chain of bacterium peptidoglycan [166].
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Figure A2: Structure diagram of the peptidoglycan of O. oeni bacteria [166].
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A1.2 Metabolism of LAB
A1.2.1

Heterofermentative metabolism of hexoses

Figure A3: Metabolic pathway of glucose fermentation by O. oeni (pentose phosphate pathway)
[166].
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A1.2.2

References

Metabolism of amino acids

Figure A4: Arginine degradation mechanism by O. oeni and its enological significance. Modified
from [166,217].
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A1.2.3
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Metabolism of organic acids of wine

Figure A5: Metabolic pathway for citric acid degradation and the synthesis of diacetyl by O. oeni
[208].

A1.2.4

Enzymatic decarboxylation of L-malic acid

Figure A6: Possible pathways for the conversion of L-malic acid to L-lactic acid by different
enzymes. MDH, malate dehydrogenase; ME, malic enzyme; MLE, malolactic enzyme; OADC,
oxaloacetate decarboxylase; LDH, lactate dehydrogenase [221].
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A1.3 Synthesis and functionalization of the nanoparticles
A1.3.1

Materials

Iron (III) sulphate hydrate, iron (II) sulphate heptahydrate (ACS, 99+%), citric acid
(99+%),
tetraethoxysilane
(TEOS,
99.9%),
3-(2-aminoethylamino)
propylmethyldimethoxysilane (APMS, 97%), N,N-dimethylformamide (DMF, 99%),
succinic anhydride (SA, 99%) and dimethyl sulfoxide (DMSO, 99,8+%) and potassium
chloride
(KCl,
99%)
were
from
Alfa
Aesar.
The
1-ethyl-3-[3dimethylaminopropyl]carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
(Sulfo-NHS), carboxy-(polyethylene glycol)n-amine (CAPEGn) with 8 (CAPEG8) or 24
(CAPEG24) ethylene glycol units were purchased from Thermo Scientific. Acetone
(AppliChem GmbH), sodium hydroxide (NaOH) (Carlo Erba, ACS), methanol (Merck,
ACS), ethanol absolute (Carlo Erba, reagent-USP), ammonium hydroxide (NH4OH) (aq)
(Fluka, p.a., 25%), and hydrochloric acid (HCl) 1 mol/L (p.a., Riedl-de-Haën) were used
as received.

A1.3.2

Synthesis of amino-functionalized silica nanoparticles

SNPs were synthesized using a modified Stöber process by Dr. Marjan Bele from the
National Institute of Chemistry, Ljubljana Slovenia [238]. For amino functionalization of
the SNPs 3-(2-aminoethylamino) propylmethyldimethoxysilane (APMS) (molecule
structure presented on Figure A8a) was grafted onto their surfaces, as described elsewhere
[74], with some modification. In brief, the APMS (37.5 μL) dissolved in ethanol (100 mL)
was added to 100 mL of suspension containing the silica nanoparticles (500 mg). The
addition of APMS was 5 µmol, calculated per 1 m2 of the nanoparticle surface. Then, the
pH value of the reaction mixture was set to 11, using NH4OH, and the reaction mixture
was heated to 50 °C and stirred for 5 h (the reaction is presented on Figure A7). The
aSNPs were precipitated from a suspension by the addition of 1 mL of saturated NaCl
solution and thoroughly washed with 200 mL of methanol and 30 mL of acetone to
remove any unbound APMS from the suspension. Finally, the aSNPs were re-dispersed in
distilled water.
For the electrostatic heteroagglomeration the pH of the aSNPs aqueous suspension was
set to 5.5 with HCl (0.01 mol/L). By decreasing the starting pH value of the aSNPs
aqueous suspension from 9.5 to 5.5 small flocculates were observed in the suspension of
aSNPs, which could be redispersed by shaking the suspension.

Figure A7: Functionalization of the SNP with APMS reagent.
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A1.3.3
Synthesis of carboxyl-functionalized silica-coated
maghemite nanoparticles
Maghemite (γ-Fe2O3) nanoparticles were synthesized using co-precipitation from aqueous
solutions and then the stable aqueous suspension of the nanoparticles was prepared using
citric acid as the surfactant, as described elsewhere [70]. The nanoparticles in the stable
aqueous suspension were coated with a layer of silica using hydrolysis and the
polycondensation of TEOS in the presence of an alkaline catalyst NH4OH, as described in
ref. [69]. In the vast majority of cases a silica layer with a fairly constant thickness,
approximately 4 nm thick, grew homogeneously on the individual maghemite
nanoparticles; however, in a few cases small aggregates containing several nanoparticles
were coated. The MNPs were functionalized by grafting pre-synthesized
carboxyl-terminated silane molecules onto their surfaces. The pre-synthesized
carboxyl-terminated silane molecules were synthesized by reacting the APMS and SA in
DMF, as described in ref. [74] (the reaction with the molecular structures is presented in
Figure A9). Briefly, the pre-synthesized carboxyl-terminated silane molecules were
synthesized by incubating APMS (1.4 mmol) with SA in 2 mL anhydrous DMF and
mixing overnight at room temperature. The pre-synthesized carboxyl-terminated silane
molecule was prepared using an APMS: SA molar ratio of 1: 2. The pre-synthesized
carboxyl-terminated silane molecules were subsequently reacted with the MNPs (the
reaction is presented in Figure A8). The pre-synthesized carboxyl-terminated silane
molecules (452 µL) were dissolved in 5 mL of ethanol and added to 20 mL of the
aqueous suspension containing 100 mg of MNPs. The pH value of the reaction mixture
was set to 10 using NH4OH. The reaction mixture was then heated to 50 °C and stirred for
5 h. After ageing, the cMNPs suspension was thoroughly washed with distilled water to
remove any unbound reagents from the suspension.
For electrostatic heteroagglomeration the pH of the cMNPs aqueous suspension was
set to 5.5 with HCl (0.01 mol/L). No particle agglomeration was observed by lowering the
cMNPs suspension’s pH from 9 to 5.5.
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Figure A8: The synthesis of the pre-synthesized carboxyl-terminated silane molecule (c) by APMS
(a) and SA (b) reagents in anhydrous DMF (d).

Figure A9: Functionalization of MNP with the pre-synthesized carboxyl-terminated silane
reagent.

A1.3.4
Amino-functionalization of silica-coated maghemite
nanoparticles
The MNPs were amino-functionalized by grafting APMS onto their surfaces. Briefly, the
APMS (14.2 μL) dissolved in ethanol (26 mL) was added to 26 mL of suspension
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containing the MNPs (130 mg). The addition of APMS was 5 µmol, calculated per 1 m2
of the nanoparticle surface. Then, the pH value of the reaction mixture was set to 11,
using NH4OH, and the reaction mixture was heated to 50 °C and stirred for 5 h (the
functionalization of MNPs with the molecular structures is presented in Figure A10).
After ageing, the aMNPs suspension was thoroughly washed with distilled water to
remove any unbound reagents from the suspension.

Figure A10: Functionalization of MNP with APMS reagent.

A1.3.5

Heterobifunctional crosslinker

Molecular structures with descriptions of CAPEGn reagents.

Figure A11: CAPEGn with 8 (CAPEG8) ethylene glycol units.

Figure A12: CAPEGn with 24 (CAPEG24) ethylene glycol units.

A1.4 Characterization of starting suspensions
The magnetic properties of the nanoparticles were measured with a vibrating-sample
magnetometer (VSM) (Lake Shore 7307 VSM).
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Figure A13: Room-temperature measurement of magnetization (M) as a function of magnetic field
strength (H) for the as-precipitated maghemite nanoparticles (black line), MNPs (red line) and
cMNPs (blue line).

Figure A14: Room-temperature measurement of the magnetization (M) as a function of magnetic
field strength (H) for the a-iNANO.

The ζ-potential of starting nanoparticles’ suspensions was measured as a function of
pH with a ZetaProbe Analyzer (Zeta PALS Zeta Potential Analyzer, Brookhaven
Instruments Corporation). Figure A15 shows the ζ-potential as a function of pH for the
a-iNANO.
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Figure A15: The changes in the ζ-potential with different pH values for a-iNANO.

Figure A16 proves that the functionalized nanoparticles in their aqueous suspensions
do not agglomerate over time if there is no increase of the ionic strength. The continuous
DLS measurements of the aqueous suspensions of the functionalized nanoparticles,
cMNPs (0.7 mg/mL, pH 5.5), aMNP (0.2 mg/mL, pH 4) and aSNPs (0.5 mg/mL, pH 5.5),
over time showed no increase in the normalized hydrodynamic diameter.

Figure A16: The continuous DLS measurements of the aqueous suspensions of the functionalized
nanoparticles over time. (a) cMNPs (0.7 mg/mL, pH 5.5), (b) aMNP (0.2 mg/mL, pH 4) and (c)
aSNPs (0.5 mg/mL, pH 5.5).

A1.5 Bioactivator composition
 Supervit (Esseco; ammonia phosphate 33%, ammonia sulphate 66%, potassium
bicarbonate 5%, vitamine B1 0,2%).
 Opti'malo plus (Danstar Ferment AG; Lot: 81211250530727E04; highly-enriched
inactive yeasts with bio-available amino acids and parietal polysaccharides,
mineral cofactors and vitamins, as well as cellulose [277].

A1.6 Analysis of organic acids
Princip of enzymatic kit for determination of [278]:
L-lactic acid

L  lactate  NAD LDH

 Pyruvate NADH  H 

(A9)
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L-malic acid
L  malate  NAD MDH

 Oxaloaceta te  NADH  H 

(A10)

Oxaloaceta te  L  glutamate GOT

 L  aspartate 2  Oxoglutara te

(A11)

A1.7 Characterization of O. oeni
A1.7.1

Gram’s method

O. oeni were stained according to Gram’s method [279]. Purple coloured O. oeni on the
Figure A17 proves that the O. oeni bacteria are Gram-positive. The same method was
used to test the influence of attached aMNPs onto bacteria cell wall. If the attached
nanoparticles would damage the cell wall, the bacteria would be red coloured due to the
Gram’s method. In my case there was no difference between bacteria with or without
attached nanoparticles. In both cases the colour was purple that proves that the attached
nanoparticles did not damaged the cell wall.

Figure A17: Stained of O. oeni due to Gram’s method.

A1.8 Flow cytometry method
Before the quantification of O. oeni in distilled water, a threshold level determination is
required. Distilled water with or without O. oeni was analysed and compared by flow
cytometry using only the FSC and SSC parameters (logarithmic scale). This allowed
setting an electronic threshold on FSC to eliminate instrument noise and background
linked to distilled water debris smaller than bacteria (data not shown). Figure A18 and
Figure A19 show the flow cytometry analysis of O. oeni rehydrated in distilled water
without (Figure A18) and with addition of 1:1 % (v/v) absolute ethanol (Figure A19)
using LIVE/DEAD Bacterial Viability kit. O. oeni population in distilled water is shown
on quadrants Q2 on the Figure A18a. The viable bacterial population, i.e., PI-negative
cells, demonstrated strong green fluorescence and weak red fluorescence (Figure A18b).
Figure A19 presents O. oeni in distilled water with addition of ethanol. The population of
cells is completely permeabilized, i.e., PI-positive cells, showing weak green fluorescence
(Figure A19b) and strong red fluorescence (Figure A19c). The PI-negative cells are

References

127

shown on quadrants Q4 on Figure A18d and Figure A19d, whereas PI-positive cells are
shown on quadrants Q2 on Figure A18d and Figure A19d.

Figure A18: Flow cytometry analysis of O. oeni (106 CFU/mL) in distilled water and stained with
LIVE/DEAD Bacterial Viability kit. (a) dot plot shows FSC and SSC results from flow cytometry
analyses for O. oeni in distilled water. (b) histogram presenting PI-negative cells demonstrating
strong green fluorescence and weak red fluorescence on (c) histogram. Graph (d) shows green
fluorescence intensity on the x-axe, and red fluorescence intensity on the y-axe. The percentage of
PI-positive cells is presented in quadrants Q2; PI-negative cells is presented in quadrants Q4.
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Figure A19: Flow cytometry analysis of O. oeni (106 CFU/mL) in distilled water with addition of
ethanol and stained with LIVE/DEAD Bacterial Viability kit. (a) dot plot shows FSC and SSC
results from flow cytometry analyses for O. oeni in ethanol. (b) histogram presenting PI-negative
cells demonstrating weak green fluorescence and strong red fluorescence on (c) histogram. Graph
(d) shows green fluorescence intensity on the x-axe, and red fluorescence intensity on the y-axe.
The percentage of PI-positive cells is presented in quadrants Q2; PI-negative cells is presented in
quadrants Q4.

Graphs on Figure A20 present O. oeni without and with attached nanoparticles. When
the nanoparticles are attached onto the bacteria cell wall, the two-dimensional dot plot
(Figure A20a) moved in a distinctive curve-shaped manner (Figure A20b).
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Figure A20: Dot plots showing FSC and SSC results from flow cytometry analyses of O. oeni
(106 CFU/mL) (a) without and (b) with attached aMNPs in distilled water and stained with
LIVE/DEAD Bacterial Viability kit.

A1.9 HGMS method
To set up the HGMS method, samples of the suspension, containing MNPs, were taken at
different stages of HGMS. To characterize the HGMS process the magnetic properties of
the nanoparticles in the suspension were measured using VSM. Measurements of
magnetization as a function of magnetic field for batch HGMS samples are presented on
the Figure A21. Red line presents the MNPs suspension before HGMS, blue line, the
suspension of eluted magnetic nanoparticles from the column after the HGMS and purple
line the suspension at the end of washing the column with distilled water. The filtrate had
similar response as the suspension at the end of washing the column (data not shown).

Figure A21: Room-temperature measurement of the magnetization (M) as a function of magnetic
field strength (H) for the MNPs (red line), eluted MNPs (blue line) and flushed column (purple
line) suspension.

The hydrodynamic size distributions of the MNPs in their aqueous suspensions before
HGMS (Figure A22a) and eluted MNPs from the column after HGMS (Figure A22b)
were measured using DLS (Fritsch, ANALYSETTE 12 DynaSizer). The plots in
Figure A22 were generated by statistical method obtained by instrument software
nanoQ™ which uses Pade Laplace method to obtain the size distributions from the raw
data.
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Figure A22: DLS graphs showing number-weighted size distribution of (a) MNPs before HGMS
separation (1 mg/mL, pH 9) and (b) eluted MNPs (0.5 mg/mL, pH 9) from the column after the
HGMS.
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