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Summary

The interfacial structure of multi-phased systems, as found in foods, is well known as the
main reaction site of lipid autoxidation. To elucidate this site-directed oxidation process in
foods the partitioning behavior as well as the location and reaction kinetic of free lipid rad-
icals and antioxidants were investigated. Various EPR and NMR experiments were carried
out to determine the behavior of free lipid radicals in micellar solutions and emulsions of
SDS, CTAB, Brij58 and Tween20. Due to the short half-lives of free lipid radicals they are
not directly detectable, but with the application of a spin scavenger these radicals could be
successfully monitored.

The addition reaction of a free radical to a spin trap leads to a stable radical adduct

that can be identified by its fingerprint hyperfine splitting. To localize the generation
and partitioning of radicals in dispersed systems, different combinations of hydrophilic
and lipophilic radical generators and spin traps were used in the presence and absence of
oxidizable linoleic acid. Regardless of the radical initiator, spin trap and emulsifier, the
generation of hydroxyl radicals was predominantly due to the oxidation of water molecules
from the continuous phase and only in systems containing Tween20 and Brij58 alkyl radical
adducts were detected. The non-ionic headgroups promoted the reaction participants in
contrast to ionic emulsifiers. A stearic acid DMPO derivate was synthesized as it was
supposed to be located in the membrane in close proximity to lipid radicals, but in dispersed
systems no stable adducts could be detected. For this reason further work was focused on
spin probes.
The partitioning of three nitroxides with increasing lipophilicity (TEMPOL < TEMPO <
TB) was determined by ultrafiltration (UF), PFG-NMR and EPR deconvolution. The NMR
measurements indicated a highly dynamic system as shown by high diffusion constants.
The resulting proportions solubilized in the interfaces were lower compared with UF and
EPR data. With increasing lipophilicity, the proportion of interfacial solubilized nitroxides
increased in micellar solution with a further increase for TEMPO in emulsions due to an
extended interfacial area.

The distinct spin probe location is essential to determine their reaction kinetics towards
lipid radicals and antioxidants, which was achieved by NMR T relaxation times and EPR
deconvolution. The T relaxation times indicated a solubilization of nitroxides in the pal-
isade layer adjacent to the headgroup regardless of the nitroxide lipophilicity and the type
of emulsifier. EPR line shape analysis revealed three spectral domains for the nitroxides
adopted by an isotropic free tumbling population and a clustered hindered tumbling popu-
lation in the aqueous phase and one population in an anisotropic environment such as the
interface.

The non-invasive EPR deconvolution technique turned out to be the preferred method to
determine the partitioning behavior of paramagnetic molecules in dispersed systems as it
enables distinguishing between several populations at their individual solubilization sites.
The determination of partitioning of nitroxides using NMR methods is restricted as PFG-
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NMR requires diamagnetic substances and therefore reduced nitroxides with theoretically
lower lipophilicities were used. Equilibrium between two populations, whose high dynamic
was demonstrated by PFG-NMR, is presupposed where the solubilized nitroxide population
can be indirectly measured but not quantified by emulsifier proton signals with T3 relaxation
times. UF is an invasive method that also differentiates between two populations whereas
the dynamic and location of nitroxides cannot be analyzed.

The reaction of nitroxides towards antioxidants and lipid radicals is given by the inter-
conversion between nitroxide, hydroxylamine and oxoammonium ion. In dispersed systems,
the reaction kinetics are known to be accelerated if the reaction participants are in close
spatial proximity to one another. The antioxidants propyl gallate, Trolox and a-tocopherol
are well characterized in dispersed systems and reduced nitroxides to TEMPOL < TB <
TEMPO with high reaction kinetics compared to buffer solution. Defined lipid radicals were
generated by autoxidation of emulsions (alkyl radicals) and heat-induced decomposition of
methyl linoleate hydroperoxides (alkoxyl radicals). In all emulsions the spin scavenging
ability towards alkyl radicals increased to TEMPOL < TB < TEMPO, while alkoxyl radi-
cals were hardly detectable due to instability of the products and a slower rate constant of
nitroxides towards oxygen-centered radicals than carbon-centered radicals.

Regardless of the solubilized proportions of nitroxides in the interface, the emulsifier gov-
erned the solubilization site of antioxidants, stable and free radicals resulting in the fastest
reaction kinetic for SDS solutions. Compared with the more hydrophilic TEMPOL and the
more lipophilic TB all reactions of TEMPO towards alkyl radicals and antioxidants were
accelerated. Data thus obtained might support the suggestion of a different orientation of
the NO moiety of TEMPO in the interface. The orientation towards the antioxidant or
radical implies a direct proximity of the reactants and therefore an accelerated reduction.
The reaction between TEMPO and lipid alkyl radicals indicates the suitability of the EPR
spin probing technique to monitor lipid oxidation in food matrices. With further inves-
tigations, this approach benefits from short induction times, easier quantification of lipid
radicals compared with the spin trap method and the possibility to reflect the initial state
of autoxidation.



Zusammenfassung

Lipidoxidation findet in mehrphasigen Systemen, wie zum Beispiel in Lebensmitteln, haupt-
sdchlich an der Grenzflaichenstruktur statt. Zur Aufklirung dieses spezifisch lokalisierten
Oxidationsprozesses wurden das Verteilungsverhalten, die Lokalisierung und die Reaktions-
kinetik von freien Lipidradikalen, stabilen Radikalen und Antioxidantien untersucht. Ver-
schiedene ESR- und NMR-Techniken wurden angewandt, um das Verhalten der Radikale
in mizellaren Losungen und Emulsionen mit SDS, CTAB, Brij58 und Tween20 zu unter-
suchen. Auf Grund ihrer kurzen Halbwertszeit sind Lipidradikale nicht direkt erfassbar,
konnen jedoch durch den Einsatz eines Radikal-Féangers detektiert werden.

Durch die Reaktion von freien Radikalen mit Spinfallen werden stabile Radikal-Addukte
gebildet, die durch die Hyperfeinaufspaltung des Spektrums identifiziert werden kdnnen.
Um den Ort der Entstehung und die Verteilung von Radikalen in dispersen Systemen zu
lokalisieren, wurden verschiedene Kombinationen von hydrophilen und lipophilen Radikal-
bildnern und Spinfallen in An- und Abwesenheit von oxidierbarer Linolsiure verwendet.
Unabhéngig des eingesetzten Radikalbildners, der genutzten Spinfalle oder des verwende-
ten Emulgators wurden iiberwiegend Hydroxylradikal-Addukte detektiert, die auf Grund
der Oxidation von Wassermolekiilen aus der kontinuierlichen Phase entstehen. Nur in Sys-
temen mit Tween20 und Brij58 wurden Alkylradikal-Addukte detektiert. Dies kann auf die
nicht-ionischen Kopfgruppen der Emulgatoren zuriickgefiihrt werden, welche eine direkte
Néihe der Reaktionsteilnehmer férdern. Weiterhin wurde ein Stearinsiure-DMPO-Derivat
synthetisiert, welches sich auf Grund der lipophilen Struktur in der Ndhe der Lipidradikale
in der Membran lokalisiert. Es konnten jedoch keine Lipidradikal-Addukte in dispersen
Systemen detektiert werden, sodass fiir die weitere Arbeit Spinsonden eingesetzt wurden.

Das Verteilungsverhalten der drei Nitroxid-Spinsonden mit ansteigender Lipophilie TEM-
POL < TEMPO < TB wurde mittels Ultrafiltration (UF), PFG-NMR und ESR Dekonvo-
lution bestimmt. Die NMR-Messungen ergaben hohe Diffusionskonstanten, die auf ein sehr
dynamisches System schlieffen liefien. Die daraus ermittelten Konzentrationen an Nitroxi-
den an der Grenzfliche waren niedriger im Vergleich zu den Ergebnissen von UF und ESR.
Mit steigender Lipophilie der Spinsonde erhéhte sich der Anteil an Nitroxiden, die an den
Grenzflichen der Mizellen lokalisiert waren, wobei ein weiterer Anstieg von TEMPO auf
Grund der vergrofierten Oberfliche in Emulsionen zu verzeichnen war.

Mittels NMR 77 Relaxationszeiten und ESR-Dekonvolutionen wurde die spezifische Loka-
lisierung der Nitroxide in der Phasengrenze ermittelt, da diese entscheidend fiir die Reak-
tivitdt gegeniiber Lipidradikalen und Antioxidatien ist. Die 77 Relaxationszeiten zeigten,
dass sich die Nitroxide unabhingig von ihrer Lipophilie und der Art des Emulgators in der
Palisadenschicht neben den Kopfgruppen anordnen. Damit konnte die in der Grenzfliche
geldste Nitroxid-Population zwar indirekt erfasst, aber nicht quantifiziert werden. Die ESR-
Dekonvolutionen zeigten drei verschiedene spektrale Bereiche fiir die Nitroxide, wobei eine
frei bewegliche Population mit einem isotropen Spektrum und eine konzentriert vorliegende
Population mit eingeschrankter Beweglichkeit in der wéssrigen Phase sowie eine Population
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in einer anisotropen Umgebung, wie der Grenzfliche, angenommen wurden.

Um das Verteilungsverhalten von paramagnetischen Molekiilen in dispersen Systemen zu
bestimmen, erwies sich die nicht-invasive ESR-Dekonvolutionstechnik als die geeignetste
Methode, da eine zusétzliche Charakterisierung der Umgebung der unterschiedlichen Popu-
lation mdglich ist. Die Bestimmung des Verteilungsverhaltens von Nitroxiden mittels PFG-
NMR ist nur eingeschrankt moglich, da diese Methode fiir paramagnetische Substanzen
ungeeignet ist, sodass reduzierte Nitroxide mit einer theoretisch niedrigeren Lipophilie
eingesetzt wurden. Es konnte jedoch gezeigt werden, dass in den dispersen Systemen
eine hohe Dynamik vorherrscht, was ein wichtiger Beitrag zur weiteren Charakterisierung
der Systeme mit sich bringt. Die UF ist eine invasive Methode, die wie auch die NMR-
Spektroskopie zwischen zwei Populationen differenziert, jedoch weder die Dynamik noch
die Lokalisierung der Nitroxide erfasst.

Auf Grund der Interkonversion zwischen Nitroxid, Hydroxylamin und Oxoammoniumion
reagieren Nitroxide sowohl mit Antioxidantien als auch mit Radikalen. In dispersen Sys-
temen wird die Reaktionskinetik beschleunigt, wenn sich die Reaktionspartner in direkter
rdumlicher Nahe zu einander befinden. Die Antioxidantien Propylgallat, Trolox und a-
Tocopherol sind in dispersen Systemen gut charakterisiert und reduzierten die Nitroxide
zunehmend von TEMPOL < TB < TEMPO mit einer erhdhten Reaktionsgeschwindigkeit
im Vergleich zu einer homogenen Lésung. Durch die Autoxidation einer Emulsion bzw.
den Hitze-induzierten Zerfall von Methyllinolat-Hydroxyperoxiden wurden definierte Alkyl-
bzw. Alkoxylradikale generiert. Die Alkylradikale oxidierten die Nitroxide zunehmend von
TEMPOL < TB < TEMPO, wohingegen die Alkoxylradikale auf Grund der instabilen
Reaktionsprodukte und der niedrigeren Reaktionsgeschwindigkeit von sauerstoffzentrierten
Radikalen im Vergleich zu kohlenstoffzentrierten Radikalen kaum detektierbar waren.

Der Emulgator beeinflusst den Solubilisierungsort der Spinsonden, Antioxidantien und
Lipidradikale, was unabhingig von dem jeweiligen Verteilungsverhalten zu erh6hten Reak-
tionsgeschwindigkeiten in SDS-Losungen gefithrt hat. Die beschleunigte Reaktion von
TEMPO, sowohl mit Alkylradikalen als auch mit Antioxidantien, im Vergleich zu dem
hydrophileren TEMPOL und dem lipophileren TB unterstiitzen die Hypothese, dass die
Orientierung der Nitroxid-Gruppe von TEMPO zur Phasengrenze hin vorliegt. Die Aus-
richtung der reaktiven Gruppe zu den Antioxidantien und Radikalen impliziert eine direkte
Né&he der Reaktionspartner und fithrt somit zu einer beschleunigten Reaktion. Die Ergeb-
nisse der Reaktion von TEMPO mit den Alkylradikalen deuten darauf hin, dass die ESR
Spinsonden-Technik geeignet ist, um die Lipidoxidation in einer Lebensmittelmatrix zu er-
fassen. Nach weiteren Untersuchungen kénnte die Methode von der kurzen Induktionszeit
sowie, im Gegensatz zu den Spinfallen, von der einfachen Quantifizierung der Lipidradikale
profitieren und den Einblick in das frithe Stadium der Lipidautoxidation ermdglichen.
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1 General Introduction

1.1 Preface

A major concern in the food industry is the oxidation of unsaturated lipids. Polyunsaturated
fatty acids are a substantial component in the human diet, but they also present a challenge
as these fatty acids are highly susceptible to lipid oxidation. This negatively affects not
only the shelf life but also causes the loss of nutritional value and off-flavors. During lipid
oxidation, free radicals are generated during the well-studied radical chain pathway that is
divided into the steps: initiation, propagation and termination (Frankel 2005; Roman et
al. 2012). Free radicals do not only spoil food but cause serious damage to biomembranes,
proteins and other biomolecules in the human body. It is suspected that certain human
diseases are a consequence of the oxidation process (Halliwell 1994). In foods, the addition
of antioxidants is necessary to prevent lipid oxidation.

Food matrices are complex emulsion-based systems, where the emulsifier interface sur-
rounds the lipid core in oil-in-water emulsions. This interface has been suggested to be
the most relevant region for the occurrence of lipid oxidation and therefore surface-active
antioxidants are particularly effective as oxidation inhibitors (Heins et al. 2007a, 2007b;
Mosca et al. 2013; McClements und Decker 2000; Waraho et al. 2011). Apart from antiox-
idants, other reaction participants such as pro-oxidative cations and lipid hydroperoxides
accumulate at the interface (McClements und Decker 2000), where the surface charge of
the droplets also plays an important role in the lipid oxidation process. The access of an-
tioxidants from the continuous phase to the interface can be limited, and their effectiveness
reduced, if their electric charge is the same as the interface (Genot et al. 2003; Boon et al.
2008; Heins et al. 2007a, 2007b; Oehlke et al. 2010, 2011).

The proportion of antioxidants located at the interface is postulated to be more active
compared to the populations in the aqueous phase and coexisting pseudo phases (Barclay
und Vingvist 1994). The partitioning of antioxidants was formerly calculated by partition-
ing coefficients determined in two-phase systems, but recent studies take the influence of
a multiphase systems and the partitioning of the emulsifiers into account (Stéckmann et
al. 2000; Schwarz et al. 1996; Heins et al. 2007a; Oehlke et al. 2010). Therefore, the
antioxidants are well characterized in dispersed systems while information about radicals is
rather rare.

However, the detection of free lipid radicals is more complicated as their half-lives are most
often too short for a direct detection. Electron paramagnetic resonance (EPR) spectroscopy
is considered to be the preferred method to characterize the radicals as the spin scavenging
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technique circumvents this problem (Hawkins und Davies 2013). The detection of radicals
as an early event in the lipid oxidation process allows mild conditions with a short induction
time in contrast to the detection of secondary oxidation products with established methods
(Thomsen et al. 2000).

Spin traps are one kind of radical scavenging molecule. They react with radicals and
form relatively long-lived radical products that can be studied by EPR (Thomsen et al.
2000; Buettner 1987). Furthermore, stable nitroxide radicals are used in the spin scav-
enging technique as they react with unstable lipid radicals forming non-radical products
(Hawkins und Davies 2013; Soule et al. 2007; Voest et al. 1993; Cimato et al. 2004).
The complexity of EPR is a challenge but with further interpretation of spin trap spectra
the radical species can be determined and, due to the sensitivity of spin probes towards
their microenvironment, the local environment can be investigated (Weil und Bolton 2007;
Hawkins und Davies 2013). With a deconvolution technique the experimental spectrum
can be analyzed by a biophysical model to evaluate the spectral parameters of individual
populations (Strancar et al. 2005).

The partitioning and distinct location of a spin probe within the dispersed phase is es-
sential for the reactivity and depends on the emulsifier used (Berton-Carabin et al. 2013a,
2013b; Otto et al. 2003; Dupont-Leclercq et al. 2007; Heins et al. 2007b; Stéckmann et al.
2000). Thus, knowledge about the influence of emulsifiers on the partitioning and function
of nitroxides is crucial prior to the application of nitroxides as spin probes into foods to
characterize lipid radicals. To systematically verify the influence of emulsifier-based inter-
faces emulsions and micellar solutions consisting of anionic SDS (sodium dodecyl sulphate),
cationic CTAB (cetyl trimetly ammonium bromide) and non-ionic Brij58 (polyoxyethylene-
20-cetyl ether) served as model systems.

1.2 Objectives

The aim of the present study is to characterize the behavior of free lipid radicals in dispersed
systems. A better understanding of the radical solubilization site during the autoxidation
process in emulsions is the necessary prerequisite to optimize antioxidant application in
order to inhibit autoxidation and to develop a fast and radical-based method for monitor-
ing lipid oxidation. To achieve information about free lipid radicals, electron paramagnetic
resonance spectroscopy (EPR) is applied, in which spin traps or stable nitroxide radicals
have to be used for suitable detection for free lipid radicals possessing very short half-lives.
In dispersed systems, the knowledge of the distinct location of spin probes is essential to
determine their reaction kinetic towards lipid radicals and antioxidants. To accomplish the
aim of the study, the following objectives shall be proved:
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In dispersed systems containing linoleic acid, lipophilic radical initiators and fenton
reagent generate lipid radicals that can be detected by the EPR spin trapping tech-
nique. Spin traps form stable adducts with free lipid radicals where the spectral shape
of the spin-adduct depends on the radical species trapped. As the emulsifier interface
represents a barrier between the lipophilic and hydrophilic compartment, lipophilic rad-
ical initiators and spin traps are solubilized in the micelle core where free lipid radicals
are generated, directly trapped and measured by EPR.

The EPR deconvolution technique is the preferred method to determine the partitioning
behavior of paramagnetic molecules in dispersed systems. The partitioning behavior of
nitroxides between the phases in dispersed systems is investigated to interpret radical and
antioxidant reaction with nitroxides relative to the nitroxide content in distinct phases.
EPR line shape deconvolution of different spectral populations is used to calculate the
partitioning of paramagnetic substances in comparison with the common methods such
as ultrafiltration technique and PFG-NMR.

The solubilization site of nitroxides in dispersed systems can be determined by NMR and
EPR. The distinct location of the stable nitroxide radical population within the inter-
face is determined by NMR 71 relaxation times and EPR deconvolution as it influences
reactions toward radicals and antioxidants. In dispersed systems, nitroxide populations
with differing molecular tumbling and micro-environmental polarity can be investigated
by EPR deconvolution.

An accelerated reduction of nitroxides can be measured when their radical-centered
atoms are in close proximity to the free radical or antioxidant within the interface. The
reaction kinetic of nitroxides towards lipid radicals and antioxidants depends on their
proximity to one another and the orientation of the radical-centered atom which is gov-
erned by the nitroxide structure and the type of emulsifier.

The EPR spin probing technique is an alternative and promising method to monitor lipid
oxidation. Common approaches to measuring lipid oxidation require a time-consuming
induction period to detect primary and secondary oxidation products. The detection
of radicals is a fast method that reflects the initial state of autoxidation. Alkyl and
alkoxyl radicals that are generated by modified Schaal-oven test and heat induced de-
composition of methyl linoleate hydroperoxides are used as defined radicals present in
the autoxidation process and monitored by EPR spin probing technique.
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1.3 Theoretical background

1.3.1 Dispersed systems

Emulsifiers are surface-active molecules with an amphiphilic nature which is characterized
by a non-polar (lipophilic) and a polar (hydrophilic) region. At low concentrations the
dissolved emulsifiers are present as monomers. Due to hydrophobic effects, formation of
micelles occur at first in the form of premicelles and, above the critical micelle concentra-
tion (cmc), as micelles. The cmc is characteristic for the emulsifier and depends on e.g.
temperature, pH value, and electrolyte concentration of the system [Cui et al. 2008; Cid et
al. 2013; Dorfler 2002]. The micelles formed by emulsifiers in a homogeneous aqueous phase
are referred to as micellar pseudophases [Lisi and Milioto 1995; Dérfler 1994]. The spherical
micellar structure can shift to rod-like or other forms with increasing emulsifier concentra-
tion, addition of co-surfactants or additives [Heins et al. 2006; Sangwai and Sureshkumar
2011; Dunaway et al. 1995; Bernat et al. 2010]. In inhomogeneous solutions with two
immiscible components the emulsifiers form an interface between the continuous phase and

the dispersed phase resulting in an emulsion.

1.3.1.1 Micellar solutions

Emulsifiers form thermodynamic stable micelles in aqueous solutions. The aggregation of
the micelles occurs spontaneously and is reversible. Monomers and micelles are in equilib-
rium above the cmc by continuous formation and decomposition of micelles while the con-
centration of monomers is constant [Patist et al. 2001]. The self-assembly of the monomers
proceeds in several stages. First the monomers form oligomers which are disordered and
unstable but constantly grow to larger aggregates. Collisions and further growth of these
premicelles lead to an average aggregate size which is depending on the emulsifier and
energy input until equilibrium is reached [Cui et al. 2008; Jorge 2008|. The stability of
micelles occurs due to the hydrophobic effect of alkyl chains and the hydrophilic behavior
of the headgroups. Therefore, spherical micelles can be described by a core-shell-model
(figure 1.1). The hydrophobic core is formed by the alkyl chains which is, according to the
Langmuir’s principle, free of water and polar headgroups. The alkyl chains show a fluid
and disordered character. The shell is referred to as the palisade layer. The headgroup is
surrounded by a hydration shell and counter ions concerning jonic emulsifiers [Bruce et al.
2002; Lange 1999; Jonsson et al. 1995].

Ionic emulsifiers usually have small headgroups that are of cationic or anionic nature. The
electric repulsion determines their packing as the charge of the headgroup requires a layer
of water and counter ions. The polar headgroups of non-ionic emulsifiers are long organic
chains in the form of a helical structure. The molecular weight is increased compared to
ionic emulsifiers, which results in a larger size of micelles. The packing of the micelles is
mainly determined by the steric limit of the emulsifiers, which are governed by the size of
the headgroup and the length of the alkyl chain [Dorfler 1994].
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Figure 1.1: Simplified schemes of interfacial and micellar structures formed by ionic (left)
and non-ionic (right) emulsifiers: hydrophobic core (1), palisade layer (2), stern
layer with rigid layer (3) and diffuse layer (4), headgroup region (5).

1.3.1.2 Emulsions

The most important type of dispersed systems on the food product market is the oil-in-
water (o/w) emulsion where the aqueous continuous phase surrounds the dispersed phase oil
droplets. The emulsifier molecules accumulate at the surface of the oil droplets forming the
interface. Pseudophases of unloaded micelles can also present in emulsions as monomeric
emulsifiers (figure 1.2). The emulsifiers kinetically stabilize the droplets and prevent coales-
cence by reducing the interfacial tension between the two phases. The lower the interfacial
tension, the lower is the tendency of the two phases to form the smallest possible contact
surface. The ability of a surfactant to reduce the interfacial tension is given by the Gibbs’
equation [Fox and McSweeney 1998]:

dy=—-R-T -T-dina (1.1)

Where v is the interfacial tension, I' is the excess concentration of the solute at the
interface above that in the continuous phase, « is the activity of the solute in the continuous
phase, R is the universal gas constant and T is the absolute temperature. The processing
of food emulsions is done in colloid mills or high pressure homogenizers where shear forces
tear the oil phase into small droplets. The formation of small droplets is limited by the
emulsifier concentration [McClements 2010; Dalgleish 2004]. For a laboratory scale an
ultrasonic homogenizer can be used to produce small volumes.

1.3.1.3 Swollen micelles

The term ‘swollen micelle’ is used in this thesis for o/w emulsions containing only a very

small amount of lipid. The term is not clearly defined and often accompanied or mixed up
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aqueous phase

Figure 1.2: Schematic structures of an emulsion with coexisting micellar phases and oil
droplets with enlarged interfaces. Solubilisation sites are in the aqueous phase
(a), hydrophobic core (b) and in the interface (palisade layer (¢) and Stern layer

(d)-

with micro- or nano-emulsions. Most authors define the micelles as swollen when a defined
ratio between emulsifier wt% and oil wt% is used [Anton and Vandamme 2011; Swafford et
al. 1991; Menge et al. 1999].

1.3.2 Partitioning, solubilisation and dynamics in dispersed
systems

The solubility of lipophilic molecules can be increased by dispersed systems. Therefore,
micellar structures are often used in pharmaceutics, cosmetics and foods [Cid et al. 2013;
Coupland and McClements 1996; Romsted and Zhang 2002; McClements 2010; Jores et al.
2003; Kempe et al. 2010]. The logarithm of octanol-water partitioning coefficient (logP) is
often used to determine the hydrophobicity of compound is assumed to represent a general
tendency of the molecule to partition between an aqueous and an organic phase. Even
though the logP only gives a vague estimation about the solubilisation site of a solute in
dispersed systems it is commonly accepted to quote the fraction of molecules adsorbed into
the membrane [Fabris et al. 2008|. The partitioning in dispersed systems depends on many
factors such as temperature, pH value, structural properties of the different environments
and the concentration of emulsifier and solute [Schwarz et al. 1996]. It has to be noticed
that coexisting micellar phases play an important role in the solubilisation properties of
emulsions [Stockmann et al. 2000]. Different methods to determine the partitioning are
described in 1.4.7 and in chapter 3. Briefly, there are invasive and non-invasive methods.
The invasive methods such as ultrafiltration (UF) require a careful experimental setup
as separation techniques often influence the equilibrium [Oehlke et al. 2008; Stéckmann
et al. 2000]. Spectroscopic methods such as nuclear magnetic resonance (NMR), electron
paramagnetic resonance (EPR) and small angle neutron scattering (SANS) are non-invasive
methods [Heins et al. 2007a, 2007b; Dupont-Leclercq et al. 2007; Oehlke et al. 2008]. Other
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kinds of non-invasive methods are kinetic models [Romsted and Zhang 2002] and line shape
analysis for paramagnetic molecules [Strancar et al. 2005].

The locations within the dispersed systems depend on the lipophilicity and structure the
incorporated molecules apart from the emulsifier properties. Hydrophobic effects occur at
solubilisation sites in the core region and interactions between emulsifier and solute pre-
dominate in the headgroup region. The increased surface area is the important property of
dispersed solutions as it provides space for solutes and either accelerate or reduce molecular
reactions. The solutes can also compete with the emulsifier monomers for available position
at the interface. The presence of ascorbic acid, e.g., at an air-water interface increases the
minimum surface area per molecule of SDS threefold. This significantly alters the struc-
ture of the hydration sphere for each emulsifier molecule, and raising the temperature under
these conditions significantly increases packing of the surfactant molecules [Cid et al. 2013].
The lipophilic a-tocopherol is located in the interfacial region to 73 % in a Brij30 stabilized
octane-in-water emulsions [Gunaseelan et al. 2006]. Aromatic molecules are solubilized
in the Stern layer of anionic micelles, in the palisade layer of cationic micelles and in the
headgroup region of non-ionic micelles [Heins et al. 2007b]. Different solubilisation sites
are possible for a solute in dispersed systems (figure 1.2) as the solutes are in equilibrium
between the different phases.

The dynamics in dispersed systems is another advantage of these systems and can be
determind by NMR [Crans et al. 2006] or simulation studies [Faeder and Ladanyi 2000].
Self-diffusion of emulsifier monomers, micelles and solutes affect the system as the molecules
move constantly and the formation and degradation of micelles are predominant. Surfactant
micelles dissolve solubilized lipid hydroperoxides out of emulsion droplets, which could
decrease free radicals in the lipid droplets due to hydroperoxide decomposition. In addition,
surfactant micelles can solubilize iron and remove it from emulsion droplets, a factor that
could also inhibit lipid oxidation [Cho et al. 2002; Nuchi et al. 2002].

1.3.3 Lipid oxidation

The stability and stabilization of polyunsaturated fatty acids (PUFAs) in foods are a chal-
lenge because these fatty acids are highly susceptible to lipid oxidation. The oxidation of
the PUFAs leads to a decrease in their nutritional value and off-flavor compounds. The
oxidative stability of the lipids determines the shelf lives. Lipid oxidation is promoted by
some factors concerning the raw material and the conditions during product processing and
storage. The main attributes are metal ions, like iron and copper, which are widely present
in foods, or a pre-contamination with hydroperoxides. The product processing is usually ac-
companied by factors that accelerate lipid oxidation such as the presence of oxygen, heating
or storage temperature and light exposure [Frankel 1993; Thomsen et al. 2000].

The basic condition for the initiation of autoxidation is the presence of small amounts of
free radicals. Radicals are atoms or molecules with an unpaired electron. They can abstract
a hydrogen atom from a methylene group situated between two double bonds or as part
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of an allyl group. Thereby a free radical is generated on the fatty acid molecule. With an
increasing degree of unsaturation the abstraction energy lowers as the radical is stabilized
by electron delocalization. Therefore, the lipid oxidation is a free radical chain pathway that
is divided into steps: initiation, propagation and termination [Roman et al. 2012; Frankel
2005]. During the initiation step, primary lipid radicals in the form of alkyl radicals (L-)
are formed from autoxidative processes that are often accelerated due to food processing
and storage time. The process starts with the hemolytic fission of the lipid alkyl chain (1.2)
or as a consequence from the attack of reactive oxygen species, which are able to abstract
hydrogen (H-) from the alkyl chain (LH). These chemical processes require energy, which
can be supplied by heat, electromagnetic radiation, redox reactions, etc. As lipid samples
are inevitably contaminated by traces of hydroperoxides the secondary initiation is the
most likely initiating event (1.4). The preexistent hydroperoxides lead to the formation of
hydroxyl (-OH) and alkoxyl radicals (LO-). Traces of metal ions contribute to both initiation
steps (1.3, 1.5 and 1.6). In the propagation step the free alkyl radicals further react with
oxygen (1.8) to create peroxyl radicals (LOO-), which can again abstract a hydrogen atom
from a methylene group, leading to a hydroperoxide (LOOH) in addition to another alkyl
radical (1.9). The alkoxyl radicals formed during hydroperoxide decomposition react with
acyl chains (1.10) producing acyl radicals and alcohol (LOH). The radical chain reaction
terminates when two radicals react (1.11-1.14) [Abuja and Albertini 2001; Frankel 2005;
Cimato et al. 2004; Roman et al. 2012].

Primary initiation:

LH—L-+H. (1.2)
LH + Me®tD+ L L. 4 HT 4+ Me™t (1.3)

Secondary initiation:
LOOH — LO- + -OH (1.4)
LOOH + Me®tD+ . 1,0O- + Ht 4 Me™t (1.5)
LOOH + Me™ ——~ LO- + OH™ + Me(®H)+1 (1.6)
LOOH+LH —-LO- +L- +OH™ (1.7)

Propagation:

L. 430, — LOO- (1.8)
LOO- +LH — LOOH + L- (1.9)
LO- +LH —- L- + LOH (1.10)
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Termination:

L-+L. —LL (1.11)

L. +LO- — LOL (1.12)

L. +LOO- — LOOL (1.13)
LOO- +LOO- —- LOOL + O, (1.14)

In further decomposition reactions, volatile secondary oxidation products such as alde-
hydes, ketones, alcohols and hydrocarbons are formed [Frankel 2005].

1.3.3.1 Lipid oxidation in emulsions

In emulsions the unsaturated fatty acids are mostly located within the oil droplets. A few
molecules can also be present in the interface. Lipid hydroperoxides are more polar than
the non-oxidized lipid molecules and therefore a higher concentration can be found at the
interface than in the more hydrophobic core of the oil droplet [McClements and Decker
2000; Nuchi et al. 2002]. The interface has been suggested to be the most relevant region
for occurrence of lipid oxidation and surface active antioxidants are particularly effective
oxidation inhibitors [Mosca et al. 2013; Waraho et al. 2011; Heins et al. 2007a, 2007a].
In general, the autoxidation mechanisms in emulsions are thought to be the same as in
bulk oils [Genot et al. 2003]. As described above, metal ions and free radicals play an
important role in the autoxidation process. The source of metal ions in emulsions is broad.
They occur in water, oil, buffer substances and emulsifiers [Boon et al. 2009]. The latter
is also discussed to contain traces of peroxides [Mancuso et al. 1999]. The pH value of the
emulsion influences the oxidative stability that increases with decreasing pH [Haahr and
Jacobsen 2008|. The surface charge of the droplets also plays an important role in the lipid
oxidation process. Pro-oxidative cations are electrostatically repelled into the continuous
phase by a positive surface charge, away from the interface where lipid hydroperoxides
are prone to metal-induced decomposition. In contrast, emulsions stabilized with anionic
surfactants oxidize very quickly due to the electrostatic attraction of cationic transition
metals to the droplet surface where they promote lipid oxidation [Boon et al. 2008; Genot
et al. 2003]. The presence of sodium chloride, that does not affect the oxidation, is supposed
to compete with pro-oxidative ions for negatively charged binding sites on the surface and
thus decreases the lipid oxidation [Mei et al. 1998].

It is important to predict the oxidative stability of food by rapid and reliable methods in
order to determine shelf life and to evaluate the effect of protective antioxidants. Ambient
storage conditions are often too time consuming for practical use, but methods with high
temperature or addition of prooxidants such as the Schaal oven test, the Rancimat method,
and the active oxygen method are often criticized for giving wrong predictions |[Frankel
1993]. Therefore, radical detection methods were experimented as the initial oxidation step
can be monitored [Thomsen et al. 2000; Hawkins and Davies 2013].
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1.3.3.2 Antioxidative reactions in dispersed systems

Antioxidants can either prevent initiation or intercept lipid peroxyl radicals involved in the
propagation phase [Abuja and Albertini 2001]. Primary antioxidants are also called chain-
breaking antioxidants. They are reducing agents and inhibit the lipid oxidation process
by scavenging free radicals. The antioxidant donates a hydrogen atom to the free radical-
bearing molecule such as lipid radicals, hydroxyl radicals, alkoxyl radicals or peroxyl radicals
(1.15, 1.16, 1.17). The free radical is thereby transferred to the antioxidant molecule, on
which it is resonance stabilized and less reactive [Roman et al. 2012; Yanishlieva-Maslarova
et al. 2001; Genot et al. 2003].

L-+AH ——~LH+A- (1.15)
LOO- + AH ——~ LOOH + A - (1.16)
LO- +AH —~ LOH + A- (1.17)

Antioxidant activity can be divided into the hydrogen atom transfer reaction and the
single electron transfer reaction [Huang et al. 2005]. Phenoles, like gallate derivates, have a
high antioxidant activity by transferring a hydrogen atom from their hydroxyl group to the
oxygen-centered radical. This mechanism most likely involves a concerted transfer of the
hydrogen as a proton and of one electron between the two oxygen atoms (proton-coupled
electron transfer mechanism). Due to the weak hydrogen bond in the hydroxyl groups
they donor a hydrogen atom. The remaining electron is delocalized within the m-electron
system of the aromatic ring structure. Solvents accepting hydrogen-bonds, such as alcohols,
reduce the antioxidant capabilities of phenols because the hydrogen bond is not available
[Foti 2007; Brigati et al. 2002]. Radical scavenging can also be achieved by single electron
transfer. This mechanism is influenced by either electron donating or electron withdrawing
substituents. The reaction enthalpies of electron donating groups is increased in hydrated
environments such as water [Najafi et al. 2011].

Secondary antioxidants can prevent lipids from oxidation by stabilizing unstable interme-
diate products such as hydroperoxides or they can act as a chelator by building a complex
with metal ions. Even continuous phase chelators like EDTA can remove iron ions from the
droplet interface, and therefore the lipid core, towards the bulk phase [Cho et al. 2003].
Proteins have also been reported to have chelating properties. The location of chelators is
a relevant factor for achieving an effective chelation process.

The location of antioxidants in dispersed systems is determined by their partitioning
which often leads to local concentration effects especially at the interface [Oehlke et al.
2010, 2011; Heins et al. 2007a, 2007b]. The access of antioxidants from the continuous
phase to the interface can be limited, and their effectiveness reduced, if their electric charge
is the same as the interface. The partially negativ charged galloyl derivates do not asso-
ciate with SDS stabilized emulsions [Mei et al. 1999]. In anionic SDS micelles antioxidative

10
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spin probes have a protective effect against ascorbate ions, but a spin probe incorpora-
tion into cationic DTAB micelles accelerated the spin probe-ascorbate ions interactions
[Berton-Carabin et al. 2012]. A high interfacial antioxidant concentration is assumed to
be beneficial towards the inhibition of lipid oxidation [Berton-Carabin et al. 2012; Pryor
et al. 1993; Barclay and Vingvist 1994]. In addition, the distinct location within the in-
terface accelerates the reaction as demonstrated for stable free radicals and gallate esters
with increasing chain length [Heins et al. 2007a]. The overall effectiveness of free radical
scavenging depends on the polarity, location and oxidation stability of the antioxidants and
the type and concentration of free radicals in the different phases. The different kinds of
antioxidants can inhibit lipid oxidation by complexion of metal ions that initiate the oxida-
tion, scavenge radicals before hydroperoxides are formed or prevent the decomposition of
hydroperoxides to secondary oxidation products [Frankel 2005].

1.4 Experimental approach

1.4.1 Description of model compounds
1.4.1.1 Emulsifiers

The cationic CTAB, anionic SDS and non-ionic Brij58 are used to form differently charged
dispersed systems. Comprehensive data are available in literature [Sabatino et al. 2010;
Heins et al. 2006, 2007a, 2007b; Sowmiya et al. 2010; Oehlke et al. 2008, 2011; Stéckmann
et al. 2000; Berton-Carabin et al. 2012; Barclay et al. 1997; Cid et al. 2013]. Their
structures are shown in figure 1.3.
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Figure 1.3: Chemical structures of CTAB (a), SDS (b) and Brij58 (c)

1.4.1.2 Spin Traps

The additional reaction of a free radical to a diamagnetic spin trap is a prerequisite for spin
trapping experiments. The spin trap-radical adduct is a relatively long-lived free radical
product that can be studied by EPR. Therefore, EPR spin trapping provides a sensitive
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method for evaluating the oxidative stability of food lipids. Detection of radicals in the
lipid as an early event in oxidation allows mild conditions to be used [Thomsen et al. 2000].
The advantage of spin traps is the possibility to identify the radical species. The spectral
structure gives information as to whether the radical is carbon-centered, oxygen-centered
or nitrogen-centered.

There are two kinds of spin traps, the nitrone and nitroso compounds. The nitroso
compounds form relatively unstable adducts with oxygen-centered radicals, but with ni-
trones some information is lost because the trapped radical adds to a carbon adjacent to
the nitrogen [Hawkins and Davies 2013]. The hydrophilic DMPO (5,5-dimetyl-1-pyrroline
N-oxide) and the more lipophilic PBN (N-tert-butyl-a-phenylnitrone) (figure 1.4) belong to
the most popular spin traps. The cyclic nitrones (e.g. DMPO, DBPMPO, OMPO) provide
more distinctive data than the linear nitrones such as PBN, because cyclic nitrones have a
B-hydrogen atom providing considerable information about the radical trapped [Hawkins
and Davies 2013; Buettner 1987|. Because of their versatility, various derivatives such as
DBPMPO and OMPO have been synthesized to study radicals in a more lipophilic envi-
ronment and increase the half-live of the adducts [Stolze et al. 2002, 2000a, 2000b; Gamliel
et al. 2008]. Spin trapping of lipid derived radicals with PBN has already been extensively
studied. Unfortunately, the short half-life of PBN adducts with oxygen-centered radical
spin adducts restricts its use to the detection of carbon-centered radical adducts. Further-
more, the similarity of the ESR spectra of different PBN spin adducts renders spectral
identification of the trapped species rather difficult [Janzen et al. 1992; Stolze et al. 2000a).
The following spin traps were use in this study:

a) b) spintrap R
Ny R DMPO CHs
N DBPMPO  PO,(CH)3CHs
|
o OMPO (CHp)7CHg

Figure 1.4: Structure of spin traps PBN (a) and DMPO derivates (b).

1.4.1.3 Spin Probes

The most important class of paramagnetic tracer molecules are spin probes. These sta-
ble free radicals with the structural unit RoNO are commonly called nitroxides. They
achieve their stability due to full methyl substitution in S-position and a delocalized spin
density where approximately 40 % are on the nitrogen atom and 60 % are on the oxygen
atom. The typical radical reactions like dimerization and disproportionation are inhib-
ited. In contrast to the spin traps spin probes interact non-covalently with the system.
The motion of nitroxides is strongly influenced by the dynamics and local structure of
their surrounding. Therefore they can be used as tracers in the systems and indirectly de-
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liver information about the internal structure of a system [Kocherginsky and Swartz 1995;
Hubbell et al. 2000]. A detailed description about the characteristics of a nitroxide EPR
spectrum is given in section 1.4.4. Nitroxides used were TEMPO (2,2,6,6-Tetramethyl-1-
piperidinyloxyl radical) and its more hydrophilic derivate TEMPOL (4-Hydroxy-2,2,6,6-
tetramethyl-1-piperidinyloxyl) and the lipophilic TEMPOL-benzoate (4-Hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl-benzoate) (figure 1.5):

a) b) 9 9
OH (0]
\ \ \
0 0 0

Figure 1.5: Chemical structures of TEMPOL (a), TEMPO (b) and TEMPOL-benzoate (c)

The spin scavenging ability of nitroxides is influenced by their ability to shuttle between
different oxidation states [Lardinois et al. 2009]. The redox cycle of nitroxide TEMPO and
its derivates form the basis of many applications. The cycle includes the inter-conversion of
TEMPO,TEMPOH (hydroxylamin) and oxoammonium ion (figure 1.6) [Soule et al. 2007;
Ma et al. 2011].

TEMPO
= MY
|
.0 \
2e/H*
+ -
N —— N
1l |
(0} OH
oxoammonium ion TEMPOH

Figure 1.6: Inter-conversion of TEMPO, TEMPOH and oxoammonium salt

The inter-conversion scheme shows that only the nitroxide is of paramagnetic nature,
therefore the hydroxylamine and the oxammonium cation are not detectable with EPR. (see
1.4.3) [Ma et al. 2011]. The antioxidative activity of nitroxides is widely used [Soule et
al. 2007; Amorati et al. 2010; Lardinois et al. 2009]. Radical formation can be inhibited
in biological matrices due to the catalytic property of nitroxides, because they can be
recycled in the system without forming additional products [Lardinois et al. 2009]. The
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reaction pathway of the antioxidative capability of nitroxides towards peroxyl radicals is
the proton-coupled electron transfer from a protonated nitroxide. However, this is only
possible in acidic media when the equilibrium is directed towards the protonated form that
still carries a radical. Apart from the application as spin probes and antioxidants, TEMPO
and its derivates are used i.a. as catalyst for controlled radical polymerization reactions
and for controlled oxidation of primary alcohols [Amorati et al. 2010]. The Nitroxide
spin scavenging technique is a powerful method to examine radical formation. Apart from
determining the data on the type of radical, it is also possible to determine the exact
location of the nitroxide and the radical [Hawkins and Davies 2013].

1.4.1.4 Antioxidants

Apart from propyl gallate the lipophilic a-Tocopherol and the hydrophilic analogue Trolox
were used as antioxidants (figure 1.7). The latter is widely used as a model antioxidant due
to its high activity [Oehlke et al. 2011; Shahidi and Zhong 2007; Lucio et al. 2009; Barclay
et al. 1997; Friaa and Brault 2006]. The radical scavenging mechanisms and its autoxidation
have been observed. Because of the structural similarity the reaction mechanisms can, to
some extent, be transferred to a-Tocopherol. The properties of propyl gallate have been
investigated in detail in former studies [Schwarz et al. 1996; Stéckmann et al. 2000; Heins
et al. 2006, 2007a; Giuffrida et al. 2007].

a) b) )
OH

OH
o oS

Figure 1.7: Chemical structures of a-Tocopherol (a), Trolox (b) and propyl gallate (c).

1.4.2 Basics of EPR and NMR spectroscopy

The electron paramagnetic resonance spectroscopy (EPR), also known as electron spin
resonance spectroscopy (ESR), and nuclear spin resonance (NMR) are both spectroscopic
methods that require an external magnetic field. The basic principle is the absorption of
electromagnetic radio-frequency of particles that align with the magnetic field. In EPR
technology, the spin of an unpaired electron is the prerequisite, while the NMR technology
deals with nuclear spins. The magnetic dipole moment p of either an electron or a nucleus
is given by

w=y-J (1.18)

where J is the angular momentum and y is a proportionality factor, that is known as the
gyromagnetic ratio in NMR spectroscopy and depends on the nucleus or, in case of EPR,
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includes the Bohr magneton R and the g-factor (Landé factor). The eigenstates of both
spins, from electrons and nuclei, have discrete orientations. The spin quantum number I
can be half-integer or integer values. The magnetic quantum number m takes 2141 values
between -I and +I. The eigenstates of the spin are degenerative. The application of an
external magnetic field B leads to a distinct orientation of the spins, which is either parallel
or anti-parallel to the direction of the magnetic field (Zeeman effect). The energy difference
AFE between spin states is given by:

AE=m-y-h-B (1.19)
for nuclei, with A is the Planck’s constant and:
AE=g-5-B (1.20)

for electrons with g = 2.00023 for free electrons. The energy difference between the two
states is proportional to the strength of the external magnetic field. For high resolution
experiments the magnetic fields of more than 10 Tesla are required for NMR. Due to the
lower mass of electrons compared to nuclei, EPR experiments of 0.3 Tesla are sufficient. The
probes exist of condensed material with a great number of spins. In a thermal equilibrium
the magnetic momentums in an external field distribute among the defined energy states
described by the Boltzmann distribution.

N~ 1-FE)

NG (1.21)

Where N represents the number of spins in the lower (-, parallel) and higher (4, anti-
parallel) energy state, k is the Boltzmann constant and T the absolute temperature. The
application of perpendicular microwave radiation leads to resonance when the absorbed
microwave energy is equal to AE.

AE=h-v (1.22)

This energy of the distinct frequency v causes the transfer from the lower energy state
to the higher energy state. In EPR spectroscopy a constant microwave frequency is applied
and the magnetic field is scanned depending on the radical type. The common X-band
spectrometers operate with a frequency from 9 to 10 GHz, while frequencies between 60
and 800 MHz are required for NMR experiments. The Fourier transform (FT) NMR spec-
trometer works with a constant magnetic field and varying frequencies and where short
pulses of radio-frequency radiation are excited. The significant discrepancy between EPR
and NMR is based on the different time scales which is coursed by the distinct magnetic
moments of nuclei and electrons. Apart from the different resonance frequencies the relax-
ation times vary from ms for nuclear 71 and T times in diamagnetic molecules (NMR) to
ns for electronic transverse relaxation times T» (EPR). The required NMR pulses are 10 ps
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or slower while EPR pulses are in the range of few ns or even faster [Atkins and Friedman
2011; Hawkins and Davies 2013; Lund et al. 2011; Mdbius and Savitsky 2008; Weil and
Bolton 2007].

1.4.3 EPR spectroscopy
With EPR spectroscopy paramagnetic species can be studied such as:

e free radicals in solids, liquids and gases: they can be atoms, molecules or ions.

e transition metals and rare earth ions: in these systems often multiple unpaired elec-

trons exist.

o defects in materials: in crystals and glasses the unpaired electron occupies the empty

space for an anion.
e diradicals: molecules with two unpaired electrons, which are spatially separated.

e triplet states: molecules with two interacting unpaired electrons, which are usually
excited electronic states.

Studies with EPR are therefore limited to a small group of probes. That could be a
disadvantage, but it is also an advantage because interferences are rare. By introducing a
spin probe or spin label to a system, materials without an unpaired electron or short living
radicals can be studied (Berliner, 1976). The measured spectrum is the derivative of the
absorption. EPR spectra can be very complex depending on several factors, like the number
of unpaired spins at the paramagnetic molecule, the chemical structure, the environment
and the physical state. The unpaired electron is sensitive to its local surroundings. There-
fore with EPR technique the local environment such as fluidity, viscosity and polarity as
well as the molecular structure next to the unpaired electron and the molecular motion can
be studied [Weil and Bolton 2007].

The g-factor: The orbital angular momentum of the electron contributes to the resonance
as shown in equation 1.18. The value of the g-factor depends on the molecule structure,
the physical state and the location of the unpaired electron within the molecule.

The hyperfine couplings: The nuclei of nearby atoms that have magnetic moments pro-
duce a local magnetic field at the electron. The interaction of unpaired electrons and nuclei
is called hyperfine interaction and is characterized by a specific line pattern, the hyperfine
coupling. The number of lines (1) of a spectrum due to hyperfine splitting depends on the
interacting nucleus:

l=2-n-s+1 (1.23)

Where n is the number of nuclei and s is the nuclear spin of the nucleus. When the value
of the hyperfine splitting constant is larger than the line broadening separated peaks are
observed in the EPR spectrum [Hawkins and Davies 2013]. The hyperfine splitting constant
provides information about the identity and number of atoms interfering with the electron
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and monitors the polarity of the molecular environment [Jores et al. 2003]. The hyperfine
interactions from the protons are strongly overlapping and are unresolved. This leads to a
line broadening of each peak [Kao et al. 2007].

The rotation correlation time 7. : In this thesis only fast isotropic motion is considered.
Therefore the molecule with the unpaired electron tumbles rapidly in solution or mem-
branes. The rotation correlation time 7. describes the rate of motion of the spin label in
micelles and reflects the dynamic of its surroundings, which is proportional to the micro-
viscosity [Dejanovic et al. 2008]. The spectral line shape gives information on the dynamic
processes such as molecular motion and fluidity at the local environment (Freed et al., 1971;
Freed & Fraenkel, 1963).

The concentration of EPR active species in a sample is related to the peak intensity, but
line broadening occurs at high radical concentration. Radical concentrations of 1 mmol are
more than sufficient for the spectral resolution. The radical content is given by the peak
area which is determined by the double integral of the complete spectrum.

1.4.4 EPR characteristics of nitroxides

The EPR method is sensitive to rotational diffusion rather than translational motion since
only angular motions relative to the external magnetic field affect the magnetic interactions
and the spectral line shapes. Nitroxide stable radicals show a three line pattern from the
interaction of the unpaired electron, which is localized on the N-O bond, with the nitrogen,
while the proton signals are unresolved. The nitrogen nucleus (1*N) has a nuclear spin of 1
and, according to the quantum theory, can take three possible orientations (equation 1.23)
[Hawkins and Davies 2013; Lurie and Méder 2005; Kao et al. 2007|. If the rotation is very
fast, the hyperfine couplings are an average of different directions that form an isotropic
value and the spectrum consists of three equal lines. An anisotropic spectrum is obtained,
if the rotational motion is prohibited e.g. in powders. The actual spectral shape depends
on the time frame of the rotational diffusion and is characterized T7. The high field peak
is most strongly affected by the cumulative effect of g and A anisotropy [Lurie and M&der
2005; Jeschke and Schlick 2006]. There are established methods used to infer T} in the
fast motion regime [Keith et al. 1970; Cimato et al. 2004; Kveder et al. 1997], but these
methods break down if the spectra consist of several overlapping species. Therefore a fitting
with spectral deconvolutions is necessary to obtain values for each species.

In addition to dynamics, spin probes also provide information about their local environ-
ment. The electronic structure of a nitroxide is slightly altered depending on the interaction
with molecules in its surroundings. The solvent polarity influences the hyperfine coupling
constants (an) and g-values of a spin probe where the alterations add up at the high field
line. The ay of nitroxides is 17 G in isotropic media and 14 G in an unpolar environment.
The superimposition can be noticed at the high field peak. Thus spin probes in different
nanoscopic environments in dispersed systems can be distinguished and analyzed separately.
The g-factor for nitroxides is g = 2.006 in isotropic media.
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1.4.5 EPR deconvolution

The structural and dynamic parameters of an EPR spectrum in an homogenous media
can be inferred by straightforward analysis. The spectrum of a paramagnetic substance
in dispersed systems consists of several superimposed spectral components, complex rota-
tional dynamics and unresolved couplings. The partitioning between the different phases
divides the substance in different populations with individual spectral behavior. Decon-
volution that divides the superimposed spectrum in spectral components can be carried
out with EPRSIM-C software developed by Strancar and colleagues [2005]. To separate
these individual spectra from the experimental spectrum different biophysical models are
used based on the following parameters: line shape (Lw), rotational correlation time (7),
relative weight (d), order parameter (S), broadening constant (W), and polarity correction
factors for the g and A tensors (pg and pa). Three of the models were used to describe
nitroxides solubilization in micellar solutions or emulsions. A paramagnetic species that
is completely solved reveals in an isotropic spectrum if the thermodynamic motion of the
molecule is very fast. The first model of the EPRSIM-C software is used for an isotropic
tumbling spin probe. The characteristics of the isotropic spectrum is an even line shape
with symmetric narrow lines, equal widths and same heights. Another model describes
a fast tumbling spin probe in a concentrated cluster in an isotropic environment. In the
concentrated cluster spin exchange between the individual molecules is considered. A fast
tumbling spin probe in an anisotropic environment like the headgroup or inner core of a
micelle can also be simulated by a model for membrane associated substances. The spectral
shape of an anisotropic spectrum gains a broad line width with stronger tendency towards
the high field. Therefore, the spectral shape of each specific population in a dispersed
system gives information on the microenvironment that can be defined by the biophysical
parameters mentioned above [Strancar et al. 2005, Berliner 1976; Jores et al. 2003].

1.4.6 NMR diffusion experiments

With the NMR spectroscopy nuclei with a spin of 1/2, for example 1H, 12C, 15N, 19F, 298i
or 31P, which can take two energy levels corresponding to the magnetic spin quantum num-
bers 1/2 and —1/2 can be studied. Due to interactions between the spin-bearing nucleus and
neighboring nuclei in a molecule and the resulting signal splitting, molecule structures can
be elucidated. The modern NMR instruments use impulse excitation with a subsequent
Fourier transformation. Chemical shifts arise due to the interaction of the nuclear spin
with electrons, which are perturbed by the static magnetic field. With pulsed field gradient
(PFG) NMR the molecular diffusion can be studied. Diffusion is the random Brownian mo-
tion of molecules that is driven by internal thermal energy. The mathematical background
of the diffusion process is based on Fick’s first and second law of diffusion. Fick’s first law
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relates the diffusive flux (J) to the change in concentration (9c) across a given plane (9x):

dc

J=-D
ox

(1.24)

Where D is the diffusion coefficient.

Fick’s second law states that the change in concentration over time (9t) is equal to the
change in local diffusion flux:
Jdc 9%c
— =D— 1.25
ot Ox2 (1.25)
With NMR spectroscopy self-diffusion of the molecules is determined and the Stokes-
Einstein equation describes the diffusion coefficient:

(kpT)

= o B (1.26)

Where kp is the Boltzmann constant, 7' is the temperature, n is the viscosity and R is
the radius of the molecule. Typical self-diffusion coefficients in liquids at room temperature
range from 10~2 m?s~! for small molecules in non-viscous solutions to 10~12 m2s~!
for polymers in solution. In PFG experiments pulse sequences are employed to measure
diffusion. The spin echo sequence was introduced by Hahn [1950], who pointed out that the
echo amplitude is influenced by the Brownian motion of the molecules because of the local
magnetic field fluctuations. Initially magnetization is parallel to the external field. A 90°
pulse is then applied along the x-direction. During a period of time, each spin experiencing
a slight variation in magnetic field begins to dephase. The variations in the magnetic
field arise from transverse relaxation due to spin-spin interactions and inhomogeneities in
the external magnetic field. It is important to make the latter reversible. At a certain
time 7 a 180° pulse is applied along the y-direction. Thereby the spins are rotated by
180° around the y axis. Each spin continues to precess with its former frequency and as
a result of the inverted relative position, the spins are reclustered forming an echo. The
application of a magnetic field gradient during dephasing and rephrasing periods makes it
possible to monitor the self-diffusion. After each pulse, field gradients of a certain length
0 and strength g are applied. These gradients cause the spin in different positions in the
sample to precess differently, enhancing the dephasing process. If the spins maintain their
positions throughout the experiment, they will refocus completely into a spin echo by the
pulse sequence at time 2 7 (figure 1.8). But if they change position during the experiment,
their precession rated will change and the refocusing is incomplete. This results in a decrease
of the spin echo intensity [Stilbs 1987; Levitt 2008].
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Figure 1.8: Pulse field gradient spin echo sequence. The echo appears after 27. After the 90°
and 180° pulse are two pulse magnetic field gradients of length § and strength
g.

1.4.7 Partitioning of paramagnetic substances
1.4.7.1 Ultrafiltration

Ultrafiltration (UF) is basically a pressure-driven separation process, governed by a mem-
brane separation principle that depends on particle size. UF membranes are semiperme-
able and defined by the pore size which is given by the nominal molecular weight cut-off
(MWCO). Frequent pore sizes are between 1 nm and 100 nm, thus allowing retention of
compounds with a molecular weight of 300 to 500,000 Dalton. The separation efficiency is
often not only influenced by the MWCO but also by interaction between the membrane and
the solute. The latter is influenced by the membrane material which should be appropriate
for the system to be separated. The application of a rotation force separates the filtrate
that is able to pass the membrane from the remaining retentate. The application of UF in
emulsions requires the separation of only a small fraction. A small volume of the aqueous
phase of emulsions can be removed without interfering with the initial structure. Therefore
the UF technique is qualified to determine the partitioning behavior of compounds dissolved
in emulsions although it is an invasive method. The concentrations of solutes in the initial
emulsion and the filtrate can be directly determined. The proportion of membrane asso-
ciated nitroxides (dgo1) can be calculated from the filtrate (Cpon-so1) and retentat (Cyotar)
concentration:

dyor = 100 — Son=sol 40 (1.27)
Ctotal

The nitroxides in the collected samples were measured by EPR and the concentration
was determined as relative concentrations by double integration of the signals.

1.4.7.2 EPRSIM-C

The deconvolution of EPR spectra is a non-invasive method to determine the partitioning
of nitroxides [Grammenos et al. 2012; Abdalla and M&der 2009; Arsov and Strancar 2005;
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Poklar Ulrih et al. 2010]. Parameters and information about the use of the EPRSIM-C
software are available [Strancar et al. 2005; Strancar 2007; Berliner 1976]. The relative
weight of different populations is given by simulation. As the an of individual populations
depends on the polarity of the microenvironment, the location inside the membrane, aque-
ous phase or headgroup region can be determined. Information about the deconvolution is
given above (see 1.4.5). The ay was calculated by:

an =ho — hi1 (1.28)

Where hg andhy; represent the g value at the maximum peak height from the middle
field and the low field peak.

1.4.7.3 NMR diffusion

NMR diffusion measurement is another non-invasive technique to determine the partitioning
of small molecules [Dupont-Leclercq et al. 2007; Sabatino et al. 2010; Wang et al. 2004;
Otto et al. 2003; Kreilgaard et al. 2000]. LKO40O
dsor = _ DN = Dmic__ 4 (1.29)
Dnbuffer — Dmic
Where Dy and Dy g per Tepresent the self-diffusion coefficients of the sorbed nitroxides
in micellar solution and the free nitroxides in buffer, and D,,;. is the diffusion of the micelle.
The reported values for the diffusion of the micelle have been corrected to remove the
contribution to the observed diffusion coefficient (Dyps) from the free (Dmono) detergent
population using the equation after Vinogradova and colleagues [1998]:

cmce
Dobs - : Dmono

Dpic = Cemul (130)

1 — —cme

Cemul

Where cme is the critical micelle concentration and ce,,q; represents the total concen-

tration of emulsifier.

1.4.8 Generation of free lipid radicals
1.4.8.1 Oxidation of corn oil emulsions

Lipid oxidation experiments in emulsions were carried out according to the Schaal oven test
at 60 °C where typical autoxidation reactions occur [Frankel 2005; Thomsen et al. 2000].
Referring to equation 1.2 carbon-centered radicals were formed in the first step. Radical
generation was measured with spin scavenging techniques as the stable nitroxide radicals
react with lipid radicals. The content of EPR active nitroxides was determined by double
integration of the signal prior to heating and the decrease was followed.
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1.4.8.2 Production and decomposition of MeLOOHs

Conjugated diene hydroperoxides decompose to oxygen-centered radicals under heat treat-
ment. They are generated during the course of fatty acid oxidation (equation 1.4-1.9).
As in the first step carbon-centered radicals are formed that immediately react with the
spin traps, MeLOOH were produced to measure the reaction of oxygen-centered radicals.
Linoleic acid was methylated with methanol and the lewis acid bortriflouride as catalyst.
The resulting fatty acid esters were oxidized at 60 °C in the dark under atmosphere oxygen
until a maximum of hydroperoxides content was reached. MeLOOH were purified with
column chromatography prior to use [Gardner 1975; Stolze et al. 2000a; Kadowaki et al.
2012; Ichihara and Fukubayashi 2010; Miyashita and Takagi 1986]|. The hydroperoxides can
be photometrically measured as they have a strong absorption maximum at 234 nm and
are determined directly at this wavelength. Methyl linoleate hydroperoxide concentration
cMmeroon [mmol/kg oil] was calculated using the extinction coefficient € = 0.26 [Chan and
Levett 1977]:
E-d
CMeLOOH = - (1.31)
Where FE is the extinction at 234 nm, d the calculated dilution factor and w is the weighed
sample. This method can only deliver reliable results in the early stage of lipid oxidation.
Secondary oxidation products and polymers generated from the decomposition of lipid hy-
droperoxides at later stages of oxidation also absorb at 234 nm. It is also unsuitable for
samples containing PUFAs [Fortier et al. 2009; Frankel 2005].

To decompose the MeLOOH to oxygen-centered radicals micellar solutions loaded with

MeLOOH were heated at 100 °C to promote the degradation of hydroperoxides by breaking
the O-O bonds (equation 1.4)[Roman et al. 2012].
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2.1 Abstract

Lipid radicals in dispersed systems arise from the inner core of micelles. To detect the
lipid radicals with half-lives of ps up to ns spin traps can be used to form stable adducts
with the radicals. The aim of this study was to detect lipid radicals from oxidized linoleic
acid in dispersed systems. In regard to the interface barriers, a combination of hydrophilic
and lipophilic radical initiators and spin traps should show where the lipid radicals are
generated and trapped.

To accomplish this purpose the thermosensitive azo radical initiators AAPH, AIBN and
Fenton reaction mix were used to generate lipid radicals. The spin traps DMPO, PBN,
OMPO, DBPMPO have different polarities and therefore different locations in the dis-
persed systems where they trap radicals. In addition, we synthesized a lipophilic DMPO
analog attached to stearic acid. Model systems of micellar solutions with anionic SDS,
cationic CTAB, non-ionic Brij58 and Tween20 loaded with linoleic acid were used. In all
systems a high content of hydroxyl radicals were detected with hydrophilic spin traps. Alkyl
radicals were only detectable in systems with non-ionic emulsifiers. The spectra of more
lipophilic spin trap adducts were not evaluable due to anisotropy and the lack of hyper-
fine couplings. The synthesis of the C17-DMPO was successful, however the application in
dispersed systems is restricted due to the half-lives of the spin adducts formed with radicals.
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2.2 Introduction

Free radicals are known to cause oxidation of lipids and proteins in food stuff leading to off-
flavor and spoil foods. On one hand the nutrition value is reduced but on the other hand free
radicals reaching the body cause damage to biomembranes, proteins and other biomolecules.
It is suspected that the consequence of the oxidation leads to some human diseases [Halliwell
1994]. Oxygen and heat induction are known to be a possible initiator for radical formation.
However, in model systems it is essential to generate free radicals at a controlled and known
rate and site to study the dynamics of radical mediated oxidation. Azo-compounds generate
free carbon-centered radicals by the spontaneous thermal decomposition which react with
oxidizable compounds or molecular oxygen to form oxygen-centered radicals. They have
been used in studies with biological systems like micelles, membranes and lipoproteins
[Mojumdar et al. 2004; Krainev and Bigelow 1996; Niki 1990; Noguchi et al. 1998|. In
contrast to the controlled radical initiation the Fenton reaction produces hydroxyl radicals
which are known to be very reactive oxygen species [Janzen et al. 1992].

The direct detection of short living radicals is possible, but the sensitivity is most often
insufficient. Chamulitrat and Mason were able to directly detect a polyunsaturated fatty
acid peroxyl radical [1989], Westermann and coworkers detected free radicals of undefined
origin in cream cheese after light exposure [2009] and Krainev and Bigelow detected AMVN-
derived peroxyl radicals in dimethylsulfoxide (DMSQO) solution [1996]. The development of
EPR spin trapping technique enabled the detection of short living radicals as spin traps
have the ability to react with transient radicals and generate persistent spin-adduct radicals.
PBN and DMPO are widely used nitrone spin traps. While PBN forms preferable carbon-
centered spin adducts, DMPO also traps oxygen-centered radicals and give information
about the structure of the radical species [Mojumdar et al. 2004; Guo et al. 2003]. With
the hyperfine coupling constants of DMPO radical adducts, the trapped radical can be
identified. However, the distinction between peroxyl radicals and superoxide anions as well
as hydroxyl and alkoxyl radicals is only possible with additional identifying methods like
simulation or online high performance liquid chromatography (HPLC-EPR), electrospray
ionization- mass spectrometry (ESI-MS) and tandem mass spectroscopy (MS/MS) as wrong
interpretations occur due to the spectral similarity [Janzen et al. 1990; Guo et al. 2003;
Dikalov and Mason 2001]|. Although some authors reported the detection of peroxyl radical
adducts |Rota et al. 1997; Davies and Slater 1986; Schaich and Borg 1988|, Dikalov and
Mason [2001] revealed the impossibility of peroxyl radical adduct detection.

Synthesis of spin traps depending on their target use are common [Dikalov et al. 1992;
Stolze et al. 2002; Becker et al. 2002; Frejaville et al. 1995; Stolze et al. 2000a]. 5-
(Diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO) was synthesized to trap
superoxide radicals in biological membranes. It forms more stable adducts with superoxide
radicals than the commercial DMPO and the reaction kinetic towards hydroxyl radicals is
twice as high, even though the partitioning coefficients are similar [Frejaville et al. 1995].
For a higher lipophilicity Stolze and colleagues synthesized DEPMPO derivates with in-
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creasing chain length to detect lipid-derived radicals [2000a]. Becker and coworkers [2002]
synthesized STAZN, used as an antioxidant and revealed a significantly enhanced potency
as a chain-breaking antioxidant vs conventional nitrone spin traps like PBN. That implies
an improved spin trapping capability as STAZN outperforms classical phenolic antioxidants
as butylhydroxytoluene and Vitamin E in a polar environment.

The preferred location of spin traps in dispersed systems is supposed to be at the lipid-
water interface where they trap water-soluble peroxyl radicals by single electron-transfer
mechanism. The location at the interface of membranes as the major reaction site was also
investigated with DMPIO, a hydrophobic DMPO analogue [Dikalov et al. 1992]. Lipophilic
DMPO derivates with alkoxy substituents with increasing chain length were also synthesized
by Stolze [2002] and colleagues to form stable superoxide adducts.

The aim of this study was to generate and detect lipid radicals from linoleic acid (LA) in
dispersed systems by EPR spin trapping technique. To determine the location of the radical
generation and trapping, hydrophilic and lipophilic radical initiators and spin traps were
used as the emulsifier interface represents a barrier between the hydrophilic and lipophilic

compartment.

2.3 Materials and Methods

2.3.1 Chemicals

Acetic acid, ferrous sulphate, HoO», methanol, n-hexane, SDS (sodium dodecyl sulfate,
>99 %), silica gel (0.06-0.2 mm), sodium acetate (>99 %, anhydrous), Trifluoroacetic acid
(TFA) and Tween20 were obtained from Carl Roth, Germany. AAPH, Brij58, CTAB
(cetyl trimethyl ammonium bromide, >99 %), 4-(dimethylamino) pyridine, DMPO (5,5-
dimethyl-1-pyrroline-n-oxide), linoleic acid, PBN (alpha-phenyl N-tertiary-butyl nitrone),
sodium tungstate and stearic acid were purchased from Sigma Aldrich, Germany. AIBN
was obtained from MP Biomedicals GmbH, Germany. EDC (1-(3- dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride) and BOC (1-Boc-3-hydroxypyrrolidine) were purchased
from Alfa Aesar, Germany. Dichloromethane was obtained from VWR, Germany.

The spin traps DBPMPO (5-(di-n-Butoxyphosphoryl)-5-Methyl-1-Pyrroline N-Oxide) and
OMPO (5-Octyl-5-Methyl-1-Pyrroline-N-Oxide) were synthesized by Stolze and coworkers
[Stolze et al. 2000a, 2002].

2.3.2 Synthesis of C17-DMPO

The first step was the addition of stearic acid to 1-Boc-3-hydroxypyrrolidine. 1.0 g (5.35 mmol)
BOC protected hydroxyl-pyrrolidine (1) and 40 ml dichloromethane was stirred on ice. To
this 1.5 mg (5.28 mmol) stearic acid, 1.1 mg (5.78 mmol) EDC and few crystals of 4-
(Dimethylamino) pyridine as catalyst were added and stirred for an hour. The stirring was
stopped when stearic acid was no longer detectable by TLC. The product was separated by
extracting with dichloromethane. Extraction was repeated three times and the combined
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organic layer was washed with Brine solution and dried with anhydrous sodium sulfate.
The solvent was removed under vacuum. The crude reaction mixture was dissolved in hex-
ane and purified by silica gel column chromatography with hexane ethyl acetate (15 %) to
provide the pure product 2 in 80 % yield.

To remove the protecting group 500 mg (1.04 mmol) of compound 2 was dissolved in
10 ml chloroform and cooled down on ice. After addition of 2.5 ml (32.63 mmol) TFA the
reaction mixture was stirred for 2 h and the completeness was checked by TLC. The solvent
was evaporated to get compound 3 in 100 % yield.

The oxidation to the nitrone compound was carried out using the solid product 3 (1.04
mmol) dissolved in 10 ml methanol. The solution was cooled down on ice and 500 pl
(0.15 mmol) H2O2 were added dropwise followed by 10 mg (3.31 mmol) of sodium tungstate.
The reaction mixture was stirred at room temperature and the reaction was followed by
TLC. The solvent was evaporated and the product was redissolved in 50 ml dichloromethane.
The solution was washed with 10 ml water followed by 10 ml Brine solution. The organic
phase was dried over anhydrous sodiumsulfate and the solvent removed under vacuum.
Purification was done with silica gel column chromatography by using chloroform with in-
creasing methanol content up to 10 %. The yield was 18 % of a yellow soft solid substance.
The purity of the product 4 was assessed by LC-MS and 'H-NMR.
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Figure 2.1: Synthesis scheme of DMPO-C17.

2.3.3 Preparation of dispersed systems

The systems contained 1 wt% emulsifier, 10 mmol LA, 50 mmol spin trap and 5 mmol
radical generator or 1 mmol Fenton reaction mix (1 mmol H2O»2, 1 mmol FeSO4 and
1 mmol EDTA) in acetic buffer (200 mmol, pH=>5) unless otherwise stated. Stock solution
were mixed and immediately measured. Samples containing AAPH or AIBN were heated
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at 46 °C for 15 min prior to measurements. Samples containing spin traps DBPMPO and
OMPO were additionally measured with Desferal as a chelator or bubbled with nitrogen.
Control measurements were carried out in the absence of LA. The used spin traps are shown

in figure 2.2.
a) b) spintrap R
Ny Oé DMPO CHs
g DBPMPO  PO,(CH,)sCHs
3 OMPO (CHg)7CHs

Figure 2.2: Structure of spin traps PBN (a) and DMPO derivates (b).

2.3.4 EPR general setup

EPR measurements of the spin traps were carried out on a Bruker X-band EMXplus spec-
trometer with a PremiumX microwave bridge EMXplus and a Bruker ESP 300 E equipped
with a rectangular TM110 microwave cavity at 9.7 GHz with 100 kHz modulation frequency
at room temperature. Spectral simulations of DMPO adducts were performed using the
EPR simulation software package XSophe.

2.4 Results

2.4.1 Detection of DMPO- and PBN-adducts

The commercially available spin traps DMPO and PBN were used as hydrophilic and
lipophilic spin trap. DMPO radical adducts in micellar solution are depicted in figure
2.3. In the presence of LA, additional peaks (*) arising from alkyl radical adducts were
obtained only in Tween20 micellar solutions (figure 2.3b). All other measurements with
Fenton reaction mix showed only signals of hydroxyl radical adducts like in CTAB solution
(figure 2.3a). The signals in SDS and Brij58 were similar to CTAB. It has to be noticed
that signal intensities in probes containing LA were decreased. The distinction of radicals
type was achieved by simulations of DMPO-adduct spectra with alkyl radicals (figure 2.3c),
hydroxyl radicals (figure 2.3d) and alkoxyl radicals (figure 2.3e). The identification of alkyl
radical adducts was possible by means of the six line pattern. Owing to the same hyperfine
splitting a distinction between hydroxyl and alkoxyl radical adducts was not possible.

The concentration of DMPO influences the proportions of the different adducts in Tween20
micellar solutions (Tab.1). Although the overall intensities of the peaks were higher with
a concentration of 50 mmol DMPO, the formation of hydroxyl adducts is suppressed com-
pared to the alkyl adducts when using concentrations of 10 mmol DMPO. The proportion
of the different adducts were calculated for the first and second peak of each radical adduct
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Figure 2.3: Spectra of DMPO-adducts in CTAB (a) and Tween20 (b) with Fenton reaction
mix. Black lines show the samples in the presence of LA and dotted lines show
the control in the absence of LA. Simulated spectra of DMPO-adducts with
alkyl radicals (c), hydroxyl radicals (d) and alkoxyl radicals (e). *alkylradicals

species. Intensities were calculated as peak heights (H). With low DMPO concentrations
the ratio between alkyl adducts (a) and hydroxyl adducts (h) were 3 to 4 times higher,
while with higher DMPO concentrations it is one third or less.

Table 2.1: Peak heights (H) of the alkyl (a) and hydroxyl (h) adducts and their ratio
(PHa/un) depending on the spin trap concentration.

a a
Compo = 10 MM Compo = 50 MM 1
h P h Paoji ) h,
a, 0181 0.664 !
3.94 0.33
h,  0.046 2.034
a,  0.184 0.732
3.02 0.24
h,  0.061 3.059

To demonstrate that alkyl radicals can be trapped by DMPO, 5 % Methanol was added
to a CTAB micellar solution with Fenton reaction mix. In these samples the formation
of hydroxyl radical adducts is suppressed and the signals from alkyl radical adducts arise.
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Fenton reaction mix oxidizes methanol and the methanol derived radicals were trapped by
DMPO. In the presence of LA the overall intensity is decreased as in the other samples. In
addition, we controlled the stability of the different adducts by measuring the same probes
over certain time. Hydroxyl radicals were more stable than the alkyl radicals.

The use of azo-radical initiators, which is often described in literature, was not sufficient in
the systems used in this work. Samples with AAPH showed lower intensities than samples
with Fenton reaction mix and no alkyl radicals were detected. AAPH is not suitable for SDS
micellar solutions, as a white precipitate occurred. The lipophilic AIBN showed comparable
results to AAPH where again no alkyl radicals could be detected.

Literature findings revealed that the pH value influenced the spin trapping ability. There-
fore an influence of the pH value was tested in solutions with both Fenton reaction mix and
AAPH in buffer solutions of pH=2 (citrate buffer), pH=>5 (acetate buffer), pH=7 (deion-
ized water) and pH=9 (tris-HCL). There were no differences in the spectra of spin adducts
detectable.

The spin trap PBN is known to detect carbon-centered radicals. For this reason the more
lipophilic PBN was used in order to distinguish if either no alkyl radicals were formed in the
core of the micelles or DMPO is not able to detect the alkyl radicals. In samples containing
DMPO and LA the formation of hydroxyl radical adducts was suppressed, indicating that
other reactions compete with the formation or trapping of hydroxyl radicals. The typical
triplet structure of PBN adducts were not detectable in samples containing LLA. Therefore,
no alkyl radicals from the oxidized LA were trapped by PBN.

2.4.2 Detection of DBPMPO- and OMPO-adducts

The spin trapping of lipid radicals with commercially available spin traps was not success-
ful, therefore additional lipophilic spin traps were used. The lipophilic DMPO derivates
DBPMPO and OMPO were synthesized by Stolze and colleagues [Stolze et al. 2000a, 2002].
DBPMPO was tested in micellar solution in the presence and absence of LA using Fenton
reaction mix as oxidation initiator. As depicted in figure 2.4b, DBPMPO in Tween20 so-
lution in the presence of LA shows additional peaks (*) from the alkyl radicals. In the
presence of LA, the peak intensity decreased by a factor of ten compared to the control
sample (figure 2.4a) which was also found for the spin trap DMPO (see 2.3.1). The spectra
recorded in Tween20 and Brij58 show the same peak shape. In ionic micellar solutions
of CTAB and SDS no changes in the spectral shape between samples in the presence or
absence of LA were observed, but in SDS an intensity decrease in presence of LA was ob-
served. The addition of AIBN as a radical generator showed that no alkyl radical adduct
were formed in samples in presence of LA.

The spectra of the lipophilic spin trap OMPO in Tween20 are depicted in figure 2.4c and
2.4d. In all emulsifiers tested, no additional alkyl radical adduct peaks could be measured
in samples containing LA and Fenton reaction mix. However, in the presence of LA (figure
2.4d) the peak intensity decreased compared to samples in the absence of LA (figure 2.4c).
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With AIBN as radical initiator the spectra in Brij58, SDS and Tween20 were the same as
with Fenton reaction mix. In CTAB solution hardly any peak was detectable. To avoid
oxygen and metal ion sources in the samples additional experiments were carried out with
samples deoxygenated by nitrogen during incubation time and prior to measurements as
well as with samples where the chelator Desferal was added. Neither the absence of oxygen
nor the inhibition of metal ions led to the formation of alkyl radical adducts.
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Figure 2.4: Spectra of DBPMPO (a, b) and OMPO (c, d) adducts in Tween20. Oxidation
was initiated by Fenton reaction mix. LA is present in samples b and d.

2.4.3 C17-DMPO

The lipophilic DMPO derivates DBPMPO and OMPO (see 2.3.2) did not show any better
results than the commercially available DMPO (see 2.3.1). Therefore, a DMPO derivate
attached to a stearic acid was synthesized. The theoretical partitioning-coefficient of the
C17-DMPO is logP=8.11 whereas the DMPO has a logP=0.88 indicating a solubilization of
C17-DMPO in the interface. The synthesis was successful and a high purity was achieved
(see 2.3.2) The spectrum of C17-DMPO was recorded in chloroform with additional di-
methylsulfoxide and AIBN as radical generator (figure 2.5), grey line). The solubilized
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C17-DMPO in chloroform was mixed the radical containing solution and the measurement
was carried out immediately. The half live of the detected adduct was too short to record
a replicate measurement that directly followed. In the presence of micelles no spectrum
was recorded despite the addition of all other components used in the experiment without
a micellar solution. Figure 2.5 (black line) shows the measurement with Tween20 micellar

solution.

Figure 2.5: Spectra of C17-DMPO in chloroform (grey) and Tween20 (black) with AIBN
and dimethylsulfoxide in chloroform as radical source.

2.5 Discussion

2.5.1 The preferred detection of hydroxyl radicals

In all micellar solutions hydroxyl radicals were trapped with every DMPO derivate tested
(figure 2.3 and 2.4). Although the signal intensities in probes containing LA decreased and
only in few combinations in the presence of non-ionic emulsifiers alkyl radicals were trapped,
the content of hydroxyl radical adducts was predominant. In addition, we controlled the
stability of the different adducts by measuring the same probes over certain time. The
results showed that hydroxyl radical adducts were more stable than alkyl radical adducts.
This led to the conclusion that the affinity from DMPO and its derivates towards hydroxyl
radicals is much higher than to alkyl radicals and the stability of alkyl radical adducts is
decreased. This is in good agreement with Dikalov and Mason [2001] who concluded that
only traces of water lead to the preferred formation of DMPO /-OH adducts. The half
live of oxygen centered radical spin adducts with DMPO is in the magnitude of several
minutes [Marriott et al. 1980]. The hydroxyl radical is believed to be the most reactive
species among oxygen radical intermediates and the success of its detection depends almost
entirely on the stability of the hydroxyl radical spin adduct because the formation rate
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of this adduct is very fast and independent from the selected spin trap [Janzen et al.
1992]. Other authors depict rate constants for the addition of radicals to DMPO as 1.9 —
3.3*10° mol~!s~! [Goldstein et al. 2004; Finkelstein et al. 1980; Villamena et al. 2003]
and slower rate constant for alkoxyl radicals as tert-butyloxide with 9.0%106 mol~! s~![Bors
et al. 1992] and carbon centered radicals in the range of 2.2 — 6.8¥107 mol~! s~! [Goldstein
et al. 2004; Taniguchi and Madden 1999]. Guo and coworkers [2003] also supposed that an
oxygen-centred DMPO adduct is more stable than a carbon-centered adduct, which is in
good agreement with our findings. Janzen [2012] postulated that spin traps do not provide
completely stable spin adducts. Therefore, the intensity of the EPR spectrum may reflect
a steady-state condition where the rate of formation is balanced against the rate of decay
of the adducts.

2.5.2 The distinction between radical types

The distinction between carbon-centered and oxygen-centered radical adducts was possible
(figure 2.3), but a further distinction of the oxygen-centered radicals adducts was not pos-
sible. However, the distinction between hydroxyl, alkoxyl and peroxyl radical is discussed
controversially in literature [Dikalov and Mason 2001]. In few combinations in the presence
of non-ionic emulsifiers alkyl radicals were trapped apart from hydroxyl radicals, but it
was not possible to detect any other radical type such as alkoxyl or peroxyl radicals. It is
suspected that the alkyl radicals derive from LA oxidation. However, a distinction between
alkoxyl and hydroxyl radicals was not possible in our experimental setup. To distinguish
between hydroxyl and alkoxyl radicals or other oxygen-centered radicals the proportion
between the peak intensities are often used, where hydroxyl radicals show a 1:2:2:1 ratio
(figure 2.3d) and alkoxyl radicals approach to a 1:1:1:1 ratio (figure 2.3e) which was shown
by simulation experiments which is in agreement with [Krainev and Bigelow 1996]|. From
simulation experiments the fingerprint for each radical type were obtained, therefore the
alkyl radicals could be identified as they show a six line pattern with distinct hyperfine
couplings and same peak heights [Qian et al. 2000; Krainev and Bigelow 1996]. Dikalov
and Mason [2001] suppose that EPR spectra in aqueous solutions were often misinterpreted,
because the solvent effect on the nitroxide hyperfine coupling constants is important and is
often not regarded. The detection of peroxyl radicals is controversial discussed in literature
[Mojumdar et al. 2004; Hawkins and Davies 2013; Barclay, L Ross C and Vingvist 2000;
Dikalov and Mason 2001]. The identification of peroxyl radicals in dispersed systems used
in this study was not possible with the spin traps used which is in agreement with Barcley
and Vingvist [2000] who regard PBN as one of the most popular and useful spin traps.
Unfortunately, and despite claims to the contrary they showed that PBN is not an active
peroxyl radical trapping compound. Krainev and Bigelow [1996] investigated the differ-
ences in radical types generated from the thermal decomposition of azo compounds. They
showed that AAPH produced alkoxyl radical spin adducts with spin traps in aqueous me-
dia, whereas AMVN formed peroxyl radicals that were detected not only by spin trapping
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technique but also by direct EPR measurement. The uses of hydrophilic spin trap DMPO
and lipophilic DMPIO showed that the local concentration of AAPH-derived alkoxyl radi-
cals differs in the bulk solvent and in the proximity of vesicular membranes. However, they
could not trap AMVN-derived radical species in membranes, which is in agreement with
our findings and we could not detect other radicals than hydroxyl radicals with lipophilic
AIBN. Dikalov and Mason [2001] supposed that a detection of peroxyl radicals adduct is
impossible as they rearrange to alkoxyl radicals and therefore only the alkoxyl radicals are
detectable.

2.5.3 Cautionary note on highly reactive free radicals from Fenton
like reactions

Fenton reaction mix was used to generate small and highly reactive radicals. It was shown
that the hydroxyl radicals oxidized LA in Tween20 micellar solutions, which led to the
conclusion that the hydroxyl radicals can penetrate into the interface of Tween20 micelles.
Nevertheless, the hydroxyl radicals were present in every sample and superimposed the
spectra. The oxidation of the solvent has also been noticed by other authors [Bosnjakovic
and Schlick 2006; Janzen et al. 2012]. In the presents of highly reactive free radicals such as
hydroxyl radicals the spin trapping results should be interpreted with care as Janzen [2012]
revealed in his review. Unpublished data from Piette and colleagues showed that in Tris
buffer solutions oxidation products from water and organic buffer compounds were trapped
predominantly. Spin trapping experiments with subsequent simulation from Bosnjakovic
and Schlick [2006] showed that DMPO in methanol trapped different radicals from the
oxidized solvent. Stolze and colleagues [2000a] discussed the use of Fenton reaction mix
critically as the iron ions of the Fenton reaction mix can attack the spin adducts. To
prevent spin adducts the addition of chelators is useful. Another method is to interrupt
the reaction by extracting the spin adducts with organic solvents as metal ions remain in
the aqueous phase. However, as control measurements in the absence of LA were carried
out under the same conditions showing no alkyl radical adducts, the alkyl adducts detected
must be generated from LA oxidation. In addition the pH stability of the systems were
tested between pH 2 and 9 were no differences occurred which is in contrast to literature
findings [Janzen et al. 1992; He et al. 2012]. He and colleagues [2012] could not detect
hydroxyl radicals with DMPO above pH 7.4 in a Fenton like system with silver nanoparticles
as metal source. Janzen and colleagues [1992] also found an influence of the pH value, as
the half-lives of hydroxyl spin adducts with PBN decreased with increasing pH value.

2.5.4 Cautionary note on azo-initiator generated radicals

The targeted generation of radicals was performed using the hydrophilic AAPH and the
lipophilic AIBN. These were chosen because their partitioning in the aqueous phase (AAPH)
and micellar phase (AIBN) was assumed which would have led to radical generation either
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in the continuous phase or in the interface. However, this purpose could not be verified as
only hydroxyl radicals were trapped (see 2.4.1). Findings in the literature were contrary
about the generation of radicals with azo-initiators [Krainev and Bigelow 1996; Mojumdar
et al. 2004]. Mojumdar and colleagues [2004] reported to generated peroxyl radicals using
azo initiators such as AIBN, AMVN and AAPH. Krainev and Bigelow [1996] investigated
the differences of AAPH and AMVN, where AAPH produced alkoxyl radical spin adducts
in aqueous media and AMVN formed peroxyl radicals (see also 2.4.2). Although AAPH
is widely used as a radical initiator, in our experiments a white precipitate occurred in
SDS micelles due to the reaction of negatively charged SDS and positively charged AAPH.
Freyaldenhofen and colleagues [1998] as well as Mojumdar and colleagues [2004] used SDS
micelles with incorporated methyl linoleate in combination with AAPH but they did not
mention any precipitation. A reduced effective radical initiation from AAPH in SDS mi-
celles due to charge effects is reported from Dai and colleagues [2009]. The purpose of
the experiments with hydrophilic AAPH and lipophilic AIBN was to show that radicals
were generated depending on the lipophilicity of the radical initiator. Even with AIBN no
other radicals buts hydroxyl radicals were trapped. This implies that the azo compounds
oxidized the water immediately after their decomposition and neither the LA was oxidized
and trapped nor the decomposition products could be trapped.

2.5.5 Further investigations to trap alkyl radicals

The signal intensities in all probes containing LA were decreased compared to the control
samples even when no other radicals but hydroxyl radicals were detectable. That implies
that there was a correlation between the presence of LA and the reduced content of hydroxyl
radical adducts. It seemed reasonable that the radicals reacted with LA, but it was not
possible to trap the oxidized LA radicals. A reduction of the hydroxyl adduct content
was also observed with lower DMPO concentrations, while in case of Tween20 micellar
solutions the alkyl adduct content showed a lower reduction. The hydroxyl radicals were
trapped less when using concentrations of 10 mmol DMPO compared to 50 mmol DMPO.
Same results were shown from Guo and co-workers [2003], who observed a shift of different
adduct contents which were additionally identified by LC-MS. They also mentioned that
the identification of carbon-centered radical adducts was not possible, because the half-lives
were too short for the LC-MS measurement duration.

Bosnjakovic and Schlick [2006] showed that alkyl radicals were formed by the oxidation
of methanol. They used a system with DMPO and Fenton reaction mix in pure methanol
and determined the identification and content alkyl radical adducts by simulation. In this
study methanol was added to a CTAB micellar solution with Fenton reaction mix and it
was demonstrated that alkyl radicals in the continuous phase can be trapped by DMPO in
CTAB micellar solution. Therefore, it could be shown that the emulsifier did not influence
the spin trapping ability, but hindered the DMPO to trap carbon-centered radicals from
the lipophilic core.
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To determine whether DMPO is not suitable to detect LA oxidized alkyl radicals or no
alkyl radicals were formed in the core of the micelles, the more lipophilic PBN was used
as is known for its selectivity towards trapping carbon-centered radical species [Stolze et
al. 2000b; Novakov et al. 2001] as oxygen centered radical PBN adducts have short half-
lives [Janzen et al. 1992]. PBN alkyl adducts were not detectable in the presence of LA.
Therefore, no alkyl radicals from the oxidized LA were trapped by PBN. This might be due
to the presence of oxygen-centered LA radicals that could be formed by hydroxyl radicals
and LA under oxygen atmosphere. Although, findings from Heins and colleagues [2007]
indicated the absence of oxygen in the core of micellar solutions. They studied the spin
interactions of galvinoxyl, a lipophilic stable radical, in different solutions and showed the
missing spin interactions of galvinoxyl solubilized in micelles and deoxygenated solutions.

2.5.6 Synthesis of spin traps

Due to the lack of commercially available spin traps with appropriate characteristics many
working groups synthesized spin traps for their specific target use [Stolze et al. 2002;
Krainev and Bigelow 1996; Mojumdar et al. 2004; Stolze et al. 2000a; Becker et al.
2002]. As shown above, the commercially available DMPO (figure 2.3b) and its lipophilic
derivate DBPMPO, synthesized by Stolze and colleagues [2000a], (figure 2.4b), were capable
to detect alkyl radicals in Tween20 solutions but not in other micellar solutions. This is
supposed to be due to different locations between spin trap and radical. Therefore, a highly
lipophilic DMPO derivate (C17-DMPO) was synthesized (2.3.2).

To ensure that the spin trap is located in proximity to LA we synthesized a DMPO
derivate with a stearic acid chain. Unfortunately, no C17-DMPO spin adducts could be
detected in dispersed systems. However, in homogenous control measurements in chloroform
the spin trapping ability was approved. It is most likely possible that the detection of C17-
DMPO radical adducts was not achieved due to the localization of the spin trap. It is
assumed that the stearic acid chain aligns with the hydrophobic emulsifier chain and the
spin trapping active ring structure is in the headgroup region, where the DMSO derived
radicals should have access.

The synthesis of lipophilic spin traps is required for studies in dispersed systems or bi-
ological systems with membranes as the interfacial region is the favored location for spin
traps in these systems. Therefore and apart from others, Stolze and colleagues [2000a]
synthesized DEPMPO derivates with increasing chain length; Becker, Mojumdar and co-
workers [2004; 2002] synthesized STAZN, a stilbazulenyl-bis-nitrone, which is supposed to
be at the lipid- water interface; Krainev and Bigelow [1996] investigated the hydrophobic
DMPO analogue DMPIO same as by Stolze and colleagues [2002] with DMPO derivates
with alkoxy substituents with increasing chain length.

DMSO is widely used to produce methyl radicals [Dikalov et al. 1992; Krainev and
Bigelow 1996; Liu et al. 2008]. The trapping of free radicals with the C17-DMPO in
chloroform was successful (figure 2.5). The spectrum could be recorded immediately after
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adding the radical containing mixture to the C17-DMPO solution, but the short half-live
of the adduct restricted additional measurements. However, in the presence of interfaces
no adduct could be detected. It has to be noticed that the mobility of the C17-DMPO
in dispersed systems was restricted which could be a reason for the reduced trapping abil-
ity in micellar solution. The short half-live might be due to a lack of adduct-stabilizing
substituents. The stability of cyclic radicals is given by methyl substituents in a-position
[Soule et al. 2007] as most spin traps show [Stolze et al. 2011; Krainev and Bigelow 1996]
and which is a main characteristic for stable spin probes [Balog et al. 2007].

2.6 Outlook

Spin trapping of LA derived lipid radicals is not suitable in aqueous solutions with the
radical initiators used. The hydroxyl radicals from water oxidation dominate the spectra.
In Tween20 dispersed systems it was possible to detect alkyl radicals, but not in other
solutions. As the signal intensities were equal to the amount of radicals it is concluded that
in the presents of LA less hydroxyl radicals were trapped, but in all samples but Tween20
we could not detect any other kind of radicals.

Further studies of lipid radicals in aqueous dispersed solutions should include an alter-
native for the preparation of lipid radicals. Furthermore, the lipophilicity and the radical
trapping ability of the spin traps were not sufficient. In dispersed systems, the location of a
spin trap is prerequisite to detect the lipid radicals arising from the inner core of a micelle.
As the radicals are short living species the spin trap should be in distinct location with the
radical origin. The knowledge of the distinct location in dispersed systems is important for
further studies and should be investigated.

Due to the difficulties in trapping lipid radicals spin probes could be used as an alterna-
tive approach to detect free lipid radicals. The advantage of spin probes is their sensitivity
towards the microenvironment and therefore the determination of the location should be
possible. In addition these stable nitroxide radicals can react with lipid radicals and with

antioxidants due to a redox cycle between nitroxide, hydroxylamine and oxoammonium ion.

Acknowledgement
We thank Dr. Philipp Kurz and his colleagues from the Institute of Inorganic Chemistry,
Kiel University, for the introduction to EPR measurements.

42



2 Spin Traps

References

Maria Balog, Christoph Abe, Tamas Kalai, Heinz-Juergen Steinhoff, Jozsef Jeko, and Kalman Hideg.
2007. Synthesis of new paramagnetic fatty acids and lipophilic spin labels.
Synthesis-Stuttgart, 11 (2007), 1663-1670.

Barclay, L Ross C and Melinda R. Vingvist. 2000. Do spin traps also act as classical chain-breaking
antioxidants? a quantitative kinetic study of phenyl tert-butylnitrone (PBN) in solution and in
liposomes. Free Radical Biology and Medicine 28, 7 (2000), 1079-1090.

David A. Becker, James J. Ley, Luis Echegoyen, and Robert Alvarado. 2002. Stilbazulenyl nitrone
(STAZN): a nitronyl-substituted hydrocarbon with the potency of classical phenolic
chain-breaking antioxidants. Journal of the American Chemical Society 124, 17 (2002),
4678-4684.

‘Wolf Bors, Christa Michel, and Kurt Stettmaier. 1992. Radical species produced from the photolytic
and pulse-radiolytic degradation of tert-butyl hydroperoxide. An EPR spin trapping
investigation. J. Chem. Soc., Perkin Trans. 2, 9 (1992), 1513-1517.

A. Bosnjakovic and S. Schlick. 2006. Spin trapping by 5,5-dimethylpyrroline-N-oxide in Fenton media
in the presence of Nafion perfluorinated membranes: Limitations and potential. Journal of
Physical Chemistry B 110, 22 (2006), 10720-10728.

‘W. Chamulitrat and R. P. Mason. 1989. Lipid peroxyl radical intermediates in the peroxidation of
polyunsaturated fatty acids by lipoxygenase. Direct electron spin resonance investigations.
Journal of Biological Chemistry 264, 35 (1989), 20968—20973.

F. Dai, W. F. Chen, B. Zhou, L. Yang, and Z. L. Liu. 2009. Antioxidative Effects of Curcumin and its
Analogues against the Free-radical-induced Peroxidation of Linoleic Acid in Micelles.
Phytotherapy Research 23, 9 (2009), 1220-1228. Michael J. Davies and Trevor F. Slater. 1986.
Studies on the photolytic breakdown of hydroperoxides and peroxidized fatty acids by using
electron spin resonance spectroscopy. Spin trapping of alkoxyl and peroxyl radicals in organic
solvents. Biochem. J 240 (1986), 789-795.

S. I. Dikalov, I. A. Kirilyuk, I. A. Grigor’ev, and L. B. Volodarskii. 1992. 2H-imidazole-N-oxides as spin
traps. Russ Chem Bull 41, 5 (1992), 834-837.

S. I. Dikalov and R. P. Mason. 2001. Spin trapping of polyunsaturated fatty acid-derived peroxyl
radicals: Reassignment to alkoxyl radical adducts. Free Radical Biology and Medicine 30, 2
(2001), 187-197.

Eli Finkelstein, Gerald M. Rosen, and Elmer J. Rauckman. 1980. Spin trapping. Kinetics of the
reaction of superoxide and hydroxyl radicals with nitrones. J. Am. Chem. Soc. 102, 15 (1980),
4994-4999.

Claudine Frejaville, Hakim Karoui, Beatrice Tuccio, Francois Le Moigne, Marcel Culcasi, Sylvia Pietri,
Robert Lauricella, and Paul Tordo. 1995. 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline
N-oxide: A New Efficient Phosphorylated Nitrone for the in Vitro and in Vivo Spin Trapping
of Oxygen-Centered Radicals. Journal of Medicinal Chemistry 38, 2 (1995), 258—-265.

M. A. Freyaldenhoven, P. A. Lehman, T. J. Franz, R. V. Lloyd, and V. M. Samokyszyn. 1998. Retinoic
acid-dependent stimulation of 2,2 ’-azobis(2-amidinopropane)-initiated autoxidation of linoleic
acid in sodium dodecyl sulfate micelles: A novel prooxidant effect of retinoic acid. CHEM RES
TOXICOL 11, 2 (1998), 102-110.

Sara Goldstein, Gerald M. Rosen, Angelo Russo, and Amram Samuni. 2004. Kinetics of Spin Trapping
Superoxide, Hydroxyl, and Aliphatic Radicals by Cyclic Nitrones. The Journal of Physical
Chemistry A 108, 32 (2004), 6679—6685.

Qiong Guo, Steven Y. Qian, and Ronald P. Mason. 2003. Separation and identification of DMPO
adducts of oxygen-centered radicals formed from organic hydroperoxides by HPLC-ESR,
ESI-MS and MS/MS. Journal of the American Society for Mass Spectrometry 14, 8 (2003),
862—-871.

B. Halliwell. 1994. Free radicals, antioxidants, and human disease: curiosity, cause, or consequence?
Originally published as Volume 2, Issue 8924 344, 8924 (1994), 721-724.

Clare L. Hawkins and Michael J. Davies. 2013. Detection and characterisation of radicals in biological
materials using EPR methodology. Biochimica et Biophysica Acta (BBA) - General Subjects

43



2 Spin Traps

(2013).

Weiwei He, Yu-Ting Zhou, Wayne G. Wamer, Mary D. Boudreau, and Jun-Jie Yin. 2012. Mechanisms
of the pH dependent generation of hydroxyl radicals and oxygen induced by Ag nanoparticles.
Biomaterials 33, 30 (2012), 7547-7555.

Anja Heins, Donald McPhail, Tobias Sokolowski, Heiko Stéckmann, and Karin Schwarz. 2007. The
Location of Phenolic Antioxidants and Radicals at Interfaces Determines Their Activity. Lipids
42, 6 (2007), 573-582.

Edward G. Janzen, Yashige Kotake, and Randall D. Hinton. 1992. Stabilities of hydroxyl radical spin
adducts of PBN-type spin traps. Free Radical Biology and Medicine 12, 2 (1992), 169-173.

Edward G. Janzen, Peter H. Krygsman, David A. Lindsay, and D. Larry Haire. 1990. Detection of
alkyl, alkoxyl, and alkyperoxyl radicals from the thermolysis of azobis(isobutyronitrile) by
ESR/spin trapping. Evidence for double spin adducts from liquid-phase chromatography and
mass spectroscopy. Journal of the American Chemical Society 112, 23 (Nov. 1990), 8279-8284.

Edward G. Janzen, Stable Free Radicals, Diamagnetic Traps, and A. Historical. 2012. A critical review
of spin trapping. Free radicals in biology 4 (2012), 115.

Arkadi G. Krainev and Diana J. Bigelow. 1996. Comparison of 2,2’-azobis(2-amidinopropane)
hydrochloride (AAPH) and 2,2’-azobis(2,4-dimethylvaleronitrile)(AMVN) as free radical
initiators: a spin-trapping study. J. Chem. Soc., Perkin Trans. 2, 4 (1996), 747-754.

Jie Liu, Steven Y. Qian, Qiong Guo, JinJie Jiang, Michael P. Waalkes, Ronald P. Mason, and Maria B.
Kadiiska. 2008. Cadmium generates reactive oxygen- and carbon-centered radical species in
rats: Insights from in vivo spin-trapping studies. Free Radical Biology and Medicine 45, 4
(2008), 475-481.

Paul R. Marriott, Perkins, M. John, and David Griller. 1980. Spin trapping for hydroxyl in water: a
kinetic evaluation of two popular traps. Can. J. Chem. 58, 8 (1980), 803-807.

Subhash C. Mojumdar, David A. Becker, Gino A. DiLabio, James J. Ley, L. Ross C. Barclay, and K. U.
Ingold. 2004. Kinetic Studies on Stilbazulenyl-bis-nitrone (STAZN), a Nonphenolic
Chain-Breaking Antioxidant in Solution, Micelles, and Lipid Membranes. The Journal of
Organic Chemistry 69, 9 (2004), 2929-2936.

Etsuo Niki. Free radicals initiators as source of water-or lipid-soluble peroxyl radicals. Methods in
enzymology 186 (1990), 100-108. Noriko Noguchi, Hiromasa Yamashita, Naohiro Gotoh, Yuko
Yamamoto, Rika Numano, and Etsuo Niki. 1998. 2,2’-Azobis
(4-Methoxy-2,4-Dimethylvaleronitrile), a New Lipid-Soluble Azo Initiator: Application to
Oxidations of Lipids and Low-Density Lipoprotein in Solution and in Aqueous Dispersions.
Free Radical Biology and Medicine 24, 2 (1998), 259-268.

Christo P. Novakov, Dennis Feierman, Arthur I. Cederbaum, and Detcho A. Stoyanovsky. 2001. An
ESR and HPLC-EC Assay for the Detection of Alkyl Radicals. Chemical Research in
Toxicology 14, 9 (2001), 1239-1246.

S. Y. Qian, H. P. Wang, F. Q. Schafer, and G. R. Buettner. 2000. EPR detection of lipid-derived free
radicals from PUFA, LDL, and cell oxidations. Free Radical Bio Med 29, 6 (2000), 568-579.

Cristina Rota, D. Barr, M. Martin, F. Guengerich, Aldo Tomasi, and R. Mason. 1997. Detection of free
radicals produced from the reaction of cytochrome P-450 with linoleic acid hydroperoxide.
Biochem. J 328 (1997), 565-571.

K. M. Schaich and D. C. Borg. 1988. Fenton reactions in lipid phases. Lipids 23, 6 (1988), 570-579.

Benjamin P. Soule, Fuminori Hyodo, Ken-ichiro Matsumoto, Nicole L. Simone, John A. Cook, Murali C.
Krishna, and James B. Mitchell. 2007. The chemistry and biology of nitroxide compounds.
Free Radical Biology and Medicine 42, 11 (2007), 1632-1650.

K. Stolze, N. Udilova, and H. Nohl. 2000a. Spin trapping of lipid radicals with DEPMPO-derived spin
traps: Detection of superoxide, alkyl and alkoxyl radicals in aqueous and lipid phase. Free
Radical Bio Med 29, 10 (2000), 1005-1014.

K. Stolze, N. Udilova, and H. Nohl. 2002. Spin adducts of superoxide, alkoxyl, and lipid-derived
radicals with EMPO and its derivatives. Biol Chem 383, 5 (2002), 813-820.

Klaus Stolze, Natascha Rohr-Udilova, Anjan Patel, and Thomas Rosenau. 2011. Synthesis and
characterization of 5-hydroxymethyl-5-methyl-pyrroline N-oxide and its derivatives. Bioorganic
& Medicinal Chemistry 19, 2 (2011), 985-993.

Klaus Stolze, Natascha Udilova, and Hans Nohl. 2000b. Lipid radicals: Properties and detection by

44



2 Spin Traps

spin trapping. Acta Biochimica Polonica 47, 4 (2000), 923-930.

Hitoshi Taniguchi and Keith P. Madden. 1999. An in situ radiolysis time-resolved ESR study of the
kinetics of spin trapping by 5, 5-dimethyl-1-pyrroline-N-oxide. Journal of the American
Chemical Society 121, 50 (1999), 11875-11879.

Frederick A. Villamena, Christopher M. Hadad, and Jay L. Zweier. 2003. Kinetic Study and Theoretical
Analysis of Hydroxyl Radical Trapping and Spin Adduct Decay of Alkoxycarbonyl and
Dialkoxyphosphoryl Nitrones in Aqueous Media. J. Phys. Chem. A 107, 22 (2003), 4407—-4414.

Signe Westermann, Dagmar A. Briiggemann, Karsten Olsen, and Leif H. Skibsted. 2009. Light-induced
formation of free radicals in cream cheese. Food Chemistry 116, 4 (2009), 974-981.

45






3 Partitioning of nitroxides in dispersed
systems investigated by ultrafiltration, EPR
and NMR spectroscopy

Heimke Krudopp?, Frank D. Sénnichsen? and Anja Steffen-Heins®

anstitute of Human Nutrition and Food Science, Kiel University, 24118 Kiel, Germany
POtto Diels Institute for Organic Chemistry, Kiel University, 24118 Kiel, Germany

Journal of Colloid and Interface Science, 2015, Aug 15;452:15-23.
doi: 10.1016/].jcis.2015.03.001

3.1 Abstract

Hypothesis: The partitioning behavior of paramagnetic nitroxides in dispersed systems can
be determined by deconvolution of electron paramagnetic resonance (EPR) spectra giving
equivalent results with the validated methods of ultrafiltration techniques (UF) and pulsed-
field gradient nuclear magnetic resonance spectroscopy (PFG-NMR).

Ezperiments: The partitioning behavior of nitroxides with increasing lipophilicity was in-
vestigated anionic, cationic and nonionic micellar systems and 10 % o/w emulsions.Apart
from EPR spectra deconvolution, the PFG-NMR was used in micellar solutions as a non-
destructive approach, while UF based on separation of very small volume of the aqueous
phase.

Findings: As a function of their substituent and lipophilicity, the proportions of nitrox-
ides that were solubilized in the micellar or emulsion interface increased with increasing
nitroxide lipophilicity for all emulsifier used. Comparing the different approaches, EPR
deconvolution and UF revealed comparable nitroxide proportions that were solubilized in
the interfaces. Those proportions were higher than found with PFG-NMR. For PFG-NMR
self-diffusion experiments the reduced nitroxides were used revealing a high dynamic of hy-
droxylamines and emulsifiers. Deconvolution of EPR spectra turned out to be the preferred
method for measuring the partitioning behavior of paramagnetic molecules as it enables
distinguishing between several populations at their individual solubilization sites.
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3.2 Introduction

Today, paramagnetic nitroxides are used in several fields of research [Borbat 2001; Soule et
al. 2007; Keana 1978] i.e. in controlled free radical polymerization [Farcet et al. 2000], or
as spin probes in pharmaceutical research. In this field, nitroxides are used to observe the
release of drug compounds from micellar structures [Wang et al. 2004; Qian et al. 2000]
or from solid lipid nanoparticles [Jores et al. 2003, 2003] and to monitor lipid oxidation
at its early stage [Cimato et al. 2004; Voest et al. 1993]. Owing to their lipophilicity
and chemical structure, nitroxides partition into the distinct phases in dispersed systems
such as emulsions and micellar solutions[Aliaga et al. 2012]. The type of the emulsifier
thereby ascertain the proportion and distinct location of nitroxides within the dispersed
phase which is crucial for the nitroxides function and reactivity [Berton-Carabin et al.
2013a, 2013b]. Thus, the knowledge of the influence of emulsifiers on the partitioning and
function of nitroxides is crucial prior to application of nitroxides as spin probe into foods or
pharmaceutical products for monitoring lipid oxidation, antioxidant effectiveness or releases
of bioactive compounds.

There are different methods available to determine the partitioning of small molecules
in dispersed systems which are minimally invasive. Romsted and Zhang [2002] developed
a pseudophase kinetic model to determine the distribution constants of antioxidants in
microemulsions. Ultrafiltration (UF) is often used to study the solubilization of small
molecules in micellar aggregates [Oehlke et al. 2010], whereas separation of only a small
proportion of the continuous phase from the initial emulsion does not interfere with the
partitioning equilibrium of the emulsifiers [Stockmann and Schwarz 1999]. The chemical
shift specificity of pulsed-field gradient nuclear magnetic resonance (PFG-NMR) technique
allows the simultaneous measurement of the diffusion coefficients of the individual species
[Otto et al. 2003] without perturbing aggregation equilibria. This method is well known
to study the partition of small molecules in micelles in the past decade [Kreilgaard et al.
2000; Wang et al. 2004; Otto et al. 2003; Dupont-Leclercq et al. 2007] as for instance to
obtain the solubilized fraction of phenol in CTAB micelles [Sabatino et al. 2010].

Investigating paramagnetic molecules, the electron paramagnetic resonance spectroscopy
(EPR) may be a good alternative to determine the partitioning of e.g. stable radicals[Aliaga
et al. 2012]. The benefit of EPR is that the internal structure of the emulsions is not
influenced and EPR spectra additionally give a variety of information on the molecule
environment. The hyperfine splitting constants are indicative of the polarity of the molec-
ular environment [Jores et al. 2003] by which the partition of different populations of
nitroxides between the interface and bulk water can be monitored [Lucarini et al. 2005].
The partitioning between buffer and interface may be calculated as the ratio between the
signal intensities of the high field peak, which is only possible with e.g. TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl) when the hyperfine splitting constants of superimposed spec-
tra lead to the separation of the high field peak [Kveder et al. 1997]. As hydrophilic ascorbic
acid is supposed to reduce the nitroxide proportion only in the water phase, it can be used to
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solely monitor the nitroxide proportion that is intercalated into the dispersed phase [Jores
et al. 2003; Dejanovic et al. 2008; Kveder et al. 1997; Ahlin et al. 2000]. The rotational
correlation time describes a restricted motion in micelles and reflects the dynamics of the
surrounding which is proportional to the microviscosity [Ahlin et al. 2003; Lewinska et al.
2012; Dejanovic et al. 2008]. Together with the spectral shape they are determined by the
molecular mobility of the nitroxide and are therefore indicative for the location of the spin
probe. Almeida and colleagues [1998] studied the localization of TEMPO and TEMPOL
(2,2,6,6-tetramethyl-4-piperidinol-1-oxyl) in the interface of CTAC, SDS, HPS and Triton
X-100 micellar solutions and proposed that both nitroxides had the equal solubilization site
but were different orientated.

However, considering the combination of spectral information, it is possible to calculate
the partitioning of the individual spin probe populations and their characteristics from
the deconvolution of the recorded spectrum. The Strancar group [2005] investigated the
simulation software EPRSIM-C to enable the different spectral populations of a spin probe
that differ in site, micro polarity and molecular tumbling to be distinguished.

The aim of the study was to find out the most suitable approach for determination of the
partitioning behavior of paramagnetic molecules in dispersed systems. The knowledge on
the partitioning and location of paramagnetic molecules in dispersed systems as a function
of different interface properties allow to applicate those nitroxides as probes to characterize
interface properties on a molecular level. Just to name a few applications, nitroxides could
be used to investigate their reactions with antioxidants or free radicals at the interfaces of
food systems. Applications of probes for nano carriers are also conceivable to test inter-
ferences with encapsulates, coating material or other interfacial active matrix compounds
such as proteins. Studies on release of probes from nano carriers may be also suitable for
storage or in vitro digestion tests.

a) b) o) Q
OH (0]
N N N
| | |
0 0

Figure 3.1: Paramagnetic nitroxides TEMPOL (a), TEMPO (b) and TB (c).

To the best of our knowledge this is the first time that different methods were compared
to investigate the partitioning behavior of paramagnetic small molecules in micelles and
emulsions. Thus, ultrafiltration of dispersed systems and EPR detection of nitroxides within
the permeate as well as EPR spectra of the entire dispersed system that was simulated for
individual spin probe population [Strancar et al. 2005] and PFG-NMR technique were
compared to validate the methods. TEMPOL, TEMPO and TEMPOL-benzoate (TB,
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2,2,6,6-tetramethyl-4-piperidinol-1-oxylbenzoate) (3.1) were used as nitroxides in micellar
solutions and emulsions that contain anionic SDS, cationic CTAB or non-ionic Brij58 as
emulsifier. Therefore, different interfaces were produced to show the influence of different
environments on the partitioning of the spin probes used in this study.

3.3 Materials and Methods

3.3.1 Chemicals

SDS (sodium dodecylsulfate, >99 %), sodium acetate (>99 %, anhydrous), acetic acid,
ascorbic acid and n-hexane were obtained from Carl Roth, Germany. CTAB (hexade-
cyltrimethylammonium bromide, >99 %), Brij58 (Polyethylene glycol hexadecyl ether),
aluminum oxide, TEMPO (2,2,6,6-tetramethyl-4-piperidinol-1-oxyl) TEMPOL (4-Hydroxy-
2,2,6,6-tetramethylpiperidine 1-oxyl) and TEMPOL-benzoate (2,2,6,6-tetramethyl-4-piperi-
dinol-1-oxyl benzoate) were purchased from Sigma Aldrich, Germany. Deuterated sodium
acetate (99 %) and deuterated acetic acid (99,5 %) were purchased from Deutero, Germany.
Corn oil was purchased at the local market and purified according to Lampi and Kamal-
Eldin [1998]. All chemicals were of analytical grade and used without further purification.

3.3.2 Preparation of micellar solutions

The micellar solutions contained 1wt % emulsifier in acetic acid buffer solution (0.05 mol,
pH 5.0). Nitroxide stock solutions of TEMPO and TEMPOL in buffer were added to
micellar solution and well mixed. TB was dissolved in ether and the solvent was evaporated
under nitrogen. The micellar solution was added to the re-crystallized nitroxide and placed
in ultrasonic bath. The solutions were diluted with buffer solution to the final nitroxide
concentration of 1 mmol. For control measurements in pure buffer solution in case of TB

the supernatant was used for further experiment due to poor solubility.

3.3.3 Preparation of emulsions

The oil-in-water emulsions consisted of 10 wt% commercial corn oil in acetic acid buffer
solution (0.05 mol, pH 5.0) with 1 wt% emulsifier. For EPR measurements batches of
5 ml were prepared. 0.5 g oil was weighted into plastic sample tubes followed by 2 ml
emulsifier solution (2.5 wt%). Stock solutions of nitroxides TEMPO and TEMPOL in
buffer was added and the pre-emulsion was formed by shaking. In case of TB a stock
solution of the nitroxide in ether was transferred to the sample tube on ice. The solvent
was evaporated under nitrogen and the re-crystallized nitroxide remained in the sample
tube for the emulsion preparation as described above. The pre-emulsion was sonicated for
180 sec (cycle 9, 40 % power, Bandelin sonopuls HD 2200). After 30 s the remaining buffer
was added stepwise within 30 s. For UF experiments batches of 12 ml were prepared as
described above.
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3.3.4 Preparation of NMR samples

Micellar solutions for NMR experiments were prepared in deuterated acetic acid buffer
solution (0.05 mole, pH 5.0). Prior to the measurements the nitroxides were reduced by
ascorbic acid to their hydroxylamines [Kveder et al. 1997; Jores et al. 2003|. Emulsifier
concentrations were 0.1 wt% for CTAB and Brij58 and 0.7 wt% for SDS, which were well
above the individual critical micellar concentrations. Stock solutions of nitroxides TEMPO
and TEMPOL in deuterated buffer were mixed with equal molar ascorbic acid stock so-
lution. TEMPOL-benzoate was dissolved in ether and the solvent was evaporated under
nitrogen. Micellar stock solution was added to the re-crystallized nitroxide and placed in
ultrasonic bath. Ascorbic acid stock solution was added in equal molar ratio. Reduction of
nitroxides was monitored by EPR. Prior to the measurements 50 pl TSP/D2O was added
to 500 pl sample. The solution was transferred to a 5 mm NMR tube.

3.3.5 Determination of critical micellar concentration

Critical micellar concentration (cmc) was determined by dye micellization method at room
temperature. In the presence of increasing emulsifier concentration the reduced absorbance
of eosin y was measured in triplicate for SDS and Brij58 at 542 nm (eosin y concentra-
tion 0.019 mM) [Patist et al.2000] and for CTAB at 526 nm (eosin y concentration 0.005
mM) [Suradkar et al. 2006] on Genesys 10S UV-Vis spectrophotometer (Thermo Scientific,
Braunschweig, Germany). Absorbance was plotted against common logarithm of emulsi-
fier concentration and fitted with a step function in Origin 8.0 to calculate the point of
deflection according to Heins and colleagues [2006].

3.3.6 EPR based partitioning behavior

Electron paramagnetic spin resonance (EPR) measurements of the nitroxides were carried
out on a Bruker Elexsys II E500 spectrometer (Rheinstetten, Germany) operating with
X-band at 9.85 GHz at room temperature. EPR settings were as followed: modulation
frequency: 100 kHz; modulation amplitude: 1.2 G; sweep width: 66.7 G; microwave power:
0.2 mW; time constant: 41 ms; conversion time: 20 ms and center field: 3512 G.

3.3.6.1 Ultrafiltration probes

Ultrafiltration experiments were carried out at room temperature according to Oehlke and
colleagues [2008]. Centrifugal devices (Merck Millipore, Germany, 3 kDa) were used to
separate a small volume of the aqueous phase containing emulsifier monomers and non-
solubilized nitroxides from the micellar solution or emulsion without phase segregation.
Prior to the separation the membranes were flushed with buffer for 30 min at 2000 g.
Containing 2 ml emulsion or micellar solution centrifugation was applied for 5 min at
2000 g, in case of Brij58 at 300 g in order to separate approx. 30 ul — 50 nl aqueous
phase. The first two centrifugation steps were used to equilibrate the membrane as the

51



3 Partitioning of Nitroxides

filtrate concentration increased. The following three centrifuge permeates were measured.
All experiments were carried out in duplicates with three sampling steps each, so that
the results were the mean of six individual values. The experiments were performed at
room temperature. EPR spectra were acquired from the entire sample to determine the
total nitroxides content (ciotq;)and from the permeates after each centrifugation step to
determine the non-solubilized nitroxide content from permeates after each centrifugation
step to determine the non-solubilized nitroxide content (cnon—sot). The nitroxide contents
were calculated by double integration of the entire EPR spectrum given as the area under
the curve. The proportion of the solubilized nitroxide (dso;) in the micellar phase, the oil
phase or the interface was calculated by equation 3.1,

dyor = 100 — Sron=sol 10 (3.1)

Ctotal

3.3.6.2 Deconvolution of superimposed spectra with EPRSIM-C

The partitioning behavior of nitroxides was analyzed by deconvolution of the individual
probe populations using EPRSIM-C software for nitroxide fitting developed by Strancar
and colleagues [2005]. To proof the best fit parameters of the spectra different numbers and
kinds of models were evaluated and proofed for lowest value of chi-squared test of goodness
of fit as well as for minimum difference after subtraction of fitted from measured spectra. To
separate these individual spectra from the experimental spectrum three biophysical mod-
els were used based on the following parameters: line shape (Lw), rotational correlation
time (7c), relative weight (d), order parameter (S), broadening constant (W), and polarity
correction factors for the g and A tensors (pg and p)a. The first model was used for an
isotropic tumbling spin probe within an isotropic environment (population 1). Regarding
the polarity of population 2, as the second model either a concentration of the nitroxide spin
probes in an isotropic environment was assumed, in which spin exchange was considered or
a fast tumbling spin probe in an anisotropic environment like the head group or inner core of
a micelle was adopted. Population 3 was simulated by considering the anisotropic environ-
ment. The g tensors for TB and TEMPO are gxx=2.0103, gyy=2.0069, g,,=2.0030 and the
A tensors are Axx=7.60, Ayy=6.00, A;;=31.80. For TEMPOL tensors were gxx=2.0095,
gyy=2.0064, g,,—2.0027 for g tensors and Axx=7.60, Ayy=6.00, A,,=31.80 for A tensors
[Berliner 1976]. The spectral parameters for the superimposed spectra were calculated from
the simulated spectrum and given as the mean of three individual samples. The overall mi-
cro polarity of the spin probe was calculated by means of the hyperfine splitting parameter
an and was given as the distance between low field peak (hy1) and middle field peak (hp).

3.3.7 NMR based partitioning behavior

TH-NMR spectra using a 90° pulse and excitation sculpting for water suppression were
recorded on a Bruker 600 MHz NMR controlled by Topspin 3.2 spectrometer operating
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software (Bruker) at 295 K. A spectral width of 16 ppm, 2 s acquisition time and a relaxation
delay of 2 s were used. Self-diffusion coefficients were measured with a pseudo 2D-sequence
using stimulated echo, bipolar gradient pulses for diffusion, a spectral width of 14 ppm,
2 seconds acquisition time, 1.5 s relaxation delay and 32 experiments with linearly varying
gradient strength. Reduced nitroxides show fast exchange between aqueous and micellar
phase. Hence, the measured diffusion coefficients of nitroxides in presence of emulsifiers
were weighted averages of the contributions from non-solubilized and solubilized nitroxides.
By measuring the diffusion coefficient of reduced nitroxides in buffer solution (Dnpyfer) and
in micellar solution (Dx) and of the unloaded micelle (Dp;jc) the proportion of solubilized
nitroxide in the micellar phase (dse1) was calculated by equation 3.2,

DN - DNbuffeT

dsor = -100 (3.2)

Dm,ic - DNbuffer
The reported values for the diffusion of the micelle (D,ps) have been corrected to re-
move the contribution of the emulsifier monomers (Dyono) to the observed self-diffusion
coefficient (D,ps) using the equation by Vinogradova and colleagues [1998],

cmec
Dobs - : Dmono

Dpic = “emul (33)

1 — _cmec

Cemul
where cmc is the critical micelle concentration and ceq,q; represents the total concentration
of emulsifier.

Deviations of replicate assessments were proofed fivefold for TEMPO in SDS micellar
solution and were generally very small below < 5 %. Therefore diffusion coefficients were
determined by single experiments and the relative experimental error for all diffusion mea-
surements were estimated to about 5%.

3.4 Results and discussion

3.4.1 Diffusion rates of hydroxylamines

NMR self-diffusion measurements are not suitable for paramagnetic substances because this
technique requires slowly relaxing proton signals [Furtado et al. 2011]. Proton resonances
from paramagnetic substances completely relax within microseconds, while the NMR’s time
scale for acquisition is in the range of milliseconds to seconds. In contrast, the EPR’s time
scale is nanosecond, and thus suited for studying faster dynamics [Borbat 2001]. Therefore
we used the reduced form of the nitroxides, the hydroxylamines, for this NMR study.
Nevertheless, it has to be noted that the lipophilicity of reduced nitroxides is expected to
be somewhat lower than that of the paramagnetic molecules.

Diffusion coefficients were calculated from peaks at 1.41 ppm (CHs substituents in a-
position) for TEMPOL-H and TEMPO-H and 8.05 ppm (H in C2-position of benzene ring)
for TB-H. The determination of diffusion coefficients of compounds with weak resonances
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located in the foot of strong signals was rather difficult [Kreilgaard et al. 2000], which
was the case with reduced nitroxides in micellar buffer solution. To avoid the strong sig-
nals of buffer components, deuterated acetic acid and sodium acetate were used. While
an increase of the the nitroxide relative to detergent concentration would have increased
integral accuracy in the remaining overlapp situations, this was not pursued in order to
prevent an overload of molecules in the micellar interface. The accuracy of the determined
diffusion coefficient of signals on foot of strong signals was determined in comparison to
the other signals, for example the methylene groups of the benzene ring. Nevertheless, the
determinations of diffusion coefficients in a few probes were difficult. The diffusion rates
of TEMPO-H in CTAB and TB-H in Brij58 as well as Brij58 monomers were difficult to
obtain. Because of small peaks or difficult resolution of a peak next to an intense peak the
curve progression showed greater variability than in the other samples.

Table 3.1: Critical micellar concentration (cmc) and self-diffusion coefficients (Dy) of hy-
droxylamines TEMPOL-H, TEMPO-H and TB-H in micelles of SDS, CTAB and
Brij58 emulsifier monomers (Dmono) and unloaded micelles (Dpic).

self-diffusion coefficients (D + 5%)

in the absence of nitroxides in the presents of nitroxides
cmc Drmono Dops Dini” DyTEMPOL Dy TEMPO D\ TB
mM 10" m’s™ 10"°m’s™* 10" m’s™ 10" m’s™ 10"%m’s™ 10"°m’s™?
buffer solution - 6.8 7.2 5.6
CTAB 0.101 £0.00 5.5 13 13 6.5 2.7 3.2
SDS 6.930+0.21 6.3 1.7 2.3 14 1.1 1.0
Brij58 0.013 +0.00 4.9 0.6 0.7 6.8 6.4 4.1

“Single experiments with relative experimental error for all diffusion measurements
"D, was calculated by equation 3.3

Diffusion rates of hydroxylamines in buffer solution were 6.8%10710 m2 s~ for TEMPOL-
H, 7.2¥101% m2s~! for TEMPO-H and 5.6%¥101° m2s~! for TB-H (table 3.1). TB-H
had lower diffusion rates due to the increased size of the benzene ring. In SDS solutions
diffusion rates of all reduced nitroxides decreased by a factor of about 5 to 6 down to
1.0-1.4*%10°1% m2s~1  which was even considerably lower than the diffusion rate of the
SDS micelle with 2.3%10710 m2s~!. TIn CTAB and Brij58 diffusion rates of TEMPOL-
H were similar to buffer solution. Strong influence was shown for TEMPO-H in CTAB
(2.7%10°1° m? s~1) while it was moderate in Brij58 (6.4*¥10-1° m2s~!). TB-H showed diffu-
sion rates of 3.2¥1071° m?s~! in CTAB and 4.1*1071% m2 s~ in Brij58. With the exception
of lower values of nitroxides in SDS micelles, the diffusion coefficient in the magnitude of
10710 m?2 s~ indicated only a moderate incorporation of the nitroxides. Indeed, the dif-
fusion coefficients from the hydroxylamines in SDS micelles (Dy)were lower than those of
the unloaded SDS micelles (Dyps), and considerably after the application of the correction
factor (equation 3.3) (Dmic) with 2.3%10°1% m2 s—1. This may be due to the amount of SDS
monomeres (Dmono = 6.3¥1071% m?s~1) that was still high. The cmc of SDS micelles was
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high with 6.93% 0.21 mmol indicating that the SDS is a weak detergent and the concen-
tration of SDS was only 4 times the cmc. The low diffusion coefficients of the nitroxides in
SDS micellar solutions (Dy) indicate that they have a great affinity towards the micelles
so that all hydroxylamines applied were completely solubilized in the micellar phase.

SDS self-diffusion rates were almost determined in several studies [Nilsson and Lindman
1984; Soderman et al. 2004; Aizawa et al. 1979; Vinogradova et al. 1998] whereas the emul-
sifier concentrations used were often higher than in this study resulting in lower diffusion
rate of the micelles, i.e. 0.7%10°10 m2 s~ for 8 wt% SDS micellar solutions [Vinogradova et
al. 1998]. Séderman and colleagues [2004] determined the self-diffusion of SDS monomers
in D20 to be 4.3%¥10°10 m2s~! which decreased to 0.28%10710 m2s~—! in micelles. They
determined the cmc of SDS in D2O with 0.2 wt%, which was higher than the cmc used
to calculate the 30fold cmc. On the other hand, the diffusion rates of the monomers were
higher in the acetic acid buffer with 10 % D2O than in pure DO solution. The obtained
self-diffusion coefficient for Brij58 with 0.6*1071° m?s~! was also slightly higher compared
to the findings of Dupont-Leclercq and colleagues [2007], who determined a self-diffusion
coefficient of 0.3%10°10 m2 s~ for Brij58 micelles.

To the best of our knowledge, self-diffusion coefficients for nitroxides and hydroxylamines
are rare in literature. Aizawa and colleagues [1979] determined self-diffusion coefficients of
2*%10°1! m2 s~ for TB in SDS 4-7 wt% by EPR spin exchange interactions which disagreed
with our results. While Furtado and colleagues [2011] determined the self-diffusion coeffi-

25~1 by paramagnetic

cient for TEMPO in homogenous aqueous solution with 6.7%10710 m
relaxation enhancement (PRE) NMR which is in same magnitude with 7.2%10710 m2?s~1!

for TEMPO-H obtained by PFG-NMR.

However, PFG-NMR is often used to determination the diffusion coefficients of small
molecules in dispersed systems [Dupont-Leclercq et al. 2007; Fischer et al. 2009; Kreil-
gaard et al. 2000]. Kreilgaard and colleagues [2000] determined diffusion coefficients for
microemulsions of Labrasol, Plurol Isostearique and isostearylic isostearate in magnitude of
10712 m2 s~ indicating an inclusion of the emulsifiers to conjugated frame-like structures.
The incorporation of lipophilic lidocaine and hydrophilic prilocaine hydrochloride was by
diffusion coefficients in the range of 101! m?s~! and therefore the presumed association of
both compounds to the surfactant structure was confirmed. Fischer and colleagues [2009]
investigated the diffusion coefficients from fragrances in micellar solutions. They found that
the diffusion coefficient for fragrances decreased in the range of logP = 2.5-3.5 down to the
level of the diffusion coefficients of the surfactant micelles, which proves an incorporation of
fragrance molecules into the micelles. Dupont-Leclercq and colleagues [2007] showed that
the structure of a molecule including the polarities influences the solubilization properties of
octanoic and octylamidotartaric acid in Brij58 and TritonX-100 micelles. The acidic form
was located in the micelle to a higher amount whereas the basic form was mainly solved in
the aqueous phase. As all probes were carried out in buffer solution at pH = 5 there was
no influence of polarities so the comparison of the individual probes was given.
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3.4.2 Different microenvironments of spin probes

Nitroxides in dispersed systems give rise to the detection of the coexistence of different
rotational motions and polarities of probe populations, which results in spin probe spectra
composed of several superimposed spectral components. These superimposed spectra were
simulated to calculate the hyperfine splitting (an), proportion (d) and rotational correlation
time (7¢), for each spectral population which are indicative for a characteristic solubilization
site in micellar solutions (table 3.2) and emulsions (table 3.2). Deconvolutions were carried
out by adoption of different biophysical models as a function of the population polarity by
using the software EPRSIM-C of Strancar and colleagues [2005] .

The deconvolution of superimposed nitroxide spectra in micellar solutions and emulsions
revealed three different spectral domains for all nitroxides (figure 3.2) which was also found
for TB deconvolution in other lipid based structures such as solid lipid nanoparticles [Jores
et al. 2003] or liposomes [Frenzel and Steffen-Heins 2014].

—— measured
......... simulated

/\F /\f /\ﬁp1:aN=17.1G, d=21%
pop2: ay=15.5G, d=58%

pop3: ay=14.2G, d=21%

Figure 3.2: Measured and simulated spectra of TEMPO in SDS emulsion. Best fit simula-
tion of superimposed spectra ended up with three individual TEMPO popula-
tions with different solubilization sites.

Thereby one population resembled an isotropic spectrum of a free tumbling nitroxide
(figure 3.2, population 1), which was indicated by a low 7. < 0.03 ns and the hyperfine
splitting constants in range of ay = 17.2-16.8 G (table 1). This range of ax for the different
nitroxides depends on the substituents on the nitroxide, which lower ay of TB and TEM-
POL compared with TEMPO [Windle 1981]. As the rotational correlation time 7. describes
the rate of motion of the nitroxide as a function of its micro environment 7. is proportional
to the microviscosity [Dejanovic et al. 2008], which is very low when solubilized in the
bulk water phase as found for population 1. The obtained 7. were in line with findings
from Ahlin and colleagues [2003] who found 7. = 0.04 ns for TEMPOL in the bulk water
phase of solid lipid nanoparticles. To simulate the population 3, a fast tumbling nitroxide
population in an anisotropic environment was assumed that is accounted by the interface
and /or the oil phase (figure 3.2) with 7. » 0.1 ns and ax « 16.5 G. To obtain the best fit of
the superimposed spectra two possible simulation models for populations 2 were concerned.
The most reasonable limit for the model decision was set on ay = 16.5 G. For ay > 16.5 G,
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population 2 was simulated as concentrated nitroxide spin probes in an isotropic environ-
ment, for ay < 16.5 a fast tumbling nitroxide in an anisotropic environment was adopted.
In the case of concentrated nitroxide in a polar environment, ax was in the range of 16.5 -
16.8 G also associated with reduction of molecular motion as indicated by 7. > 0.1 ns.
Referring ay to the micro environmental polarity, tables 3.2 and 3.3 gave two rough ranges
of ay for the individual population between 15 G < anx < 16.5 G for the hydrocarbon
phase/interface resembling a variety of solvents with low to medium dielectric constants
[Knauer and Napier 1976] and below axy = 15 G for the oil phase as also found by Méder for
TB in MCT oil [2006]. These different microenvironments were in line with the observations
of Jores and colleagues [2003] who identify ay values for TB populations of ay = 17.2 G
for the aqueous phase, ax = 16.5-16.8 G for high concentrated nitroxides at the surface and
an — 15.1-15.8 G for the lipophilic environment in solid lipid nanoparticles and emulsions.

Table 3.2: EPRSIM-C deconvolution of rotational correlation time (7.), hyperfine coupling
(an) and proportion of populations 1-3 of the nitroxides TEMPOL, TEMPO and
TB in micellar solutions of SDS, CTAB and Brij58.

TEMPOL TEMPO T8
CTAB SDS Brij58 CTAB SDS Brijs8 CTAB SDS Brij58
mean + SD mean +SD mean  SD mean + SD mean + SD mean + SD mean + SD mean + SD mean +SD
T [ns]? 0.02 £0.006 0.04 £0.025 0.02 +£0.007 0.07 £0.003 0.04 +0.006 0.02 £0.010 0.05+0.015 0.090.138 0.03 £ 0.006
ay: [G] 16.90+£0.080 16.89+0.085 16.88+0.118 17.08+0.096 17.10+0.102 17.17+0.028 17.01+£.024  16.75+0.069 16.86 +0.056
d, [%] 56+5.0 58+2.0 74+1.0 39+3.5 35t46 49£15 2+08 4£1.0 11+1.2

T, [ns]® 0.27 £0.158 0.45 £ 0.200 0.12+0.021 0.10 £ 0.000 0.11+0.012 0.17 £0.127 0.54 £0.025 0.29 £0.058 0.34£0.410

ay, [G] 16.73+0.102 16.62+0.075 16.75+0.053 16.74+0.175 16.67+0.056 16.87+0.025 15.86+0.074 16.11+0.138 16.11+0.352
d, [%] 31+4.2 33£6.1 17+3.0 20£1.5 19+4.9 1715 67+26 56+4.0 42+29
T3 [ns]” 0.16 +0.095 0.10 £ 0.000 0.13 +£0.095 0.16 +0.067 0.10 + 0.000 0.13 £0.029 0.31+0.025 0.28 £0.018 0.07 £0.053
ay3[G] 15.58+1.330 16.11+0.586 15.36+0.095 16.16+0.067 16.47+0.141 16.25+0.291 15.41+0.199 15.72+0.138  15.89+0.282
d; [%] 13+3.5 9+5.2 9+2.0 42+1.7 46+1.2 33+3.1 31425 40+3.2 47+2.6

?Population 1 was simulated by EPRSIM-C adopting an fast tumbeling nitroxide in an isotropic environment.

°For ay>16.5, population 2 was simulated by EPRSIM-C adopting an concentrated nitroxide spin probes in isotropic environment, for ay<16,5 for population 2 an
fast tumbling nitroxide in an anisotropic environment was adopted.

“Population 3 was simulated by EPRSIM-C adopting an fast tumbling in an anisotropic environment.

Values of nitroxide populations in pure buffer solutions were simulated as: TEMPOL (ay;=17.06+0.05, 7.=0.01+0.00, d,=55%1.6; ay,=16.81+0.05, 1.=0.14+0.01,
d,=45+1.6); TEMPO (ay;=17.28+0.00, 7,=0.01#0.00, d;=55+1.2; ay,=17.09£0.05, 7=0.1#0.00, d,=45+1.2) and TB (ay;=17.00£0.07, 1,=0.03£0.00, d,=67+1.6;
ay,=16.7840.05, 7.=0.17+0.01, d,=33+1.6).

In pure buffer solution 1 mmol TEMPO and TEMPOL possessed a free tumbling (d;
= 55 %) and a concentrated cluster population (do = 45 %). The TB proportion that
was solubilized in water, which was below 0.1 mmol, showed a free tumbling population
of di = 67 %. Indicated by an and 7¢ values in micellar solutions (table 3.2), TEMPOL
and TEMPO adapted three different spectral domains with two populations in the aqueous
phase, where one was a clustered and the second one was a free tumbled population. The
third population was solubilized in the hydrocarbon/interface. Thereby, the major content
of hydrophilic TEMPOL that was free tumbling resembled the free population in pure buffer
solution. The clustered population was lower since a third population could be solubilized in
the hydrocarbon/interface. In contrast in Brij58 micellar solution the isotropic population
was higher. More of the nitroxide TEMPO was solubilized in the hydrocarbon/interphase

57



3 Partitioning of Nitroxides

being in the range SDS > CTAB > Brij58 thereby reducing the clustered population to
only 20 % and the free tumbling to round about 40 %. Only a very small proportion of
TB by 2-11 % was solubilized in the aqueous phase, whereas two populations intercalated
in the interface that slightly differ in polarity.

Table 3.3: EPRSIM-C deconvolution of rotational correlation time (7.), hyperfine coupling
(an) and proportion of populations 1-3 of the nitroxides TEMPOL, TEMPO and
TB in emulsions of SDS, CTAB and Brij58.

TEMPOL TEMPO T8
CTAB SDS Brij58 CTAB SDS Brij58 CTAB SDS Brijs8
mean + SD mean + SD mean  SD mean  SD mean + SD mean + SD mean + SD mean + SD mean + SD
Ty [ns]? 0.01+£0.010 0.02 £0.012 0.02£0.014 0.09 £0.017 0.09 +0.006 0.03 £0.002 0.41+0.018 0.24 £0.036 0.45+0.012
an [G] 17.00+£0.000 16.98+0.038 17.02+0.038 17.22+0.038 17.11+£0.038 17.26+0.000 16.81+0.000 16.91+0.038 16.44 +0.075
d; [%] 65+5.5 59+3.5 56+1.4 12+1.6 21+0.6 17+0.0 7+0.1 4+12 11+2.1

T [ns]h 0.60 £0.298 0.54+0.231 0.14 £0.049 0.13 £0.007 0.11+0.012 0.11 £0.006 0.17 £0.014 0.22 £0.021 0.13£0.015

ay, (6] 16.65+0.235 16.61+0.113 16.74+£0.065 15.55+0.075 15.50+£0.616 15.59+0.038 15.37+0.000 15.46+0.038 15.41+0.038
d, [%] 18+7.5 32+7.2 34442 66+1.5 58+2.3 71+£1.0 65+ 2.0 71+£35 62+1.5
T3 [ns) 0.13 +0.025 0.57 £0.535 0.56 +0.300 0.42 £0.061 0.48 £0.164 0.10 £ 0.000 0.33+0.031 0.29 +0.012 0.25+0.015
a3 [G] 14.66 £1.564 14.31+0.359 14.22+1.760 14.44+0.038 14.24+0.209 1539+0.075 14.24+0.136 14.40%0.172 14.18+0.038
d; [%] 18+ 6.8 9+3.8 10+2.1 22+2.6 21+2.3 12+1.0 28+2.0 25+3.8 27+1.5

?Population 1 was simulated by EPRSIM-C adopting an fast tumbeling nitroxide in an isotropic environment.

°For a,>16.5, population 2 was simulated by EPRSIM-C adopting an concentrated nitroxide spin probes in isotropic environment, for a y<16,5 for population 2 an
fast tumbling nitroxide in an anisotropic environment was adopted.

“Population 3 was simulated by EPRSIM-C adopting an fast tumbling in an anisotropic environment.

Values of nitroxide populations in pure buffer solutions were simulated as: TEMPOL (ay,=17.06+0.05, 1,=0.01+0.00, d,=55+1.6; ay,=16.81+0.05, 7,=0.14+0.01,
d,=45+1.6); TEMPO (ay,=17.28+0.00, 7.=0.01£0.00, d,=55+1.2; ay,=17.090.05, 7,=0.1+0.00, d,=45+1.2) and TB (ay;=17.00£0.07, 7,=0.03+0.00, d,=67+1.6;
ax,=16.7840.05, 7.=0.17+0.01, d,=33+1.6).

In emulsion systems, the third population revealed a much lower an < 15 G and a 7 >
0.3 ns indicating a solubilization in the oil phase for all nitroxide-emulsifier combinations
(table 3.3) |Jores et al. 2003]. The two populations of the hydrophilic TEMPOL in the
aqueous phase showed identical properties as in micellar solutions. However, TEMPO lost
its clustered population and partitions into the oil and the interface while the free tumbling
proportion in the aqueous phase was reduced to 10-20 % as a function of the emulsifier
used. The increase of populations 2 + 3 in emulsions compared to micellar solutions was
accompanied with an increase of the surface area. Therefore more nitroxide molecules can
be solubilized at the surface, which was the favored environment in dispersed systems [Heins
et al. 2007]. The major population of TB was solubilized in the interface and 30 % in the oil
phase. In emulsions, the TB population in the aqueous phase was very small and hindered
in its tumbling indicating a close proximity to the surface of oil droplets as found in a lower
an and an enhanced 7. relative to the micellar solutions.

3.4.3 Partitioning behavior of nitroxides into the micellar and
emulsion interface determined by different methods

As a function of their substituent and lipophilicity, the proportions of nitroxides that were
solubilized in the micellar (table 3.4) or emulsion (table 3.5) interface increased in the range
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TEMPOL < TEMPO < TB for all emulsifier used.

In SDS dispersed systems, the content of the nitroxides solubilized in the emulsion or
micellar interface were the highest, followed by CTAB and Brij58. TB was solubilized in the
micellar phase to more than 90 %, while in emulsions it was almost completely solubilized
in the emulsifier interphase/inner core. The hydrophilic TEMPOL was solubilized in the
micellar phase up to 15 - 20 % in micelles and emulsions. Considering all methods used
for the determination of the partitioning behavior, the solubilized proportions of TEMPO
varied the most between the emulsifiers, ranging from 12 - 33 % in Brij58, 42 - 76 % in
CTAB to 46 - 65 % in SDS micelles (table 3.4). However, in emulsions the proportion was
around 80 % for all nitroxides with only slight differences between the emulsifiers (table
3.5).

Table 3.4: Solubilized proportion (dso) of the nitroxides TEMPOL, TEMPO and
TEMPOL-benzoate in SDS, CTAB and Brij58 micellar solutions determined by
ultrafiltration technique (UF), NMR and deconvolution of EPR spectra (EPR).

Solubilized proportion of nitroxides (d), % in the

micellar interface

TEMPOL TEMPO B
mean = SD mean * SD mean + SD
CTAB 14.8+3.56 46.1+2.03 89.4+7.52
UF  SDS 15.5 +0.99 64.8+0.95 98.9+0.32
Brijs8 46+1.67 18.6+1.12 93.1+2.07

CTAB 5+03 76+3.8 56+2.8

NMR  SDS 100° 100° 100°

Brijs8 0+0.1 12+0.6 30 +1.675

CTAB 13+3.5° 42+1.7° 97 +£0.0°

EPR  SDS 9+5.2° 46+1.2° 96 + 1.0°

Brij58 9+2.0° 33+3.1° 89 +1.2°

Hydroxylamines were completely solubilized in SDS micelles.

l’Including only the nitroxide proportion of population 3.

“Including the nitroxide proportion of populations 2+3. Please see text for
further explanation.

With the exception of TEMPO-H in CTAB micelles, the partitioning behavior of hydrox-
ylamines in micelles calculated by NMR diffusion coefficients were lower than calculated by
UF or EPR deconvolution. The intercalation of TB-H into CTAB micelles was calculated
by 56 % and into Brij58 micelles by 30 %. It was not possible to determine the partitioning
of hydroxylamines in SDS micellar solutions as the self-diffusion coefficients of hydroxy-
lamines (Dy) were even lower than those of the micelle (Dy,;c) resulting in an solubilized
proportion of all hydroxylamines of more than 100 %.

The self-diffusion coeflicients decreased in micellar solution compared to those measured
in buffer solution (table 3.1). The decrease for TEMPO-H was higher than for TEMPOL-H
which was due to the increased incorporation of TEMPO-H in the micelles. TB-H showed a
moderate incorporation that was lower than expected based on its more lipophilic structure.
Estimation of theoretically lipophilicities (logP) by software Chemdraw Ultra 8.0 indicated
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Table 3.5: Solubilized proportion (dge1) of TEMPOL, TEMPO and TEMPOL-benzoate in
SDS, CTAB and Brij58 emulsions determined by ultrafiltration technique (UF)
and deconvolution of EPR spectra (EPR).

Solubilized proportion of nitroxides (d,), % in the
emulsion phase

TEMPOL TEMPO B
mean + SD mean = SD mean + SD
CTAB 7.5+1.62 77.8+0.70 99.7+0.67
UF SDS 9.1+0.54 81.2+0.70 99.2 £ 0.51
Brij58 0.6+1.11 75.8+0.93 99.6 + 0.65
CTAB 18 +6.8° 88 +1.6° 97 +0.6°
EPR  SDS 9+3.8° 79 +0.6° 96+1.2°
Brij58 10 +2.1° 83 +1.0° 89+2.1°

®Including only the nitroxide proportion of population 3.
hIncluding the nitroxide proportion of populations 2+3. Please see text for
further explanation.

lower lipophilicities of the hydroxylamines (TEMPOL-H: -0.1, TEMPO-H: 2.0, TB: 2.8)
relative to the nitroxides (TEMPOL: 1.0, TEMPO: 3.0, TB: 3.8), which might interfere
with the partitioning behavior.

The NMR diffusion model is based on the equilibrium of a substance between two pop-
ulations, the dissolved and the ligated solutes [Momot and Kuchel 2003]. The diffusion
rate between those two populations was determined to calculate the partitioning behavior
[Fischer et al. 2009]. As we know from the EPR deconvolution we had three different
populations, where the ligated proportion was divided into the clustered and the interfacial
population. If this downstream diffusion between the interfacial and the clustered popu-
lation is much slower than the diffusion between the dissolved and the ligated, it is not
possible to monitor this second equilibrium. However, it will influence the first equilibrium.

Proportions of solubilized nitroxides in the interfaces of emulsions or micellar solutions
determined by EPR were obtained from EPR line shape deconvolution. The proportions
of TEMPOL and TB solubilized in the interface of micelles were comparable with those
proportions obtained from UF experiments, but the proportion of TEMPOL in CTAB and
Brij58 emulsions was found to be higher calculated by EPR deconvolution. The proportions
of TEMPO in micellar solutions were given by the proportion of population 3. However, in
emulsions the sum of the proportions of population 2 and 3 was used for calculation of the
partitioning behavior as both populations were solubilized in an anisotropic environment
indicated by ay < 16.5 G (see 3.4.2). Regardless of the emulsifier, the shift of population 2
from the isotropic environment into the anisotropic environment was due to the increase
of the interfacial area and led to an increased proportion of nitroxides solubilized in the
interface.

The higher proportion of TEMPO solubilized in the interface of SDS micellar solution
determined by UF (65 %) compared to EPR (46 %) might be due to the retention of the

60



3 Partitioning of Nitroxides

clustered population (19 %) by the UF membrane.

As the UF technique is a validated separation method a few things need to be taken
into account. It is still common to completely separate the emulsion although other studies
disapprove of such an application as the total separation leads to a conversion of the system
[Stéckmann et al. 2000; Stéckmann and Schwarz 1999].

An influencing parameter is the adsorption of emulsifier monomers [Oehlke et al. 2008]
and nitroxides to the membrane surface. This would lead to a decreased concentration in
the filtrate and therefore to an overestimation of the intercalated proportion of the spin
probe. However, the UF membranes used in this study were already tested in CTAB
systems [Oehlke et al. 2008], and proofed not to interfere with the emulsifiers used. As the
adsorption of the nitroxides to the membrane cannot be neglected, the membranes were
equilibrated with the initial disperse system before use. After the equilibration steps no
further change in the filtrate concentration occurred. Therefore it was concluded that no
further adsorption occurred during the following measurements.

By using the EPR method to quantify the nitroxides proportions in the filtrate and the
in the entire dispersed system, the shape of the nitroxides spectra became more isotropic
in the aqueous filtrate relative to those in the micellar solution or emulsion (spectra not
shown) indicating the presents of only one free tumbling population. Thus, the absence of
micelles or oil droplets in the filtrate was proofed.

Comparing these different methods it is important to distinguish between the UF tech-
nique as an invasive method and PFG-NMR and EPR deconvolution that represent non-
invasive methods. The spectroscopic measurements underlie different methods to record
a spectrum in dynamic in the systems. While the fast measurement duration in EPR ex-
periments give a superimposition of the spectra from the different populations, the NMR
technique records an averaged spectrum of the fast replacing components over a long time
scale. Therefore, the required time scale for paramagnetic molecules is given by the EPR
technique in range of nanoseconds [Borbat 2001].

With UF and PFG-NMR equilibrium between two populations is preconditioned where
additional populations influence this equilibrium, but cannot be characterized. Never-
theless, the UF method is a quick and easy method to determine the partition behavior
between aqueous and micellar phase for most applications [Oehlke et al. 2008]. PFG-NMR
is widely used to obtain partitioning data [Fischer et al. 2009], but, as it is unsuitable
for paramagnetic substances [Furtado et al. 2011], it required the use of hydroxylamines.
The proportions determined were only comparable with the other methods to a limited
extent. However, knowledge about the dynamic within the systems is beneficial for further
characterization of nitroxides in dispersed systems.

Deconvolution of EPR spectra is the preferred method to determine the partitioning of
paramagnetic molecules in dispersed systems as this method benefit from short experi-
mental time and further information on the solubilization site of the different coexisting
populations[Strancar et al. 2005].
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3.5 Conclusion

To figure out the most accurate and sensitive approach for the determination of the par-
titioning behavior of paramagnetic substances in dispersed systems, results investigated
by means of ultrafiltration technique (UF), pulsed-field gradient nuclear magnetic reso-
nance spectroscopy (PFG-NMR) and deconvolution of electron paramagnetic resonance
spectroscopy (EPR) spectra by EPRSIM-C were compared.

UF is an accurate method for investigating the partitioning of small molecules, as the
equilibrium was not interfered [Stockmann et al. 1999, Oehlke et al. 2009], and give
comparable results with EPR deconvolution. The high dynamic of the studied systems
was demonstrated by PFG-NMR as the diffusion rates show the relocation of molecules
between two populations in equilibrium [Fischer et al. 2009, Momot and Kuchel 2003],
resulting in lower partitioning data as found with the other two methods. However, results
from deconvolution of EPR spectra revealed three domains for stable nitroxide radicals
in dispersed systems. In the aqueous phase an isotropic free tumbling population and a
clustered population that is slightly hindered in tumbling could be found, while a third pop-
ulation was located in an anisotropic environment such as the interface which is comparable
with literature findings [Jores et al. 2003, Frenzel and Steffen-Heins 2015].

As a function of the required time scale for paramagnetic molecules which is given by
the EPR technique in range of nanoseconds [Borbat 2001], EPR measurements result in a
superimposition of the spectra from the different populations, however, the NMR technique
records an averaged spectrum of the fast replacing components over a long time scale. With
UF and PFG-NMR equilibrium between two populations is preconditioned where additional
populations influence this equilibrium, but cannot be characterized. Data thus obtained
that deconvolution of EPR spectra turned out to be the preferred method for measuring
the partitioning behavior of paramagnetic molecules as it enables distinguishing between
several populations at their individual solubilization sites [Strancar et al. 2005].

The nitroxides TEMPOL, TEMPO and TB differed in polarity and solubilized to different
extents into the discrete phases, however, their solubilization site in the palisade layer of the
interface seemed to be comparable which is also in line with other observations [Almeida
1998]. The knowledge of the nitroxide partitioning behavior is the prerequisite for investi-
gating their reactions in dispersed systems, which can be applied as an important approach
to understand the reactions of free lipid radicals and antioxidants in complex food matrices

we focus on in our further studies.
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4.1 Abstract

The interfaces in foods play a major role concerning oxidation processes, chemical and phys-
ical stability and half-lives of foods. To systematically evaluate the reactions of antioxidants
and radicals at interfaces as a function of their solubilization site, the stable nitroxides with
increasing lipophilicity TEMPOL < TEMPO < TEMPOL-benzoate were investigated in
micellar solutions of SDS, CTAB and Brij58. EPR spectra of nitroxides in the presence and
absence of micellar solutions were analyzed concerning the hyperfine splitting constants ay
and the rotational correlation time 7. to deduce the nitroxide solubilization site which is
supported by determination of their NMR T7- relaxation times.

The antioxidant kinetic to reduce the different nitroxides by propyl gallate, Trolox and
a-tocopherol were measured as a function of the nitroxide solubilization site. TEMPO was
reduced the fastest by all antioxidants compared with TEMPOL and TB which may be due
to a different alignment of the nitroxides. TEMPO may align with the NO moiety to the
more hydrophilic part of the interface being then in optimal proximity to the antioxidants.
The anionic interface of SDS micelles turned out to accelerate nitroxides reduction by
antioxidants, as TEMPO may quickly diffuse into the SDS Stern layer. Here it was reduced
to the corresponding hydroxylamine by the antioxidants present and could afterwards be
exchanged with nitroxide radical solubilized in the aqueous phase.
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4.2 Introduction

Oxidation stability of food is governed by the interface properties in structurally and com-
positionally heterogeneous matrices. Several studies have been performed on the properties
of dispersed systems and the antioxidants that are used to minimize e.g. lipid oxidation,
to clarify how significant the antioxidant potency is influenced [McClements 2010; Schwarz
et al. 2000; Heins et al. 2007a; Oehlke et al. 2010]. Although former studies focused on
the solubilisation site of antioxidant at designed interfaces [Losada-Barreiro et al. 2014;
Stockmann et al. 2000; Oehlke et al. 2010; Heins et al. 2007b; Oehlke et al. 2011], a
localization of free radicals in multiphase systems has not been done before.

To investigate processes on a nanometer scale like micelles, spectroscopic methods are used
to develop methods that allow a systematically approach focusing on interfaces. Electron
paramagnetic resonance experiments (EPR) make it possible to estimate the potency of
hydrogen atom donation of antioxidants in various systems measuring the reaction rate
with stable radicals [Aliaga et al. 2008; Kocherginsky and Swartz 1995] or unstable radicals
in the presence of spin trapping probes [Dikalov and Mason 2001].

Antioxidants Nitroxides
a) OH b) d o
0
° )
N OH 0
°)

H e)
%\‘}
|
o O
f)
O)b
{'}
|
O

9) /\/\/\/\/\/O\S//O Na'
® YPpa g0
%(—/ —

ac hg

Emulsifiers

i) /\/\/\/W\NO\AOH
® B o 20
- ~ o

Figure 4.1: Chemical structure of the antioxidants a-tocopherol (a), Trolox (b), propyl gal-
late (c), of the nitroxides TEMPOL (d), TEMPO (e) and TB (f), and of emul-
sifiers SDS (g), CTAB (h) and Brij58 (i). Nomenclature of emulsifier proton
signals are given for NMR measurements (hg: head group, ac: acyl chain,a, 3,v:
a-CH2, 8-CH2, v-CH2 and w: w-CH3)
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EPR spin probing technique is a prominent approach to circumvent the difficult detection
of short living free radicals. Since nitroxides are very sensitive to their chemical microenvi-
ronment (polarity), the individual partitioning of nitroxides as well as their reaction with
antioxidants or lipid radicals are indicated by the alteration of the isotropic hyperfine split-
ting. Previous studies on stable radical behavior showed that the interfacial properties
determine the antioxidants behavior and therefore the potency to reduce radicals or may
even hinder the reaction by forming a steric barrier by the emulsifier used [Heins et al.
2007a]. However these radicals were charged and therefore not applicable for all micellar
systems.

The three types of rings that are most commonly used for nitroxide spin-probes are
piperidine, pyrrolidine and doxyl rings. Nitroxides are commercially available and offer
different properties, e.g. they are more or less stable/reactive (e.g., doxyl rings are more
stable than piperidines), hydrophilic (TEMPOL) or lipophilic (doxyl stearates), charged
(Catl-H) or neutral and therefore applicable for various EPR spin-probing experiments in
redox research |Kocherginsky and Swartz 1995]. The reduction of nitroxides by ascorbic
acid is known for a long time [Jores et al. 2003; Paleos and Dais 1977; Kveder et al. 1997]
and it is used to locate spin probes in lipid membranes [Kocherginsky and Swartz 1995].

Nitroxides can be reduced by (biological) antioxidants and oxidized by oxygen species due
to their interconversion between the EPR-active nitroxyl radical and the EPR-silent hydrox-
ylamine or oxoammonium ion [Kishioka et al. 2002]. Indeed, oxygen is able to reoxidize
hydroxylamines to nitroxyl radicals in biological systems, but as previous results showed for
the spectral pattern of galvinoxyl, which is completely dissolved in SDS, Brij58 and CTAB
micelles, the micellar oxygen concentration can be neglected [Heins et al. 2007a]. This is in
accordance with the findings of Berberan-Santos and colleagues [1992] estimating that 98 %
of the SDS micelles are oxygen free under atmospheric conditions. The prerequisite for our
approach is the reaction between antioxidants and the spin probes. The reaction kinetic
of phenolic antioxidants or tocopherols and its analogues towards doxyl spin probes like
5- or 12-DSA is too slow (data not shown). However, nitroxides are only slowly reduced
by phenolic antioxidants and even faster by a-tocopherol and its water-soluble analogue
Trolox.

As spin probes are sensitive to their microenvironment the relative anisotropy observed
in an ESR spectrum is directly related to the rotational mobility of the probe, and can be
correlated with the probe’s microenvironment [Bahri et al. 2006]. The rotational correlation
time (7.) represents the time needed to rotate one radian as an average reflecting the
mobility of the probe and the rigidity due to the microenvironment. An increased 7.
indicates a reduced mobility of the spin probe [Yoshioka et al. 2006]. Incorporation of
the lipophilic spin probe PTMIO into SDS or DTAB micelles showed an alteration in
reducing by ascorbic acid. Negatively charged ascorbic acid showed a greater reduction
capacity towards PTMIO in positively charged DTAB than in negatively charged SDS
[Berton-Carabin et al. 2012] this may not be the truth due to the importance of hydrogen
abstraction which is prior to the negatively ascorbyl radical.
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The aim of this study was to correlate the solubilization site of stable nitroxide radicals
in micellar solutions with different interfacial properties with the efficiency of different an-
tioxidants (4.1). Nitroxides used according to their increasing lipophilicity were TEMPOL
(4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl, logP = 0.62, Py ,, = 6.64) < TEMPO
(2,2,6,6-Tetramethyl-1-piperidinyloxy, logP = 1.77, Pwj/o = 594 - 64.6) < TEMPOL-
benzoate (TB; 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl benzoate, logP = 2.46, Pw/o
>100) [Kroll 1999; Riibe 2006; Ahlin et al. 2000; Rosen et al. 1982; Cimato et al. 2004].
Antioxidants used were the phenolic propyl gallate (PG) showing strong interaction with
the emulsifiers as a function of its different solubilization sites in the micellar phases of SDS,
CTAB and Brij58 [Heins et al. 2007b]. Trolox and a-tocopherol were showing much lower
interactions towards emulsifiers, where Trolox showed equivalence in solubilization site with
PG. For the first time, the influence of antioxidants on the solubilization site of nitroxides
were investigated by 7. and 77 relaxation times and correlated with the antioxidant kinetic
to reduce the different nitroxides.

4.3 Materials and Methods

4.3.1 Chemicals

Cationic CTAB (cetyltrimethylammonium bromide), anionic SDS (sodium dodecyl sul-
phate), non-ionic Brij58 (polyoxyethylene-20-cethyl ether), propyl gallate, Trolox, a-toco-
pherol, TEMPO, TEMPOL and TB were obtained from Sigma-Aldrich, Germany and used
without further purification.

4.3.2 Sample preparation

The micellar solutions contained 1 wt% emulsifier in acetic acid buffer solution (0.05 mol, pH
= 5). Nitroxide stock solutions of TEMPO and TEMPOL were prepared in buffer solution,
added to each micellar solution and mixed well. TEMPOL-benzoate was dissolved in ether
which was evaporated under nitrogen. For sample preparation, micellar solution was added
to the re-crystallized nitroxide and placed in ultrasonic bath. For the control sample, the
same procedure was repeated using only buffer solution resulting in a concentration below
0.1 mmol. The antioxidant stock solution of propyl gallate was prepared in buffer solution,
added to each micellar solution and mixed well. Trolox and a-tocopherol were dissolved
in ethanol, evaporated under nitrogen and redissolved in each micellar solution. Micellar
solutions containing antioxidants and those containing nitroxides were mixed ending up with

an equimolar antioxidant and nitroxide concentration of 1mmol for all sample solutions.

4.3.3 Partitioning behavior

Proportions of nitroxides solubilized in the interfaces were calculated according to chapter
3 where the nitroxide proportion was determined by EPRSIM-C [Strancar et al. 2005]. The
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partitioning of antioxidants were investigated by Heins [2005] who measured the antioxidant
proportion solubilized in the interface by ultrafiltration and HPLC detection as described
by Stéckmann and colleagues [2000].

4.3.4 EPR analysis

Electron paramagnetic spin resonance (EPR) measurements were carried out on a Bruker
Elexys II E500 spectrometer operating with X-band at 9.85 GHz at room temperature using
a modulation frequency of 100 kHz; a modulation amplitude of 1.2 G; and a microwave
power of 0.2 mW. Spectra were optimized using a center field of 3510 G, a sweep width of
66.7 g, a time constant of 81.92 ms, a conversion time of 39.16 ms and a receiver gain of 60
dB. The overall micro polarity of the spin probes was calculated by means of the hyperfine
splitting parameter aN and was given as the distance between low field peak (Hi1) and
middle field peak (Hp).

4.3.4.1 Calculation of the rotational correlation time (7.) of superimposed

spectra

From the first derivative EPR spectra the rotational correlation time 7. [ns] was calculated
by equation 4.1 for isotropic high mobility regime measurements at X band [Beghein et al.

2007]:
Te=6.51-10710. AH, <1/hh°+,/hh“2> (4.1)
—1 +1

Where AHg [G] is the peakwidth of the central line of the EPR spectrum and the peak
amplitudes are given by h41, (low-field peak), ho (central peak) and h_; (high-field peak).
The factor is customarily used for X band experiments taken into account the magnetic
field, the anisotropic g value and the hyperfine coupling an [Keith et al. 1970]. This
equation is valid for isotropic motions (7. < 1072 s) where the spectra display g and A
tensors as an average of the principle components [Schreier et al. 1978]. The increase in the
value of 7. means a decrease of the rotational motion of the nitroxides due to higher spin
concentrations or microviscosity. 7. were depicted as the mean and the standard deviation
of triplicates. Statistical analysis of 7. was carried out with GraphPad Prism 6.0, using
a two-way ANOVA and Bonferroni correction for multiple comparisons. Significance was
accepted at p < 0.05.

4.3.4.2 Calculation of the antioxidative capacity

To compare the reduction capacities of antioxidants towards the nitroxides used, the EPR
spectra of individual nitroxides were acquired after 5 min of incubation with antioxidants
and repeated as a function of the reaction kinetic every 5 to 15 min in a period of 2 to
20 h. These spectra were recorded in the presence or absence of SDS, CTAB or Brij58
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micellar solutions and the double integrals of the entire spectra were plotted against the
time. Decay curves were fitted by a first order exponential decay (eq.4.2):

() = (aoc)e® +n (4.2)

where aoc [%] is the antioxidative capacity or the maximum reduction potential, respec-
tively, b is the reaction kinetic and n is the nonreduced nitroxide residuum. The half-life
(hl) [h] that is referred to as the time needed to reach 50 % of the maximum reduction
potential was calculated by equation 4.3.

—In(2)
b

hl =

(4.3)

Decays of nitroxides with very slow reaction kinetics did not correspond to an exponential
decay within the 20 h of investigation. In this case as an antioxidative capacity of 100 %
was assumed and the half-life goes to infinity the coefficient of determination of was found
of R? < 0.6, and reactions were referred to as no reduction of nitroxides proceeded.

4.3.5 NMR analysis: 77 relaxation time
4.3.5.1 Antioxidants

The performance of NMR-measurements of antioxidants is previously described in detail
[Heins et al. 2007b]. Experimental errors were calculated for each proton signal and were
set on 10 %. The individual emulsifier protons with their respective nomenclatures for the
specific headgroup region (hg), the alkyl chain (ac) as well as for the individual methylene
and methyl protons that split into a single multiplet (o, 8,7 and w) are shown in figure 4.1.

4.3.5.2 Nitroxides

Ty relaxation time in the presence and absence of nitroxides were acquired on a Bruker
DRX spectrometer operating at a proton resonance frequency of 500 MHz (Bg = 11.75 T).
Typical parameters of 1D-1H experiments were 16 scans acquired at 27 °C with a pulsewidth
of 14.2 ps, a spectral width of 16 ppm, an acquisition time of 2 s and a repetition delay
of 2 s were averaged. The water resonance was suppressed with an excitation sculpting
suppression scheme [Hwang and Shaka 1995].

Identical parameters were used for the determination of 77 relaxation times using an
inversion recovery experiment with esgp water suppression. A series of 22 relaxation time
delays ranging from 1 ms to 2 s were measured with 4 scans each, and the relaxation
rates/times determined using the analysis module in the Bruker processing software Top-
spin 1.3. Accuracies of T} relaxation time measurements were 5 %. Provided that the free
mobility is the same for the portion of antioxidants and nitroxides in the aqueous phase of
the micellar solution as for those in buffer solution (77 ops) the relaxation rate for antioxi-
dants/nitroxides solubilized in the micellar phase (T} 5 ) was calculated considering the
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individual partitioning behavior (PAo/Pn) by [Heins et al. 2007b]:

1 1-P P
Tiobs  Thcon =100 Tycpp-100

(4.4)

The T3 relaxation ratio was used to compare the effective relaxation times of the an-
tioxidant /nitroxides solubilized in micelles T} sy with the relaxation times of the freely
movable antioxidant/nitroxides in the aqueous phase T con-

4.4 Results and Discussion

4.4.1 Solubilization site of antioxidants and nitroxides

The partitioning behavior due to lipophilicity and the chemical structure of solutes is an
important factor to understand the spectroscopic parameter and to interpret the differences
in antioxidant activity. Nearly the entire proportion of antioxidants used (Pao) partitioned
into CTAB micellar phase (table4.1). a-Tocopherol could not be measured in the aqueous
phase. Thus, it was assumed that a-tocopherol completely partitioned into all micellar
phases. For Trolox and PG the proportion of antioxidants solubilized in the micellar phase
decreases in the order CTAB > Brij > SDS, where PG is solubilized to a higher extent
than Trolox. Differences in partitioning are accompanied with different localizations of the

Table 4.1: Partitioning of nitroxides (Pn) and antioxidants (Pao) into the micellar phases
of different micellar solutions

Py % P ooy %°
TEMPOL TEMPO TB PG Trolox a-tocopherol
mean +s.d. mean *s.d. mean £s.d. mean ts.d. mean *s.d.
CTAB 13+3.5 42+1.7 97 +0.0 99+0.0 9710.4 100*
SDS 9155 46+1.2 96+1.0 74 +0.2 38+1.0 100*
Brij 58 912.0 33131 89+1.2 90+0.2 50+0.8 100*

Proportion of nitroxides in the micellar phase calculated by EPR simulation (chapter 3)
°Proportion of antioxidants in the micellar phase detected by HPLC after ultrafiltration.
*a-Tocopherol could not be measured in the aqueous phase. Thus, it was assumed that o-
tocopherol partitioned to 100% into the micellar phase.

antioxidants in the micellar phase leading to influences of different chemical microenviron-
ments and the formation of different strength of interactions between the antioxidant and
emulsifier molecules [Heins et al. 2007b; Heins et al. 2006]. The changes in chemical shifts

of individual emulsifier proton signals in the presents of the antioxidants compared with
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their absence giving information on the solubilization site of the antioxidants (table 4.2).

Table 4.2: 'H-NMR. parameter for localization of the antioxidants propyl gallate (PG),
Trolox and a-tocopherol in the micellar phase of CTAB, SDS and Brij58 mi-
cellar solutions

ASypo-200 *0.003 [ppm] of single emulsifier T 1 relaxation ratio (T 1 4o/ T 1,con) * 0.1 of
protons in presence of antioxidants emulsifier proton signals
PG Trolox a-tocopherol PG Trolox a-tocopherol

a-CH, 0.108 0.072 0.014 0.71 1.05 0.98

hg 0.049 0.061 0.006 0.78 0.97 0.96

CTAB B-CH, 0.048 0.022 0.80 1.04 0.99
ac 0.062 0.047 0.035 0.95 0.98 0.96

w-CH; 0.000 0.030 0.042 1.10 0.95 0.86
a-CH,(hg) -0.002 0.016 0.017 1.06 1.10 0.94

SDS R-CH, 0.018 0.028 0.80 1.03 0.92
ac 0.023 0.027 0.022 1.03 0.93 0.94

w-CH; 0.023 0.024 0.058 1.04 1.41 0.77

hg -0.018 0.012 0.003 0.97 1.05 1.00

Brij 58 R-CH, 0.82 1.44 1.02
ac 0.026 0.028 0.018 1.01 1.29 0.97

w-CH; 0.016 0.025 0.014 1.05 0.99 1.06

Chemical shift differences showed positive values in case of a higher chemical shift in the
presence than in the absence of antioxidants indicating a higher electron density around
individual emulsifier protons, when antioxidants are solubilized [Heins et al. 2007b]. Highest
differences in the chemical shift were found for PG and Trolox in CTAB for the headgroup
proton signals and for a-tocopherol for the alkyl chain and stronger for the w-methyl group
signal. These shifts indicated that a-tocopherol was located in the micellar interior of
CTAB, whereas PG and Trolox were located in the palisade layer close to the headgroup
around the a-CH> group. In SDS micelles, a-tocopherol was located around the w-CHg
while PG and Trolox showed only low positive chemical shift difference indicating their
solubilization in the Stern layer of SDS [Heins et al. 2007b|. In Brij58 low shifts in chemical
shift was found for the alkyl chain signals of all emulsifiers in the presence of all antioxidants,
whereas the headgroup region of Brij58 showed only a very small increase of electron density.
Summarized and compared with further data [Heins et al. 2007b], PG and Trolox showed
a similar localization in the micellar phases, while a-tocopherol was located in the micellar
interior.

However, the interactions arising at the individual solubilization site that can be indicated
by the T4 relaxation times is very different. While PG showed a strong reduction of the
T relaxation time for the emulsifier headgroup protons and the two adjacent methyl group
protons indicating strong interactions with CTAB, Trolox showed no interference of the
CTAB protons indicated by a 77 relaxation ratio close to 1. This is also true for Trolox
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in SDS and Brij58 systems. PG showed no interactions with SDS protons but with the
first methyl group of the alkyl chain of Brij58. a-Tocopherol reduced the 7% relaxation
time of the w-CHgz proton of SDS and CTAB due to interactions arising. The stronger the
interactions are the lower is the antioxidant efficiency.

The proportion of nitroxides (Pn) solubilized in the micellar phase of all emulsifiers
increased with increasing lipophilicity of TEMPOL > TEMPO > TB (table 4.1). For all
nitroxides used, SDS showed the highest solubilization capacity. A lower extent of nitroxides
was solubilized in CTAB and least amounts were solubilized in Brij58 micelles. While TB
was solubilized in the micellar phase to over 90 %, the water-soluble TEMPOL was only
solubilized in the micellar phase to 9-13 %, with equal proportions in micellar solutions.
The widest range of partitioning was found for TEMPO ranging from 33 % in Brij58 to
46 % in SDS micelles.

To determine the solubilization site of nitroxides in the different micellar environments,
1H-NMR was carried out to measure the T relaxation times of the emulsifier protons in
the presence and absence of the nitroxides (figure 4.2) as it was already done for the stabile
radicals Fremy‘s salt and galvinoxyl [Heins et al. 2007a]. Unlike to these stable radicals
or the antioxidants investigated, the nitroxides concentrations used in the study showed
very strong reduction of the 77 relaxation times to an equal extent of all emulsifier protons
which may be a result of strong hydrogen-bonding interactions of the NO moiety [Pyter et
al. 1982|. This is also true for all emulsifier used, when taking into account the individual
partitioning behaviors of the nitroxides into the different micelles (77 cfs). Therefore, the
strongest reduction of T relaxation time (77) that was found e.g. in SDS micellar solution
in the range TB > TEMPO > TEMPOL (table 4.3) is only an effect of the different nitroxide
contents in the micellar phases.
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Figure 4.2: 'H-NMR spectra of SDS in the absence and the presence of TEMPOL, TEMPO
and TB. In Tj-relaxation times of individual emulsifier proton signals are
included.
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The NO moiety strongly enhances the magnetic relaxation of the neighboring protons
leading to an overall enhanced relaxation time. Comparing the 77 relaxation ratios, there
is a tendency, that the palisade protons o and (8 show slight stronger reduction of the
Ty relaxation in the presence of the NO moiety of all nitroxides. Pyter and colleagues
[1982] also postulated a predominant solubilization of nitroxides in the headgroup region of
micelles regardless of the nitroxide lipophilicities. These observations were conformed with
the works of Oakes [1972] and Almeida and co-workers [1998]. Almeida and co-workers
also showed that TEMPO has a higher binding constant for CTAC, SDS and Triton X-100
micelles than TEMPOL. They correlate a higher binding constant of the radicals with the
micellar environment with the higher packing of the emulsifier monomers in the micelle
indicated also by a higher cmc. The concentrations at which micelles were formed in the
used study systems were 0.8 £ 0.07 mmol for SDS, 0.095 £+ 0.005 mmol for CTAB and
0.004 4 2.5*10~° mmol for Brij58 [Heins et al. 2006]. These cmc would also be correlated
with a reduced partitioning of TEMPO into the micellar phases in the range of SDS >
CTAB > Brij58 supporting the findings from Almeida and colleagues [1998].

Table 4.3: Ti-relaxation ratio of individual emulsifier proton signals of CTAB, SDS and
Brij58 in the presence of micellar TEMPOL, TEMPO and TEMPOL-benzoate

T, relaxation ratio (T y e/ Ty con) Of emulsifier
proton signals

TEMPOL-
TEMPOL TEMPO
benzoate
hg 0.11 0.07 0.09
a-CH, 0.07 0.04 0.06
CTAB B-CH, 0.07 0.05 n.d.
ac 0.09 0.07 0.07
@-CH, 0.17 0.09 0.09
a-CH,(hg) 0.04 0.08 0.07
sDS B-CH, 0.03 0.05 0.07
ac 0.04 0.06 0.08
®-CH; 0.08 0.08 0.11
hg 0.22 0.26 0.19
a-CH, 0.02 n.d. n.d.
Brij  R-CH, 0.08 n.d. n.d.
ac 0.11 0.07 0.05
®-CH; 0.14 0.07 0.05

n.d.: Not detectable

Regardless of their different lipophilicity both nitroxides have their paramagnetic frag-
ments localized in the same micelle region, in the palisade layer. However, Almeida and
co-workers [1998] suppose that the orientation of TEMPO and TEMPOL differs in the
micellar phase. While TEMPOL may be orientated with its additional hydroxyl group in
the more polar region and the NO moiety is aligned to the more nonpolar region, TEMPO
may be accommodated with the NO moiety in the more hydrophilic region. This is also in
line with the work of Oakes [1972]. Brigati and colleagues [2002] suggested that it might
be very difficult for nitroxides with a polar OH group to pass the micellar interface and to
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solubilize in the micellar phase due to possible reactions with head groups, counterions, and
hydration water at the surface. Studies of Ramachandran and colleagues [1982] even as-
sumed a predominant solubilization of TEMPO in the interface region with the NO moiety
in contact with water. For structural concerns, it could be suggested that TB might also be
orientated with the NO moiety into the more nonpolar region whereas its carbonyl group
aligned to the more hydrophilic interface. A study of dialkyl niroxides with increasing chain
length showed that ayn values in the micellar phase of SDS, HTAB and CjoEg remained
approximately constant, while the aspg decreased significantly. This indicated that the
NO moiety is deeply inside the micelle irrespective of the alkyl chain length [Brigati et al.
2002].

4.4.2 Micro environmental properties of nitroxides in multiphase
systems

The advantage of nitroxides is their sensitivity to their chemical microenvironment indicated
by EPR spectra. The spectrum of all nitroxides used consists of the three sharp lines
produced by nitrogen hyperfine interaction. The hyperfine coupling constant (ay) is the
measurement of the spin density distribution which is caused by electrostatic interactions
and H-bondings leading to a high sensitivity to the environment polarity. The decrease of an
is indicative for the NO moiety being positioned in a less polar environment which supports
a resonance structure I in which the spin density is localized on the oxygen [Tedeschi et al.
2003].

:0- :0:

I 1l
Figure 4.3: Electron distribution of the NO moiety

In buffer solution, nitroxides showed free tumbling and isotropic spectra, which is indi-
cated by a low 7. <0.03 ns (table 4.5) and by the hyperfine splitting constants in range of
an = 17.2-16.9 G (table 4.4). This range of ay for the different nitroxides depends on the
substituents on the nitroxide, which lower ax of TB and TEMPOL compared with TEMPO
[Windle 1981] and favors the resonance structure II. TB revealed a low hindrance of the
tumbling sterically induced by the benzoic ring. The presence of the antioxidants in buffer
solution did neither alter the tumbling (table 4.5) nor the micro polarity (table 4.4) of the
nitroxides.

The nitroxide spectrum in multiphase systems is a superposition of the spectrum of nitrox-
ides proportions in all discrete phases. While in all micellar solutions TEMPOL resembles
the hyperfine coupling constant as in pure buffer solution, reduced an value of TEMPO
and TB were observed relative to those in pure buffer solution indicating a supplemental
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Table 4.4: Hyperfine splitting constants of nitroxides in buffer and micellar solutions (n=3)

Hyperfine splitting constants ay, G

no antioxidant PG Trolox a-Tocopherol
mean +s.d. mean *s.d. mean ts.d. mean +s.d.
Buffer Solution 16.89 +0.075™' 17.0040.000*'  17.00 #0.000*' n.d.
TEMPOL CTAB 16.94 +0.000™ 16.92+0.046*  16.86+0.088"'  16.97 +0.048"'
SDS 16.80 0.065"' 16.93+0.000*"  16.93+0.000™"  16.82 +0.038""
Brij 58 16.83 +0.096™"' 16.98+0.050*"  16.9810.050"  16.89 0.096°™"
Buffer Solution 17.19 +0.000*' 17.2240.048%'  17.08+0.127* n.d.
TEMPO CTAB 16.89 +0.082" 16.2140.047*"  16.95+0.188"'  16.92+0.170"
SDS 16.94 +0.000* 16.97+0.096°  17.05+0.048*  16.97 +0.096*'
Brij 58 17.08 +0.127*' 17.06+0.177%'  17.08+0.050*  17.05 +0.048"'
Buffer Solution 16.92 +0.048%' 16.92+0.048%'  16.90 +0.048*' n.d.
TEMPOL-  c1aB 16.19 +0.000°' 16.19+0.000>  16.1440.127%  16.14 +0.096"
benzoate gpq 16.35 +0.094°' 16.46 +0.047>"  16.47+0.022°"  16.46 +0.022"'
Brij 58 16.70 +0.125 16.7340.000”"  16.49+0.141*"  16.4340.236™"

n.d.: Not detectable due to low solubility in water.

>d Emulsifier effect: Values of one column with different letters indicate statistically significant differences (n=3, p<0.05,
Bonferroni)

"' Antioxidant effect: Values of one row with different roman numbers indicate statistically significant differences (n=3,
p<0.05, Bonferroni)

solubilization in a less polar environment (table 4.4), thereby more favoring the resonance
structure I. The reduction of ax was higher for TB than for TEMPO and for both nitroxides
stronger pronounced in CTAB and SDS micelles than in Brij 58 micelles. These findings
indicate a concentration effect of nitroxides in the micellar phase with increasing lipophilic-
ity which is also in accordance to the NMR (table 4.3) and partitioning data (table 4.1).

The microenvironment viscosity and specific interactions led to changes in the rotational
mobility indicated by the alteration of the peak width and peak intensities of the nitroxides
spectra which make it possible to calculate the 7. [Tedeschi et al. 2002]. To take into
account the spectral changes when nitroxides are solubilized in the micellar phase the 7.
is calculated giving an overview about the chemical microenvironment at the solubilization
site (table 4.5). In buffer solution, the presence of the antioxidants PG and Trolox did
not influence the 7. of the nitroxides TEMPO, TEMPOL and TB. a-tocopherol was not
soluble in pure buffer solution, so that a control of 7. could not be measured but it would be
reasonable that the isotropic free tumbling (7. < 0.3 ns) found for TEMPOL and TEMPO
and slight reduced tumbling of TB (7. = 0.6 ns) could be also assumed in the presence
of a-tocopherol. With the exception of TEMPOL in Brij58 micellar solution, the 7. of all
nitroxides significantly increased in micellar solution relatively to the pure buffer solution.
This is due to a concentration effect of nitroxides that lead to spin- spin interaction with
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Table 4.5: Rotational correlation times of nitroxides in the absence and presents of different

antioxidants
Rotational correlation time, ns
no antioxidant PG Trolox a-Tocopherol
mean *s.d. mean *s.d. mean *s.d. mean *s.d.

Buffer Solution 0.03 +0.006™' 0.03 +0.002*' 0.03 +0.001*' n.d.
TEmpoL CTAB 0.07 +0.002™ 0.07 +0.002" 0.08 40.018" 0.06 +0.000™"
SDS 0.09 +0.019™ 0.08 +0.001*' 0.07 £+0.016™ 0.07 +0.019*
Brij 58 0.04 +0.003"' 0.04 +0.003*' 0.05 +0.017"' 0.04 +0.003"'

Buffer Solution 0.02 +0.001*' 0.02 +0.001*' 0.04 +0.037"' n.d.
TEmpo CTAB 0.240.095% 0.5910.012°"  0.25$0.074"' 0.21+0.111"
SDS 0.11+0.027* 0.11+0.027* 0.12 +0.007™ 0.13 +0.009*
Brij 58 0.06 +0.021%' 0.06 +0.014%' 0.06 +0.008"' 0.04 +0.008"'

Buffer Solution 0.06 +0.003"' 0.06 +0.006>' 0.06 +0.007*' n.d.
TEMPOL- cTAB 0.61+0.029% 0.58 +0.014% 0.63 +0.049°' 0.62 +0.020%
benzoate gpg 0.42 +0.004°' 0.43 +0.004°' 0.41+0.028" 0.5140.060°"
Brij 58 0.18 +0.038™ 0.21+0.004™ 0.36 +0.062>" 0.26  0.080*"

n.d.: Not detectable due to low solubility in water.

>4 Emulsifier effect: Values of one column with different letters indicate statistically significant differences (n=3, p<0.05,
Bonferroni)

"' Antioxidant effect: Values of one row with different roman numbers indicate statistically significant differences (n=3,
p<0.05, Bonferroni)

showing in a reduced tumbling of the spin probes as also found in the studies of Jolicoeur
and Freidman [1978].

While TEMPOL is solubilized in Brij58 micelles to such a low extent (table 4.1) that the
tumbling of TEMPOL was not interfered, it had comparable 7. in CTAB and SDS micellar
solutions which is due to a similar partitioning behavior of nitroxides into SDS and CTAB
micelles. However, in CTAB micellar solution TEMPO had a twice as high 7. compared
with SDS micellar solution although their partitioning was equivalent. The same relation
was also found for TB.

In all combinations of antioxidants and nitroxides, 7. of nitroxides in Brij58 micellar
solution were the lowest which may be due to the bigger particle size of Brij58 relative
to the ionic emulsifiers [Heins et al. 2006]. Although PG was nearly complete solubilized
in the CTAB micellar phase, it showed no influence on the 7. of TEMPOL and TB, but
significantly increased the 7. of TEMPO in CTAB to 0.59 4+ 0.012 ns which was also
accompanied with a very strong reduction of ax to 16.21 £ 0.047 G (table 4.4). This
indicated that PG interfered with TEMPO at the same solubilization site which might
result in a displacement of TEMPO from the palisade layer into the micellar core which is
accompanied with an increased sterically hindrances of TEMPO.
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However, the same solubilization site was true for the total content of TB and a low
content of TEMPOL but without any interferences of PG. This might be due to the different
alignment of the NO moiety of TEMPO that has no substituent compared with TB and
TEMPOL that possess polar substituents (see 4.4.1). An alignment of the NO moiety to
the more hydrophilic part of the micelle may result in formation of H-bondings [Pyter et al.
1982; Shenderovich et al. 1997] with the H-donating group of the phenolic antioxidant PG
[Heins et al. 2007b]. The similar observation could be made in Brij58 micellar solutions
where only in the presence of TB the antioxidants Trolox and a-tocopherol resulted in an
increase of 7. (table 4.5) and a reduction of ax (table 4.4).

All antioxidants induced a higher ay for TEMPOL when solubilized in CTAB and SDS
micellar solutions (table 4.4), indicating that the proportion of TEMPOL solubilized in the
micellar phase would be displaced by the antioxidants. As ay values and 7. is calculated for
the superimposed spectra it is not possible to observe the antioxidant effect on the nitroxides
population that is solubilized in the micellar solutions. However, with deconvolution of the
superimposed spectra using EPRSIM-C the distinction between different spectral domains
influencing the nitroxide populations, the calculation of the partitioning behavior as well
as an and 7 for the individual nitroxides populations are possible (chapter 3) [Frenzel and
Steffen-Heins 2014].

4.4.3 Antioxidant capacity to reduce micellar nitroxides

Nitroxides are stable radicals that are directly reducible by antioxidants via hydrogen dona-
tion transfer forming cyclic hydroxylamines [Damiani et al. 2004]. Together with a possible
electron transfer the nitroxide radical is in equilibrium with the cyclic hydroxylamine and
the oxoammoniumion, which are EPR-silent [Amorati et al. 2010]. The decay of the three
different nitroxides of different lipophilicity was observed in the three micellar solutions and
in the presence of the antioxidants Trolox, a-tocopherol and PG (figure 4.4). To compare
the antioxidant capacities to reduce the used nitroxides in different micellar solutions, the
decay of the nitroxides was measured during 2-20h reaction time and fitted by a first or-
der exponential decay. Table 4.6 depict the fitting parameters for all sample combinations
regarding the antioxidant capacity (aoc) which is given by the maximum of nitroxide re-
duction and the half-life which is given by the time in hours that is needed to reach 50 %
of the aoc. Decays of nitroxides with very slow reaction kinetics did not correspond to an
exponential decay within the 20h of investigation, so that these scenarios indicated that no
reduction of nitroxides occurred.

Comparing the decay of TEMPOL, TEMPO and TB by PG in buffer solution no reduction
of the nitroxides could be observed (figure 4.4a and table 4.6). Further no reduction was
investigated of TEMPOL by PG or a-tocopherol in micellar solutions of Brij58. This is due
to the very low concentration of TEMPOL in the Brij58 micelle while these antioxidants
are solubilized in the Brij58 micelle to more than 90 % (table 4.1), so that they do not meet
for reaction [Heins et al. 2007a]. The combination of TB and a-tocopherol in Brij58 or
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CTAB micellar solution also did not result in a reduction of TB, although both reactants
were nearly completely solubilized in the micellar phase. This may be explained by the
possible alignment of the NO moiety of TB to the micellar core.
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Figure 4.4: Exponential decay of different nitroxides by antioxidants in micellar solutions.
Comparison of the decay of different nitroxides in buffer and SDS solution by
propyl gallate (a), of TEMPO by propyl gallate in SDS, CTAB and Brij58
solution (b), and of TEMPO in SDS micellar solution by propyl gallate, Trolox
and a-tocopherol (c).

Although only 38 % of Trolox was solubilized in the SDS micelles (table 4.1), it showed
great potential in reducing all nitroxides being fastest for TB > TEMPO > TEMPOL.
The nitroxide content in SDS micelle is in accordance with the reaction kinetic, however,
Trolox is also able to reduce nitroxides in the aqueous phase and benefit from the reduction
opportunity also in the water phase. In addition, it was shown by Oehlke and colleagues
[2011] that SDS micellar solution stabilizes Trolox by prevention of its degradation into a
non antioxidative Trolox quinone. This degradation is favored in a non-polar environment;
however, unlike to CTAB and Brij58 interfaces, Trolox is solubilized in the Stern layer of
the SDS micelle which is much more polar than the palisade layer [Heins et al. 2007b] which
in turn would support the better antioxidative activity at the SDS interface.

Although PG did not reduce any nitroxides in homogenous buffer solution, in SDS micellar
solution PG was able to reduce all nitroxide radicals within 20 h but with different max-
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imum reduction capacities. TEMPOL was only slightly transformed into the EPR-silent
hydroxylamine, while TEMPO and TB were faster transformed due to their increasing con-
centration in the micellar phase (9 % > 46 % > 96 %, table 4.1) where 74 % of the PG was
associated with the SDS micelle. Thus, the micelles showed catalytic effects on the reaction
between the antioxidant and the radical due to their accumulation in the micellar phase of
both reactants [Heins et al. 2007a]. This is in line with the study by Aliaga [2008] showing
also a drastic increase of spin probe reduction in the presence of anionic and non-ionic
micelles.

Regarding the reaction between PG and TEMPO in different micellar solutions, different
reaction kinetics were found with the slowest reaction in Brij58 increasing to SDS and
CTAB micellar solution (figure 4.4b and table 4.6). However, this is not in accordance
to the partitioning of TEMPO into the three micellar phases with the same content of
TEMPO being solubilized in the SDS (46 %) and in the CTAB (42 %) micelles and to a
lower extent in the Brij58 micellar phase (33 %) (table 4.1). The highest concentration of
the antioxidant PG was found to be in CTAB with 99 %, followed by Brij58 with 90 % and
in SDS with 74 %. As TEMPO highly interacted with PG in the CTAB microenvironment
as indicated by a strong increase of 7. (table 4.5) and a reduction of ay (table 4.4), it may
be reasonable that not only the concentration of the reactants but also their close proximity
of the H-donating group of the antioxidant and the NO moiety is a crucial property that
governed the reaction kinetic in micelles.

In addition the CTAB micellar environment that is particularly dehydrated by the solu-
bilization of PG [Heins et al. 2006] which is indicated by very low ax values for TEMPO is
related to low formation of H-bonds around the NO moiety. This is due to the favored res-
onance structure I (figure 4.3) that in turn result in the spin density being localized on the
oxygen. Beckwidth and colleagues [1992] demonstrated that this scenario accelerated the
reactivity of the nitroxides since it is easier for the reactants such as radical or antioxidants
to react with the NO moiety when only few solvent (water) molecules has to be displaced
prior to nitroxide reaction.

Within 2 h Trolox and a-tocopherol reduced TEMPO much faster than PG did (figure 4.4¢
and table 4.6). Particularly the reduction of TEMPO by a-tocopherol in a SDS micellar
system is extremely fast and the reaction runs down to completion (table 4.6). Compar-
ing the half-lives of TEMPO in the presence of Trolox and a-tocopherol, a-tocopherol
reduced the TEMPO threefold faster than Trolox, which is in line with a threefold higher
content of a-tocopherol in the SDS micelle (table 4.1). Of course this is only true for
antioxidants showing the same hydrogen abstraction kinetic as it was the case for Trolox
(kH = 0.19 mol~'s™1) and «a -tocopherol (kH = 0.21 mol~!s~!) towards the TEMPO
prefluorescent probe in pure buffer solution at a pH of 7.0 [Aliaga et al. 2008]. Aliaga and
colleagues [2008] demonstrated a 20-fold lower hydrogen abstraction kinetic for gallic acid
(kH = 0.009 mol~! s~1) than for Trolox and a-tocopherol explaining the differences between
the antioxidative capacities between the propyl gallate ester and Trolox / a-tocopherol in

our study.
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Table 4.6: Antioxidative capacity of PG, Trolox and « -Tocopherol to reduce nitroxides in
different micellar solutions.

Rotational correlation time, ns

no antioxidant PG Trolox a-Tocopherol
mean *s.d. mean +s.d. mean +s.d. mean +s.d.

Buffer Solution 0.03 +0.006' 0.03 +0.002”' 0.03 +0.001' n.d.
TEmMpOL CTAB 0.07 £0.002™ 0.07 £0.002™ 0.08 £0.018™ 0.06 +0.000™
SDS 0.09 +0.019" 0.08 +0.001" 0.07 +0.016* 0.07 +0.019"
Brij 58 0.04 +0.003”' 0.04 +0.003"' 0.05 +0.017" 0.04 +0.003"'

Buffer Solution 0.02 +0.001' 0.02 +0.001*' 0.04 +0.037"' n.d.
TEmpo CTAB 0.24£0.095% 0590012 0.250.074%' 0.2140.111"
SDS 0.11 +0.027* 0.11 +0.027™ 0.12 +0.007" 0.13 +0.009"
Brij 58 0.06 +0.021"' 0.06 +0.014”' 0.06 +0.008"' 0.04 +0.008"'

Buffer Solution 0.06 +0.003”' 0.06 +0.006' 0.06 +0.007”' n.d.
TEMPOL- cTAB 0.61+0.029% 0.58 +0.014% 0.63 +0.049°' 0.62 +0.020"
benzoate gpg 0.42 +0.004' 0.43 +0.004°' 0.41+0.028" 0.51+0.060%"
Brij 58 0.18 +0.038" 0.21 #0.004" 0.36 +0.062"" 0.26 +0.080™"

n.d.: Not detectable due to low solubility in water.

=4 Emulsifier effect: Values of one column with different letters indicate statistically significant differences (n=3, p<0.05,
Bonferroni)

"' Antioxidant effect: Values of one row with different roman numbers indicate statistically significant differences (n=3,
p<0.05, Bonferroni)

Since this study is done at pH = 5.0 a slightly higher hydrogen abstraction kinetic is
estimated. With the exception of the SDS interface, a complete reduction of nitroxide
content was mostly not the case in the combination with other emulsifiers investigated. In
addition, all antioxidants showed best antioxidative capacity in the SDS micellar solutions
where the best reduction capacities was found with TEMPO. The better reduction of e.g.
TEMPO by antioxidants in the SDS interface relative to the CTAB interface concerning
equal TEMPO content and alignment of the NO moiety in both micellar phases may be

due to two scenarios.

I) As we observed in our previous study using PFG-NMR for determination of self-
diffusion rates (chapter 3), hydroxylamines partitioned faster into the SDS than into the
CTAB micelle. This might indicate that TEMPO quickly diffuse into the SDS Stern layer
being reduced to the corresponding hydroxylamine by the antioxidants present and could
afterwards be exchanged with nitroxide radical solubilized in the aqueous phase. Pyter and
colleagues [1982] measured also somewhat higher distribution coefficients of the nitroxide
TEMPO from the aqueous phase into the interface of SDS and other anionic micelles than
into the cationic CTAC micelle. This is also in line with the work of Bigati and colleagues
[2002] showing that the entrance kinetic of dialkyl nitroxides into SDS micelles was very
close to being controlled by diffusion and found to be faster relative to cationic micelles,

which was also true for somewhat lower exit kinetics.
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IT) The antioxidant solubilization site in SDS micelles is the Stern layer, while in CTAB
micelles antioxidants are predominately solubilized in the palisade layer [Heins et al. 2007b;
Heins et al. 2006]. As Pyter and colleagues [1982] observed in addition a stabilizing effect
of the anionic surface on the NO moiety, it might be in optimal proximity and alighment
to react with antioxidants.

4.5 Conclusion

As a result of the solubilization properties, antioxidant efficiency towards stable nitroxides is
accelerated in nearly all combinations with emulsifiers compared with pure buffer solution.
Regardless of the nitroxide lipophilicity, the solubilization of all nitroxides within all micelles
is the same, adjacent to the headgroups close to the a- and 8-CH2 groups (palisade layer).
Although the proton relaxation of the emulsifier protons showed a strong influence of all
emulsifier protons, the strength of interactions depends on the nitroxide concentration.
TEMPO was reduced the fastest by all antioxidants compared with TEMPOL and TB
which may be due to a different alignment of the nitroxides. While TEMPO may align
with the NO moiety to the more hydrophilic part of the interface, TB (oxycarbonyl group)
and TEMPOL (hydroxyl group) have more hydrophilic groups that may be accommodated
in the hydrophilic region leading to a 180° rotation with the NO moiety incorporating in
the more nonpolar region of the palisade layer.

This is also supported by the observation that the reaction between the stable radicals,
particularly of TEMPO, and antioxidants are best at SDS interfaces which might be a
result of a quick diffusion of TEMPO into the SDS Stern layer being reduced to the cor-
responding hydroxylamine by the antioxidants present and could afterwards be exchanged
with nitroxide radical solubilized in the aqueous phase. As in addition it was postulated
that the anionic surface of SDS might stabilize the NO moiety of TEMPO it might be in
optimal proximity and alignment to react with antioxidants.

For food systems the result may indicate that the interfaces are good to accumulate the
radicals at one position. The relevance of the nitroxides orientation on the fast reduction
kinetic by antioxidants might lead to the conclusion that free lipid radicals may be also
differ in their solubilization site in food as a function of their specie and structural compo-

sition.
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5 Generation of alkyl- and alkoxyl-lipid radicals
in dispersed systems followed by their

reaction with nitroxides
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5.1 Abstract

The formation of lipid radicals was studied in dispersed systems by spin probing. The
reduction of stable nitroxide radicals with increasing lipophilicity by free lipid radicals
was monitored by electron paramagnetic resonance spectroscopy (EPR). Free lipid radicals
were formed by the thermal decay of methyl linoleate hydroperoxides (MeLOOH) and by
autoxidation of purified corn oil. In dispersed systems, the carbon-centered alkyl radicals
were detected due to the oxidation of the nitroxide TEMPO. However, the detection of
alkoxyl radicals with nitroxides is not appropriate as the reaction kinetic was too slow. The
reaction of TEMPOL-benzoate (TB) with alkyl radicals is slower than with TEMPO and
the hydrophilic TEMPOL was not, oxidized at all, showing that not only the partitioning and
solubilisation site but the orientation of the nitroxide is essential for the reaction with free
lipid radicals. Therefore, TEMPO showed great potential for an EPR based spin probing
technique to monitor the initiation of lipid oxidation in dispersed systems. This technique
offers the opportunity for fast measurements compared to the standardized methods to

monitor lipid oxidation.
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5.2 Introduction

Lipid oxidation is one major concern in food stability. The loss of nutritional value and
off-flavors caused by lipid oxidation is prevented by the addition of antioxidants. For the
right selection and dosage of these food additives it is important to know what happens
during the process of oxidation and where the reaction sites are. The three steps initiation,
propagation and termination are well known [Roman et al. 2012; Frankel 2005]. During
the initiation step primary lipid radicals in form of alkyl radicals (L-) are formed from
autoxidative processes that are often accelerated due to food processing and storage time.
The process starts with the hemolytic fission of the lipid alkyl chain or as a consequence
from the attack of reactive oxygen species, which are able to abstract hydrogen (H-) from
the alkyl chain (LH).

LH——1L-+H- (5.1)

These chemical processes require energy, which can be supplied by heat, electromagnetic
radiation, redox reactions, etc. During the propagation step the unstable alkyl radicals
react with oxygen producing alkyl peroxyl radicals (LOO-). After hydrogen abstraction
from another alkyl chain the hydroperoxides (LOOH) are formed next to another alkyl
radical.

L. +0, — LOO- (5.2)
LOO- +LH —» LOOH + L- (5.3)

The decomposition of hydroperoxide leads to hydroxyl (-OH) and alkoxyl radicals (L.O-).
The formed alkoxyl radicals can react with alkyl chains producing alkyl radicals and alcohol
(LOH). The decomposition of preexistent lipid hydroperoxides can also start the autoxida-
tion process [Cimato et al. 2004].

LOOH — LO- + -OH (5.4)
LO- +LH — L. + LOH (5.5)

Food matrices are often based on systems like emulsions, where the interfaces play an im-
portant role, as many reactions are located there [Mosca et al. 2013; Heins et al. 2007a,
2007b]. The emulsifiers form the micelles and surround the lipid core in oil-in-water emul-
sions. As the oxidation products have an increased hydrophilicity compared to the lipids
they emerge towards the interface [Mosca et al. 2013]. There are different methods to
monitor lipid oxidation [Serfert et al. 2009; Chan and Levett 1977; Velasco et al. 2004;
Bauer et al. 2013; Yoshida et al. 2003a, 2003b; Fortier et al. 2009; Frankel et al. 1989;
Tikekar et al. 2011]. The formation of hydroperoxides as an early lipid oxidation step can
be monitored by their increase [Chan and Levett 1977]. The measurement of secondary
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oxidation product hexanal by headspace chromatography is a well-established method to
measure the lipid oxidation [Frankel et al. 1989; Serfert et al. 2009]. Fluorescent probes
are often used to monitor oxidative stress [Yoshida et al. 2003b]. The emergence of hy-
droxyl radicals that arise from degradation of hydroperoxides [Fortier et al. 2009] as well
as peroxyl radicals [Tikekar and Nitin 2012] can be followed. Apart from other options the
Rancimat method, the differential scanning calometry and the ferric thiocyanate method
[Bauer et al. 2013; Velasco et al. 2004] are used.

The detection of radicals by EPR spectroscopy is considered to be the preferred method
|[Hawkins and Davies 2013] and provides a variety of techniques for the detection of radicals.
Apart from the direct measurement the use of radical scavengers is favored for the detection
of short living radicals. Spin traps are one kind of radical scavenging molecules and react
with radicals and form a stable radical product [Buettner 1987]. Furthermore, the nitroxides
reduced to the corresponding hydroxylamine, are used in the spin scavenging technique.

TEMPO
2) b) o % N Nﬂ
OH 0 .0
2e’/H*
+ B
N —— N
) \ ) 5 o
0 O oxoammonium ion TEMPOH

Figure 5.1: Paramagnetic nitroxides TEMPO (a), TEMPOL (b), TB (c) (left) and Intercon-
version of TEMPO (nitroxide), TEMPO-H (hydroxylamine) and oxoammonuim
ion (right).

The spin probes in form of paramagnetic nitroxides (figure 5.1) can be used to monitor
lipid oxidation at the very beginning of the autoxidation process on the molecular level as
they react with lipid radicals (Soule 2007, Voest 1993, Cimato 2004, Hawkins and Davies
2013). The nitroxides are reduced to hydroxylamines which are EPR silent. Therefore the
signal intensity decreases caused by the reaction with generated free radicals. The local-
ization of TEMPO and TEMPOL in the interface were studied by Almeida and colleagues
[1998]. They propose that both nitroxides have an equal solubilization site, but differ in the
radical orientation. TEMPO preferentially reacts with alkyl radicals and not with peroxyl
radicals, while TEMPOL reacts with peroxyl radicals, but too slow to be relevant [Samuni
et al. 2000; Amorati et al. 2010]. With the spin probe 5-doxyl stearic acids it is possible
to calculate rate constants for the autoxidation steps [Roman et al. 2012].

The aim of this study is to localize the free lipid radicals generated by a) autoxidation in
emulsions with corn oil and b) thermal decomposition of MeLOOH in swollen micelles with
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different emulsifiers. The nitroxides TEMPOL, TEMPO and TEMPOL-benzoate (TB)
were used as stable radicals with increasing lipophilicity. Anionic SDS, cationic CTAB and
non-ionic Brij58 as emulsifiers give a variety of interfaces showing that different reaction

environments play a significant role in radical scavenging.

5.3 Materials and Methods

5.3.1 Chemicals

SDS (sodium dodecyl sulfate, >99 %), sodium acetate (>99 %, anhydrous), silica gel (0.06-
0.2 mm), acetic acid, n-hexane and methanol were obtained from Carl Roth, Germany.
Boron trifluoride-methanol complex was obtained from Merck, Germany. Aluminum oxide,
Brij58, CTAB (cetyl trimethyl ammonium bromide, >99 %), linoleic acid, TEMPO (2,2,6,6-
Tetramethyl-1-piperidinyloxy, free radical) TEMPOL (4-Hydroxy-2,2,6,6-tetramethylpiper-
idine 1-oxyl) and TEMPOL-benzoate (4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl ben-
zoate) were purchased from Sigma Aldrich, Germany. Chemicals were used without further
purification. Medium-chain-triglycerides (MCT) oil was obtained from Gustav Hees Oleo-
chemische Erzeugnisse GmbH, Germany. Corn oil was purchased at the local supermarket.

5.3.2 Preparation of MeLOOH

Linoleic acid was methylated with methanol in the presence of 10 % bortrifluoride. The
mixture was kept in a 105 °C heating block for 45 min until reaction was completed [Ichihara
and Fukubayashi 2010; DIN EN ISO 2011]. Methyl linoleate was washed in triplicate with
hexane-water [DIN EN ISO 2000]. The collected organic phase was filtered through sodium
sulfate and evaporated under reduced pressure (28 °C, 240 mbar). Residual solvent was
removed under nitrogen. Fatty acid esters were oxidized at 60 °C for 48 h in the dark
under atmosphere oxygen until maximum of hydroperoxides [Miyashita and Takagi 1986;
Kadowaki et al. 2012]. Hydroperoxides were purified with silica column chromatography
and eluted with hexane with increasing ether content [Gardner 1975]. Solvent of collected
hydroperoxide fractions was evaporated under reduced pressure. The residual solvent was
removed under nitrogen and the MeLOOH were kept at -20 °C in the dark under nitrogen
until use. Reaction progress was controlled by thin layer chromatography according to
Palgunow and coworkers [2012].

5.3.3 Preparation of emulsions

Commercial corn oil was chromatographically purified on an aluminum oxide column and
eluted with hexane according to Lampi and Kamal-Eldin (1998). Hexane was evaporated
under reduced pressure. The oil was stored under nitrogen at -20 °C until use. The absence
of tocopherols was proved according to DFG-FII 4a method. MCT oil were used as a

control.
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The o/w emulsions consisted of 10 wt% purified corn oil in acetic acid buffer solution (0.05
M, pH 5.0) with 1 wt% emulsifier. Unless otherwise stated, nitroxide concentration was
1 mmol. For EPR measurements batches of 5 ml were prepared. 0.5 g oil was weighted
into plastic sample tubes followed by 2 ml emulsifier solution (2.5 wt%). Stock solutions
of nitroxides TEMPO and TEMPOL in buffer solutions were added and the pre-emulsion
was formed by shaking. For TB a stock solution of nitroxide in ether was transferred to
the sample tube on ice. The solvent was evaporated under nitrogen and the re-crystallized
nitroxide remained in the sample tube for the emulsion preparation as described above. The
pre-emulsion was sonicated for 180 s (cycle 9, 40 % power, Bandelin sonoplus HD 2200).
After 30 s the remaining buffer solution was added stepwise within 30 s.

5.3.4 Preparation of swollen micelles

The swollen micelles consisted of 1 mmol purified MeLOOH in acetic acid buffer solution
(0.005 M, pH 5.0) with 1 wt% emulsifier. The nitroxide concentration was 1 mmol.

For EPR measurements batches of 5 ml were prepared. 2.2 mg MeLOOH were weighted
into plastic sample tubes followed by 2 ml emulsifier solution (2.5 wt%). The pre-emulsion
was sonicated for 2 s (cycle 9, 40 % power, Bandelin sonoplus HD 2200), 3 ml buffer solution
were added and sonication applied for another 2 s. Stock solution of nitroxides TEMPO
and TEMPOL in buffer were added and the pre-emulsion was formed by shaking. For TB
stock solution of nitroxide in ether was transferred to the sample tube on ice. The solvent
was evaporated under nitrogen and the re-crystallized nitroxides were covered with 1 wt%

emulsifier solution and mixed in an ultrasonic bath.

5.3.5 Reduction of nitroxides by lipid radicals
5.3.5.1 Decay products of MeLOOH

The decay of MeLOOH in swollen micelles was carried out at 100 °C a heating block.
The reaction of nitroxides towards the decay products was measured by EPR. Samples of
MeLOOH in micellar solution were taken after defined time points. The nitroxide stock
solution was added and the mixture incubated at 60 °C for 30 minutes in a water bath.
Prior to the mixing the stock solution of TB was heated up to 60 °C to ensure that TB is
completely dissolved. Samples were collected and the EPR measurement started after 60 s.

Experiments were carried out in triplicate.

5.3.5.2 Lipid oxidation products

Lipid oxidation was indirectly measured by the decrease of nitroxide concentration due to
the oxidation with lipid radicals. Due to the heat treatment during sonication oxidation time
was started already with the sonication step. Afterwards the emulsions with temperature of
60 — 65 °C were immediately transferred in reaction caps and into the water bath. Samples

93



5 Lipid Oxidation

were collected at different time points of incubation and the measurement started after 60 s.

Experiments were carried out in triplicate.

5.3.6 Photometric measurement of hydroperoxides

MeLOOH concentration cMeLOOH [mmol/kg oil] was calculated using the extinction co-
efficient € = 0.26 [Chan and Levett 1977]:

E-d

€-w

CMeLOOH = (5.6)

where E is the extinction at 234 nm, d the calculated dilution factor and w is the weighted
sample. The samples were diluted in isopropanol for photometrical measurements (Beck-
mann Coulter, Krefeld, Germany). Experiments were carried out in triplicate.

5.3.7 EPR measurements

EPR measurements of nitroxides were carried out on a Bruker Elexys II E500 X-band
spectrometer with a microwave frequency of 9.85 GHz. EPR settings were as followed:
modulation frequency: 100 kHz; modulation amplitude: 1.2 G; sweep width: 66.7 G; center
field: 3510 G and microwave power: 0.2 mW. The degradation of the EPR-active form of
nitroxides was calculated by the relative decrease of spin concentration. Experiments were
carried out in triplicate. Double integration of the complete spectrum was calculated to give

the unreacted nitroxide content. The measurements were carried out at room temperature.

5.4 Results and discussion

5.4.1 Influence of nitroxide concentration and heat stability

To exclude concentration effects the nitroxide TEMPO was used in a concentration range
from 0.1 mmol to 2.0 mmol in SDS emulsions with 10 wt% corn oil. After autoxidation for
240 min there is no difference in the decrease of total TEMPO at varying concentrations
(figure 5.2).

The decrease to 50 % from the initial nitroxides content was equivalent for all TEMPO
concentrations used. For TEMPOL and TB the concentrations 0.25 mmol and 2 mmol were
monitored revealing also a decrease of nitroxide content independently from the nitroxide
concentration used. The data in figure 5.2 showed that the concentration of TEMPO had
no effect on the radical scavenging. This is in agreement with a study from Voest and
colleagues [1993], who investigated that even at low concentrations (0.05 mmol to 5 mmol)
of TEMPO the nitroxide has an inhibitory effect on a hydroxyl radical assay. We tested
the heat stability of nitroxides in emulsions at 60 °C (figure 5.3a) and micellar solutions
at 100 °C (figure 5.3b) as they were used in the experiments. In micellar solution of SDS
at 100 °C TEMPOL and TB remained stable while TEMPO decomposed within 120 min.
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Figure 5.2: Degradation of TEMPO in emulsions with 10 wt% corn-oil in 1 wt% SDS at
60 °C for 4 h with concentrations of 0.1 mmol, 0.25 mmol, 0.5 mmol, 0.75 mmol,
1.0 mmol and 2 mmol TEMPO.

The decay of TEMPO and the other nitroxides in emulsions at 60 °C is negligible with only
3 % to 7 % depending on the emulsifier. This leads to the conclusion, that the pH value of
5.0 and temperatures of 60 °C do not interfere with the equilibrium between nitroxide and
hydroxylamine (figure 5.1) and that there are no decomposition reactions of the nitroxide
under this condition.
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Figure 5.3: Stability of nitroxides during heat exposure: a) TEMPO in emulsions with 10
wt% corn oil and 1 wt% emulsifier (CTAB, Brij58, SDS) at 60 °C for 240 min,
b) TEMPOL, TEMPO, TB in micelles of SDS (1 wt%) at 100 °C for 240 min.

TEMPOL and TB are stabilized by additional functional group in position 4. The decay
of nitroxides at high temperatures in acid media was studied by few working groups [Nilsen
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and Braslau 2006; Ciriano et al. 1999; Ma et al. 2011; Murayama and Yoshioka 1969)].
TEMPO is known to be stable up to temperatures of more than 150 °C in solvents without
H-donating capacities. In the presents of H-donators they are reduced to their corresponding
hydroxylamine and amines above 107 °C. Furthermore an acid-catalyzed mechanism for
TEMPO deoxygenating is proposed [Ciriano et al. 1999]. Ma and colleagues [2011] followed
the disproportionation of TEMPO in sulphuric acid solution at 80 °C. They could only
recover 60 % of TEMPO from the equilibrium with the hydroxylamine TEMPOH (figure
4.1) and analyzed the decomposition pathway. In acidic medium a disproportionation
towards TEMPOH and oxoammonium salt occurs. They proposed that a ring-opening of
oxoammonium salt at high temperatures leading to a carbocation and further reactions
including dimerization products, NoO und CO2 [Ma et al. 2011].

It was suggested that the carbonyl group of 4-oxo-TEMPO increases the reaction ability
of the 3- and 5-hydrogen atoms, which leads to a self-reaction to the corresponding hydrox-
ylamine and a nitroso compound at 110 °C [Murayama and Yoshioka 1969]. Nilsen and
Braslau [2006] suggested the oxidation of the enol form of the hydroxylamine to a radi-
cal cation via single electron transfer with a subsequent dimerization. As these reactions
depend on the keto-enol tautomerism the nitroxide TEMPO would not be concerned. Ya-
masaki and colleagues [2011] studied the stability with tetramethyl-substituted nitroxides
such as TEMPOL, TEMPO and TB which are less stable than tetraethyl-substituted ones.
They mentioned the recovery of lipid derived radical adducts with tetraethyl-substituted
nitroxides after heating at 100 °C and confirmed their observation by LC/MS.

5.4.2 Reactions of nitroxides with lipid radicals from

decomposition of MeLOOH

The decomposition of MeLOOH was determined photometrically (figure 5.4). In SDS mi-
celles (figure 5.4a) the decomposition to around 20 % was reached within 120 min in the
absence of any nitroxides as well as in the presence of TEMPOL and TEMPO. Samples with
TB showed a reduced decay to only 55 %. In Brij58 micelles (figure 5.4b) the MeLOOH
decreased to 10 % in the control, while the presence of all nitroxides inhibited the decay of
MeLOOH. In the control as well as in the presence of TEMPO and TEMPOL, MeLOOH
in CTAB micelles (figure 5.4c) decomposed to 40 % while the presence of TB induced a
decrease to 70 %. The decomposition of MeLOOH is independent of the type of emulsifier
as all control samples showed a decreasing content.

The decomposition of MeLOOH in CTAB micelles is slower than in SDS and Brij58 mi-
celles. In both ionic micellar solutions TB enhanced the decay of MeLOOH to around 30 %
relative to the control and the nitroxides TEMPOL and TEMPO. The location of the ni-
troxides is a possible reason for the inhibition. TEMPOL is mainly solubilized in the bulk
water phase (chapter 3) and therefore not in the direct environment of the MeLOOH. As
shown above (figure 5.3b) TEMPO is not stable at 100 °C and the antioxidative effect is
unclear. The lipophilic TB is located in the micellar structure to a high content. Hence,
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it is most likely that the direct proximity of TB to MeLOOH can inhibit the decomposition.
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Figure 5.4: Decomposition of 1 mmol MeLOOH in swollen micelles of 1 % SDS (a), Brij58
(b) and CTAB (c) at 100 °C for 240 min in the presence of TEMPOL, TEMPO
and TB and in the absence of nitroxides (control) measured by photometry.

For the decomposition of MeLOOH a temperature of 100 °C was chosen regarding to
the findings of Roman and colleagues [2012]. They studied the decomposition of hydroper-
oxides in edible oil with 5-doxlystearic acid. A temperature around 100 °C promotes the
degradation of hydroperoxides by breaking the O-O bonds (equation (5.4). Not only the
presence of nitroxides but the surface charge of the droplets influences the decomposition
due to electrostatic interaction with metal ion traces. These effects were shown when emul-
sions stabilized with SDS oxidized more than emulsions with Tween20, Brij35 and DTAB
[Mancuso et al. 1999]. The accelerated oxidation in SDS emulsions is in agreement with
our findings however it contrasted to the inhibition of lipid oxidation in Brij58 emulsions.
Nuchi and colleagues [2002] revealed that MeLOOH are surface active, reducing the inter-
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facial tension and being protected from oxidation by large surfactants such as Brij76. This
is in contrast to our results, as Brij58 did not decrease the decomposition of MeLOOH. The
decreased decomposition of MeLOOH in CTAB can be due to the positively charged surface
which would repel traces of metal ions that might support the heat-induced decomposition
[Boon et al. 2008].

Although MeLOOH decomposed the emerging radicals could not be detected. Reaction
of nitroxides with decay products of MeLOOH was measured by EPR (figure 5.5). All
nitroxides showed no significant reduction due to high standard deviations. In swollen mi-
celles of Brij58 a decrease of TEMPOL after 60 min reaction time was shown (figure 5.5a).
Another trend could be deduced in SDS micelles showing slight increasing reduction from
TEMPO to TB after 120 min of reaction time (figure 5.5b).
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Figure 5.5: Reaction of TEMPOL (light), TEMPO (dotted) and TB (dark) with radicals
from the decomposition of 1 mmol MeLOOH in swollen micelles of 1 wt% CTAB,
Brij58 and SDS after 60 min (a) and 120 min (b) at 100 °C.

It has to be noticed, that the decrease of the nitroxide result from the reaction with
radicals that are present at the point of time when the nitroxide was added and additional
radicals that were generated during incubation time. The decomposition of MeLOOH
leads to the formation of alkoxyl radicals (eq.4). The detection of alkoxyl radicals with
the nitroxides in swollen micelles was not possible in the systems used. The reaction of
nitroxides towards the alkoxyl radicals, as the first decay product from MeLOOH, was
carried out according to most spin trapping experiments [Sorensen et al. 2008]. Due to the
inhibition of MeLOOH decomposition by TB and in the presence of Brij58 by all nitroxides
(figure 5.4) as well as to the instability of TEMPO at 100 °C (figure 5.3b) a subsequent
addition of nitroxides is needed. Control measurements with TEMPOL in SDS and CTAB
micelles at 100 °C were carried out (data not shown) and the results confirm that there is

no reduction of nitroxides.

Nitroxide radicals react readily with carbon-centered radicals and slowly with oxygen-
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centered lipid radicals [Samuni et al. 1997; Samuni et al. 2000; Cimato et al. 2004;
Frankel et al. 1989]. The rate constant for TEMPOL, like other nitroxides, with oxygen-
centered radicals is 103 to 10* mol~!s~! while it is 108 to 10° mol~!s~! with carbon-
centered radicals [Amorati et al. 2010; Lalevée et al. 2008; Sobek et al. 2001]. Pattison
and colleagues [2012] studied the adducts of protein derived radicals with TEMPO with a
subsequent mass spectroscopic analysis. They postulated that only carbon-centered species
can be studied as the unstable adducts from alkoxyl, peroxyl and hydroxyl radicals are not
readily detected.

Many authors declared that oxygen centered radicals undergo a cyclisation to carbon
centered epoxyallylic radicals and other rearrangements leading to carbon centered radicals
[Brandicourt et al. 2015; Koshiishi et al. 2005; Wilcox and Marnett 1993]. In contrast,
Amorati and colleagues [2010] proposed that nitroxides can react with peroxyl radicals
under acidic conditions, because the nitroxide is in equilibrium with a protonated form
where the radical is located on the nitrogen. The hydrogen atom is then transferred to the
peroxyl radical resulting in a hydroperoxide and an oxoammonium cation. However, in the
system used no detectable amounts of radicals were trapped by nitroxides, although the
MeLOOH decomposed by heat induction.

5.4.3 Reaction of nitroxides with lipid radicals from autoxidation

of corn oil

The degradation of nitroxides by the reaction with lipid radicals arising from the autox-
idation of purified corn oil is shown in figure 5.6. The first step of lipid oxidation is the
formation of alkyl radicals (eq.1). The reaction of TEMPO in SDS emulsions was the high-
est where the alkyl radicals oxidized 43 % from the nitroxide within 240 min (figure 5.6b).
The content of TB decreased to 71 % in SDS emulsions. For both nitroxides, TEMPO (fig-
ure 5.6b) and TB (figure 5.6c), the decrease in Brij58 and CTAB emulsions was significantly
lower than in SDS emulsions. TEMPO content was 80 % and content for TB was between
85 % and 88 %. TEMPOL is not affected by degradation reactions in all emulsifiers used
(figure 5.6a).

The hydrophilic TEMPOL and lipid radicals did not react as only a small content of
TEMPOL is solubilized in the micellar phases were the radicals emerge, which is in good
agreement with our previous work. We determined the partitioning of TEMPOL to be 10 %
in the micellar phase (chapter 3). TB is almost entirely solubilized in the membrane whereas
the reaction toward radicals is in between TEMPOL and TEMPO. We conclude that the
NO moiety of TB is directed towards the inner core of the micelle and the oxycarbonyl
group is orientated towards the aqueous phase.
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Figure 5.6: Degradation of nitroxides (1 mmol) in emulsions with 10 wt% corn oil in 1 wt%
CTAB, Brij58 and SDS at 60 °C for 240 min, a) TEMPOL, b) TEMPO and c)
TB.

TEMPO is partially located at the interface (60-70 %) and reacts with lipid radicals de-
pending on the emulsifier. Almeida and colleagues [1998] showed that the binding constants
for TEMPO towards pyrene in micellar solution of cationic CTAC, anionic SDS, zwitter-
ionic N- hexadecyl-N,N-dimethyl 3-ammonio-1-propanesulfonate and non-ionic octyl phe-
noxy polyethoxy ethanol is higher than for TEMPOL. They also found differences between
charged and uncharged micelles which is in good agreement with our results, as the reaction
is accelerated in anionic SDS micelles and slower in CTAB and Brij58. They proposed that
the orientation of the proportion of TEMPO located in the interface is directed with the
nitroxide group towards the polar head group region while the hydroxyl group of TEMPOL
reaches out to the polar head group region and the NO moiety of TEMPOL is directed
toward the inner core [Almeida 1998].

In our previous work we determined the different proportions of individual populations
in emulsions (chapter 3). We calculated that the TEMPO populations solubilized in the
aqueous phase as well as two populations solubilized in the micellar phase are of the same
magnitude in all micellar solutions. Therefore the reactivity of TEMPO towards radicals is
influenced by the emulsifier and not by the proportion of nitroxide located at the interface.
We conducted NMR diffusion measurements and showed that diffusion in SDS micellar
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solution is faster than in Brij58 and CTAB micelles (chapter 3).

Concerning the lipid oxidation results, we measured an accelerated oxidation of the ni-
troxides TEMPO and TB in SDS emulsions (figure 5.6) and we concluded that there is a
correlation between diffusion rate and oxidative stability apart from the influence of the
emulsifier charge. The influence of emulsifiers, and therein the interface, towards the oxida-
tive stability was also studied by Mosca and colleagues [2013]. They showed that a mixture
of emulsifier with Tween80 and Span80 inhibits lipid oxidation better than other mixtures
with Tween and Span of other chain length. They proposed that the physical barrier to-
wards the entrance of pro-oxidants coming from the water phase is more resistant when
the oil phase and emulsifier chain are compatible. Other findings in the literature reveal
that the initiation of lipid oxidation occurs at the droplet interface [Coupland et al. 1996],
which is in good agreement with our results concerning the location of TEMPO. Further
they proposed that the concentration of the oxidable substrate at the interface depends
on its surface activity [Coupland et al. 1996]. The importance of the close proximity of
radical and antioxidant was also shown by Heins and colleagues [2007a] who investigated
the depth of intercalation in the interface for galvinoxyl and fremy’s radical compared to
gallate esters in SDS, Brij and CTAB dispersed systems.

In our study we demonstrated, that the spin probe TEMPO is suitable to detect radicals
from autoxidation of corn oil in emulsion. The lipid radicals reduced the TEMPO content
to 50 % of the initial content within 4 h. This is in agreement with a study from Cimato
and colleagues [2004] who monitored the peroxidation of liposomes at 37 °C by measuring
conjugated dienes and TBARS. They used TEMPO and different doxlystearic acids to
protect the liposomes from oxidative stress as they react with carbon-centered radicals and
monitored the EPR signal intensity which was reduced to 40 % after 70 h. They also showed
that there was no correlation between the lipid-water partition coefficient and the inhibition
of peroxidation. During lipid oxidation the content of nitroxides was constantly reduced.
However, it is most likely that the oxidized form did not interfere with the partitioning
or further reactions with lipid radicals. Glandut and colleagues [2006] investigated the
TEMPO/TEMPO™ redox couple and showed that TEMPO™ did not partition into the
water/air interface. This might also be true for the water/oil interface.

Our results show, that not only the proportion of nitroxide in the interface is important
to inhibit lipid oxidation, but the orientation and therefore the proximity of the nitroxide
towards the radical. The partitioning increases with increasing lipophilicity. However,
the reactivity towards lipid radicals does not increase in the same manner. This is in
agreement with findings from Yamasaki and colleagues [2011]. They synthesized alkyl
chains with increasing length on the second position of TEMPO and used the nitroxides as
an antioxidant to inhibit lipid peroxidation. They found out that not only the lipophilicity,
but steric factors influence their activity. Therefore, mono-alkyl substituted nitroxides are
more efficient than di-alkyl-substituted nitroxides with the same partitioning coefficient and
the same amount of substituted alkyl groups.
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5.5 Conclusion

The EPR spin probe technique is a good opportunity to monitor lipid oxidation in the
early stage. The nitroxide TEMPO is oxidized by alkyl radicals in micellar solution of
different emulsifiers. It should be noted, that the storage temperature must be appropriate,
so that the heat induced decay can be excluded. The monitoring of alkoxyl radicals is
not suitable for nitroxides as the reaction between alkoxyl radicals and nitroxides is too
slow. However, the hydrophilic TEMPOL turned out to be less appropriate in dispersed
systems investigated since they were not solubilized in the same phase as the generating
lipophilic alkyl radicals. Although TB shows a moderate reaction towards alkyl radicals,
it might suffer from its hindered tumbling in the micellar phase that might be responsible
for a lower reaction kinetic towards free radicals relative to TEMPO. We conclude that the
distinct location and orientation of the nitroxide in the interface is the prerequisite for the
reaction with lipid alkyl radicals.
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6 General discussion

To accomplish the aim of this study, the behavior of free lipid radicals in the presence
of interfacial structures was investigated by various EPR and NMR experiments. As food
matrices are complex systems, model emulsions and micellar solutions of SDS, CTAB, Brij58
and Tween20 were used. The short half-lives of free lipid radicals required spin scavenger
for detection of these radicals [Hawkins and Davies 2013]. Therefore, studies on radical
behavior at interfaces were carried out with spin traps and spin probes. A systematical
characterization of the spin probe properties in dispersed systems was required for deduction
of the reaction behavior of free lipid radicals in dispersed food model systems.

6.1 Spin Scavenging

Spin traps are one kind of radical scavenging molecules which react with radicals by forma-
tion of a stable radical adduct [Buettner 1987]. The nitroxide hydroxylamine redox couples
are also used in the spin scavenging technique where the radicals oxidize the EPR active
nitroxide to EPR silent hydroxylamines [Hawkins and Davies 2013]. In dispersed systems
different combinations of hydrophilic and lipophilic radical generators and spin traps were
used in the presence and absence of linoleic acid (LA) to localize the origin of the generated
radicals. The addition reaction of a free radical to a spin trap leads to a stable radical
adduct that can be identified by its fingerprint hyperfine splitting [Bosnjakovic and Schlick
2006]. Therefore, a distinction between oxygen-centered and carbon-centered radicals is
possible [Guo et al. 2003].

Regardless of the radical initiator and emulsifier used, the spin trapping experiments
with DMPO showed a predominant generation of hydroxyl radicals (figure 2.3). The oxi-
dation of the aqueous continuous phase led to the exceeding formation of hydroxyl radical
adducts which superimposed the EPR spectra of other radical specie adducts (see 6.2).
The same was true for the lipophilic DMPO derivates OMPO and DBPMPO (figure 2.4)
synthesized by Stolze and colleagues [2000; 2002]. The lipophilic derivates were supposed
to be localized in the hydrophobic core of the micelles and therefore in direct proximity
to lipid radicals which should accelerate the reaction. However, the detection of hydroxyl
radical adducts was predominant due to the preferred formation of DMPO-hydroxyl radical
adducts [Dikalov and Mason 2001], the longer half-lives of oxygen-centered DMPO adducts
[Guo et al. 2003; Marriott et al. 1980] and enhanced rate constants for the hydroxyl addi-
tion [Janzen et al. 1992]|. Further distinction between the oxygen-centered radical adducts
is only possible by means of simulation [Qian et al. 2000] or other downstream analytical
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methods to identify the adduct structures. As the spin trapping of alkyl radicals, generated
from oxidation of LA, was possible in Tween20 micellar solutions, it was assumed that the
non-ionic headgroup promoted the distinct proximity of alkyl radical and spin trap (figure
2.3 and 2.4).

Owing to the incapability of the spin traps to trap the oxidized LA radicals in micellar
solution a DMPO derivate attached to a stearic acid (C17-DMPO) was synthesized (fig-
ure 2.1). Due to the structure it was supposed that stearic acid moiety aligned with the
membrane-like structure of the emulsifiers and therefore the NO moiety would be in proxim-
ity of lipid radicals. However, in dispersed systems it was not possible to detect any stable
adducts (figure 2.5). This might be due to a restricted motion of the spin trap and the
instability of the adducts as the C17-DMPO was without stabilizing methyl substituents in
a-position [Soule et al. 2007]. In chloroform as a solvent it was possible to detect DMSO
derived radicals; however it had a short half-life which made it impossible to determine the
partitioning behavior of free radicals in dispersed systems. For this reason further work was
focused on spin probes.

Spin probes are EPR active and due to the inter-conversion between nitroxide, hydroxyl-
amine and oxoammonium ion (figure 1.6) [Ma et al. 2011; Soule et al. 2007; Kishioka
et al. 2002] the reaction of nitroxides with lipid radicals and antioxidants leads to EPR
silent products. Lipid radicals oxidize the paramagnetic nitroxides to diamagnetic hydroxy-
lamines. Therefore, lipid oxidation can be monitored on molecular level [Soule 2007, Voest
1993, Cimato 2004]. The advantage of spin probes is their sensitivity to the microenviron-
ment as the motion of nitroxides is strongly influenced by the dynamics and local structure
of its surrounding such as fluidity, viscosity and polarity as well as the molecular struc-
ture next to the unpaired electron. Thus it is possible to determine the exact location of
the nitroxide and molecules in close proximity [Hawkins and Davies 2013; Weil and Bolton
2007; Hubbell et al. 2000; Kocherginsky and Swartz 1995]. The behavior of three nitroxides
with increasing lipophilicity TEMPOL, TEMPO and TEMPOL-benzoate (TB) was further
investigated in this study (6.3 and 6.4).

6.2 Generation of free lipid radicals

Lipid radicals were generated using different approaches. The Fenton reaction was used
to generate the small and highly reactive hydroxyl radicals. Azo-radical generators are
available in different lipophilicities and decompose into two radicals at elevated tempera-
tures. To imitate lipid radicals generated during the autoxidation process the heat-induced
decomposition of methyl linoleate hydroperoxides (MeLOOH) led to the formation of lipid
alkoxyl radicals while alkyl radicals were formed in the autoxidation process of oil-in-water
emulsions. Hydroxyl radicals from Fenton reaction oxidized LA in Tween20 micellar solu-
tions, but in other micellar solutions the oxidized LA radicals were not detectable. This
led to the conclusion that the hydroxyl radicals can penetrate into the interface of Tween20

micelles.
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However, in the presence of highly reactive free radicals such as hydroxyl radicals the spin
trapping results should be interpreted with caution [Janzen 2012](see 2.5.3). Janzen pointed
out, that Piette and colleagues predominantly trapped oxidation products from water and
organic Tris buffer compounds (unpublished data). The same was true using methanol as a
solvent [Bosnjakovic and Schlick 2006]. Stolze and colleagues [2000] revealed that the iron
ions from the Fenton reaction mix might attack the spin adducts which necessitates the
presence of chelators for prevention of the spin adducts.

A targeted generation of radicals was performed using the hydrophilic AAPH and the
lipophilic AIBN (see 2.4.1 and 2.4.2). It was assumed that they partition either in the aque-
ous phase (AAPH) or in the micellar phase (AIBN) which would result in radical generation
either in the continuous phase or in the interface. However, this concept did not succeeded
as only hydroxyl radicals were trapped. This implies that the azo-compounds immediately
oxidized the water of the continuous phase after their decomposition by which neither the
LA was oxidized and trapped nor the decomposition products of the azo-compounds could
be trapped (see 2.5.4).

Findings in the literature were contrary about the radical species generated with azo-
initiators [Krainev and Bigelow 1996; Mojumdar et al. 2004]. Mojumdar and colleagues
[2004] reported the generation of peroxyl radicals using azo-initiators such as AIBN, AMVN
and AAPH. Krainev and Bigelow [1996] investigated the differences of AAPH and AMVN,
where AAPH were found to produce alkoxyl radicals in aqueous media and AMVN decom-
posed to give peroxyl radicals.

In addition, the positively charged AAPH and the negatively charged SDS precipitated,
which was indirectly mentioned by Dai and colleagues [2009], but not noticed in other
literature findings [Mojumdar et al. 2004; Freyaldenhoven et al. 1998]. Fenton like reactions
as well as azo-compounds are widely used to initiate lipid oxidation. However, in dispersed
systems the LA was not entirely oxidized as assumed and the highly reactive hydroxyl
radicals dominated.

During the autoxidation steps hydroperoxides play an important role as they are formed
in the autoxidation process but also act as secondary initiators [Roman et al. 2012; Cimato
et al. 2004]. The heat induced decomposition of MeLOOH at 100 °C result in the for-
mation of alkoxyl and hydroxyl radicals by breaking the O-O bonds [Roman et al. 2012].
The decomposition of the MeLOOH was monitored photometrically (figure 5.4). In dis-
persed systems the MeLOOH decomposed within 120 min to 20 % of their initial content
in SDS and Brij58 and to 40 % in CTAB. The surface charge of the droplets influenced the
decomposition due to electrostatic interaction with metal ion traces. This is partially in
agreement with Mancuso and colleagues [1999] who determined an accelerated oxidation in
SDS emulsions compared with Tween20, Brij35 and DTAB. The positively charged surface
of CTAB repelled traces of metal ions that might support the heat-induced decomposition
[Boon et al. 2008|. Nuchi and colleagues [2002] showed that MeLOOH are surface active
as they reduced the interfacial tension. They also revealed that large surfactants such as
Brij76 protected the MeLOOH from oxidation, which is in contrast to our results, as Brij58
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did not decrease the decomposition of MeLOOH (figure 5.4).

Alkyl radicals are formed during the initiation step of lipid autoxidation [Roman et al.
2012; Frankel 2005]. The production of alkyl radicals in the autoxidation process of 10 wt%
purified corn oil emulsions at elevated temperatures was monitored by EPR. As the alkyl
radicals are not directly detectable spin probes were used. In this study, it was demonstrated
that the spin probe TEMPO is suitable to detect radicals from autoxidation of corn oil in
emulsion (see 5.4.3) which is in agreement with Cimato and colleagues [2004] who monitored
the peroxidation of liposomes at 37 °C using, amongst others, TEMPO as an antioxidant.

6.3 Solubilisation properties of nitroxide spin probes

The dynamics of the dispersed systems were determined by self-diffusion coefficients using
PFG-NMR. The corresponding hydroxylamines were used as this technique requires slowly
relaxing proton signals [Furtado et al. 2011]. The results indicated that the micellar solu-
tions were a highly dynamic system as shown by high diffusion rate constants in magnitude
of 10'1® m2s~!. Diffusion rates in buffer decreased to TEMPO >TEMPOL > TB with a
further decrease in micellar solutions to TEMPOL > TEMPO >/< TB (table 3.1). Self-
diffusion coefficients of nitroxides in SDS micellar solutions were considerately low; even
lower than SDS micelles indicating a great affinity of nitroxides toward the micelles. SDS
concentration used, was the 4-fold cmc so that a high amount of monomers is present. Other
authors determined the dynamics in SDS solution with high concentrations up to 8 wt%
[Vinogradova et al. 1998; Soderman et al. 2004; Aizawa et al. 1979]. However, Sédermann
and colleagues [2004] obtained decreasing self-diffusion coefficients for SDS micelles in D2O
at concentrations above 0.2 % and therefore they calculated a much higher cmc than in
acetic buffer. The self-diffusion coefficients for Brij58 and CTAB are in agreement with
literature [Dupont-Leclercq et al. 2007; Hanzhen et al. 1999].

To the best of our knowledge, literature about self-diffusion coefficients of nitroxides
determined by PFG-NMR was missing due to relaxation times of us for paramagnetic sub-
stances. Therefore other methods were chosen to compare the obtained results. Aizawa and
colleagues [1979] used EPR spin exchange interactions to determine self-diffusion coefficients
of 2¥1011m2s~1 for TB in SDS 4-7 wt% which disagreed with our results. Furtado and
colleagues [2011] determined the self-diffusion coefficient for TEMPO in homogenous aque-
ous solution with 6.7*10-1°m?2s~1 by paramagnetic relaxation enhancement (PRE) NMR
which is in same magnitude with 7.2%1071%m? s~! for TEMPO-H obtained in this study by
PFG-NMR. However, in dispersed systems the determination of self-diffusion coefficients
from small molecules by PFG-NMR is often used to study the incorporation of substances
and the dynamic of solubilizing environment [Dupont-Leclercq et al. 2007; Fischer et al.
2009; Kreilgaard et al. 2000].

The determination of the partitioning behavior of spin probes is essential to interpret
their reaction kinetics towards lipid radicals and antioxidants [Berton-Carabin et al. 2013a,
2013b]. The nitroxides TEMPOL, TEMPO and TEMPOL-benzoate (TB) were studied
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by UF, PFG-NMR and EPR deconvolution (EPRSIM-C)(see chapter 3). With increasing
lipophilicity the proportion of interfacial solubilized nitroxides increased in micellar solution
to TEMPOL > TEMPO > TB. TEMPOL is solubilized in the interface up to 15 % and
TB to 90-100 %. For TEMPO the variation is highest between 20-65 % depending on the
emulsifier and the method used (table 3.4). A further increase of the proportion solubilized
in the interface of emulsions was obtained due to an extended interfacial area, which was
the favored environment in dispersed systems [Heins et al. 2007a]. This was considerably
shown by EPRSIM-C for TEMPO with an increase from approximately 40 % to 80 % (table
3.5).

The partitioning results obtained for UF and EPR deconvolution were comparable (table
3.4 and 3.5), whereas high self-diffusion coefficients resulted in low nitroxide proportions
solubilized in the interfaces. It has to be considered, that the UF technique is an inva-
sive method while PFG-NMR and EPR represent non-invasive methods. The non-invasive
spectroscopic methods differ in the time scale of milliseconds to seconds for NMR. and
nanoseconds for EPR [Borbat 2001], which allows EPR to study the fast dynamics of para-
magnetic molecules. With UF and PFG-NMR equilibrium between two populations is
preconditioned which can be influenced by additional populations that cannot be further
characterized. Nevertheless, the UF method is a quick and easy method to determine the
partition behavior between aqueous and micellar phase for most applications [Oehlke et
al. 2008] and the obtained data for nitroxides were in agreement with the EPR results.
The corresponding hydroxylamines (reduced nitroxides) were used for PFG-NMR as this
technique is unsuitable for paramagnetic substances [Furtado et al. 2011]. However, the
obtained data were only comparable with the other methods to a limited extent and it was
not possible to determine the partitioning behavior in SDS micellar solutions.

EPR line shape deconvolution [Strancar et al. 2005] is the preferred method to determine
the partitioning of paramagnetic molecules in dispersed systems as different individual pop-
ulations can be distinguished and further characterized. The nitroxide EPR spectra consist
of several superimposed spectral components which were divided by deconvolution of the
experimental spectra (figure 3.2). In lipid based structures such as solid lipid nanoparticles
[Jores et al. 2003] and liposomes [Frenzel and Steffen-Heins 2014] the division into three
different domains revealed best fits. In the dispersed systems different biophysical models
were adopted [Strancar et al. 2005; Berliner 1976].

The first population was indicated by a low 7. < 0.03 ns and the hyperfine splitting
constants in range of ay = 17.2 - 16.8 G (table 3.1). The range of an depended on
the substituents of the nitroxide, which lowered an of TB and TEMPOL compared with
TEMPO [Windle 1981]. The rotational correlation time 7. describes the rate of motion of
the nitroxide as a function of its micro environment [Dejanovic et al. 2008], which was very
low for population 1 as it was solubilized in the bulk water phase. This is in agreement
with Ahlin and colleagues [2003] who found 7. = 0.04 ns for TEMPOL in the bulk water
phase of solid lipid nanoparticles. Concerning population 3, 7. > 0.1 ns and any < 16.5 G
were determined. Population 2 was set as concentrated nitroxide spin probes in an isotropic
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environment for ax > 16.5 which led to ay in the range of 16.5-16.8 G associated with a
reduced molecular motion indicated by 7. > 0.1 ns. The micro environmental polarity gave
two rough ranges of an: between 15 G < an < 16.5 G for the interface resembling a variety
of solvents with low to medium dielectric constants [Knauer and Napier 1976] and below ay
= 15 G for the oil phase as also found by Méider [2006] for TB in MCT oil. The obtained
data were in line with the observations of Jores and colleagues [2003] who determined values
for TB of ay = 17.2 G for the aqueous phase, ax = 16.5 - 16.8 G for high concentrated
nitroxides at the surface and axy = 15.1 - 15.8 G for the lipophilic environment in solid lipid
nanoparticles and emulsions. The third population revealed a much lower ax < 15 G and
T > 0.3 ns in emulsions compared to the micellar solutions indicating a solubilization in
the oil phase for all nitroxide-emulsifier combinations (table 3.3) [Jores et al. 2003].

The influence of antioxidants towards the microenvironment of the nitroxides was inves-
tigated by means of 7. and ayn values (table 4.4 and 4.5). In CTAB micellar solution 7.
obtained for TEMPO and TB were twice as high compared with SDS micellar solution
although their partitioning is equivalent. Concerning the presence of antioxidants 7. of
nitroxides in Brij58 micellar solution were the lowest which may be due to the bigger par-
ticle size of Brij58 relative to the ionic emulsifiers [Heins et al. 2006]. Although PG is
nearly complete solubilized in the CTAB micellar phase, it showed no influence on the 7. of
TEMPOL and TB, but significantly increased the 7. of TEMPO accompanied by a strong
reduction of ay (Tab. 4.4). This indicated a same solubilization site for PG and TEMPO
with might result in a displacement of TEMPO from the palisade layer deeper into the
micellar core leading to an increased sterically hindrance.

Apart from EPR, NMR T} relaxation times were used to determine the location of nitrox-
ides in dispersed systems according to Heins and colleagues [2007a]. The nitroxides caused
strong reduction of the 77 relaxation times for all emulsifier protons, which may be a result
of strong hydrogen-bonding interactions of the NO moiety [Pyter et al. 1982]. However, T}
relaxation times showed slightly stronger reduction at the a- and 5-CHjz groups of the alkyl
chains of all emulsifiers in the presence of nitroxides (figure 4.2), relatively to the nitroxide
proportion solubilized in the interface (table 4.3). Therefore, the estimated solubilization
site for the nitroxides is the palisade layer, which is in agreement with literature findings
[Almeida 1998; Oakes 1972]. With EPR deconvolution technique and NMR T4 relaxation
the location of nitroxides in dispersed systems can be determined.

6.4 Reactivity of spin probes towards antioxidants and free
lipid radicals

In dispersed systems the reaction kinetics are known to be accelerated if the reaction partic-
ipants are in close proximity to one another [Heins et al. 2007a]. As the nitroxides can react
with antioxidants and lipid radicals (figure 1.6) an accelerated reaction kinetic indicated an
equal solubilization site of lipid radials or antioxidants and the nitroxides.
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6.4.1 Alkyl radicals but not alkoxyl radicals are able to reduce
nitroxides

While the localization of the antioxidants were investigated by 73 relaxation times and
chemical shifts (table 4.1 and 4.2) [Heins et al. 2007a], the localization of lipid radicals
were indirectly obtained by their reaction towards nitroxides. To determine the reaction
kinetics between nitroxides and free lipid radicals, alkoxyl (figure 5.4) and alkyl (figure 5.6)
were produced.

As the generation of the free lipid radicals required elevated temperatures the stability of
the nitroxides was tested prior to radical detection. The nitroxides were stable at 60 °C,
but at temperatures of 100 °C, required for the decomposition of the MeLOOH, TEMPO
decomposed (figure 5.3). While TEMPOL and TB are stabilized due to their additional
functional group in position 4, the decay of TEMPO occurs at high temperatures in acidic
media with H-donating solvents [Ma et al. 2011; Ciriano et al. 1999]. In addition, the
nitroxides inhibited the decomposition of MeLOOH shown for TB in SDS and CTAB and
for all nitroxides in Brij58 (figure 5.4). Therefore, the nitroxides were added after heat-
treatment to detect alkoxyl radicals. However, no significant reduction of the nitroxide
content was obtained due to high standard deviations; only trends were shown for TEMPOL
in Brij58 and TEMPO and TB in SDS (figure 5.5). This might be due to the instability
of the adducts of the oxygen-centered radicals [Pattison et al. 2012] which preferentially
undergo further rearrangements [Brandicourt et al. 2015].

Several authors showed that the reaction of nitroxides with carbon-centered radicals, like
alkyl radicals, is accelerated towards the oxygen-centered radicals, such as alkoxyl radicals
[Kocherginsky and Swartz 1995; Amorati et al. 2010; Cimato et al. 2004]. Indeed, the
alkyl radicals oxidized the nitroxides and the reduced nitroxide content was followed over
the time. In all emulsions the nitroxides were oxidized by alkyl radicals increasing to
TEMPOL < TB < TEMPO (figure 5.6). The nitroxide concentration had no effect on the
spin scavenging ability (figure 5.2) which is in agreement with [Voest et al. 1993]. However,
the reaction of TEMPO with alkyl radicals was accelerated (see 6.4.2) and the emulsifier
influenced the reaction kinetic (see 6.4.3).

6.4.2 The alignment of the nitroxides NO moiety

Both, the reaction with antioxidants and lipid radicals showed an accelerated reaction of
TEMPO which is solubilized in the interface to a higher content than TEMPOL, but a lower
content than TB (figure 5.6 and table 4.6). This might be due to the different alignment
of the NO moiety of TEMPO that has no substituent compared with TB and TEMPOL
possessing polar substituents (see 4.4.1). The highest reaction rate of alkyl radicals was
determined with TEMPO in SDS emulsions where they oxidized 43 % of the TEMPO
content within 240 min (figure 5.6). The accelerated oxidation of TEMPO would therefore
be in agreement with Coupland and colleagues [1996] who revealed that the initiation of
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lipid oxidation occurs at the droplet interface. The strong reduction of TEMPO by the
antioxidant propyl gallate in CTAB was accompanied by a strong increase of 7. (table 4.5)
and a reduction of ay (table 4.4) indicating a close proximity of the reactants.

Therefore, not only the concentration of the reactants in the interface but the close
proximity of the H-donating group of the antioxidant and the NO moiety governed the
reaction kinetics. The enhanced reaction of lipophilic TB towards radicals and antioxidants
became particularly conspicuous with a-tocopherol, which is entirely solubilized in Brij58
and CTAB micelles. Apart from the proximity of the NO moiety towards antioxidants or
radicals, stearic factors of the nitroxide influence their reaction towards radicals [Yamasaki
et al. 2011], which might be true for TB where the benzene structure could be a hindrance.
Nevertheless, the orientation of TB might be most likely with the NO moiety into the
more nonpolar region whereas its oxycarbonyl group might aligne to the more hydrophilic
interface. Brigati and colleagues [2002] studied dialkyl niroxides with increasing chain length
and showed that ay values in the micellar phases of SDS, HTAB and CjpEg remained
approximately constant, while the aspg decreased significantly, indicating that the NO
moiety is deeply inside the micelle irrespective of the alkyl chain length. Furthermore, they
suggested that nitroxides with a polar hydroxyl group might not pass the micellar interface
and solubilize in the micellar phase due to possible reactions with head groups, counterions,
and hydration water at the surface. An alignment of the NO moiety of TEMPO to the more
hydrophilic part of the micelle may result in formation of H-bondings [Pyter et al. 1982;
Shenderovich et al. 1997] Studies of Ramachandran and colleagues [1982] even assumed
a predominant solubilization of TEMPO in the interface region with the NO moiety in
contact with water, which is in line with Almeida and colleagues [1998].

These findings imply, that not only the distinct location, but the orientation of the
molecules is the prerequisite for a high reaction kinetic.

6.4.3 The SDS interface accelerated the nitroxides reactions

Comparing the reaction kinetic of TEMPO in SDS and CTAB micellar solutions, TEMPO
was faster oxidized by alkyl radicals (chapter 5) or reduced by antioxidants (chapter 4) in
the SDS micellar interface, although the content and the alignment of its NO moiety were
equivalent. It could be reasonable that TEMPO partitioned faster into SDS micelles than
into CTAB micelle as the self-diffusion coefficients showed higher diffusion for TEMPO in
SDS (table 3.1), which is in agreement with literature [Brigati et al. 2002; Pyter et al.
1982]. The highest reaction rate of alkyl radicals towards nitroxides was determined in SDS
emulsions (figure 5.6).

Furthermore, the surface charge of the droplets influenced the decomposition of MeLOOH
(figure 5.3) most likely due to electrostatic interaction with metal ion traces [Boon et al.
2008; Mancuso et al. 1999]. Almeida and colleagues [1998] found differences between
charged and uncharged micelles concerning binding constants for TEMPO and TEMPOL
towards pyrene in different micellar solutions.
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Another effect of SDS is the solubilisation site of the antioxidants that were solubilized
in the SDS Stern layer, while in CTAB micelles antioxidants are predominately solubilized
in the palisade layer [Heins et al. 2006, 2007b]. Trolox was solubilized in the SDS micelles
to only 38 % (table 4.1), but showed great potential in reducing all nitroxides being fastest
for TB > TEMPO > TEMPOL. Oehlke and colleagues [2011] showed that SDS micellar
solutions stabilized Trolox by preventing its degradation. A stabilizing effect of the anionic
surface on the NO moiety was observed by Pyter and colleagues [1982] indicating an optimal
proximity and alignment of TEMPO to react with antioxidants.

6.5 Concluding remarks and Outlook

The results of this thesis show that the detection of free lipid radicals is possible by means
of EPR spin probing technique. Prior to the detection of the free lipid radicals it was
necessary to determine the partitioning of the spin scavengers in dispersed systems. It
was shown that not only the partitioning but the distinct location determines the reaction
kinetics towards the free lipid radicals. Nevertheless, further investigations would obtain
information to open questions.

The use of spin traps was not suitable to detect lipid radicals. However, the lipid au-
toxidation experiments with spin probes showed that alkyl radicals were produced (figure
5.6). As the radical initiators led to a preferred oxidation of the continuous water phase this
problem could be solved by renouncement of initiators. Furthermore, the line shape analysis
(chapter 3) revealed good results by deconvolution experimental spectra of the nitroxides.
This might also be true for the identification of oxygen-centered spin trap adducts, if this
model is suitable to identify radical spezies as a function of their solubilization site.

It would be beneficial to use EPRSIM-C deconvolution to determine the influence of
antioxidants towards the ay and 7. of nitroxides solubilized in the interface of dispersed
systems (chapter 4). The different populations of nitroxides showed individual spectral
characteristics depending on their microenvironment (see 3.4.2). The calculation of the
superimposed ax and 7. showed that the presence of antioxidants influenced the spectral
characteristic of the nitroxides (table 4.4 and 4.5). With deconvolution technique the dis-
placement and restricted molecular tumbling of each individual proportion due to the same
solubilisation site of the antioxidants can be characterized.

An accelerated reaction kinetic was shown in dispersed systems with the emulsifier SDS.
However, this might be due to the anionic character, the high diffusion in SDS micellar
solutions or the specifics for SDS. Investigation with further anionic emulsifiers would prove
this question.

In this thesis a method to monitor free lipid radicals generated by autoxidation was
investigated in model emulsions. The knowledge of the behavior of the nitroxide spin
probes in dispersed systems led to the conclusion that TEMPO can be used to detect
lipid alkyl radicals. The stability at elevated temperatures up to 60 °C indicates that
TEMPO can be added prior to storage time. Comparing the spin probes with the spin
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trap technique, the nitroxides benefit from their property being EPR active from the very
beginning which facilitates to follow their continuous reaction towards free radicals. Further
investigations in more complex matrices need to be experimented as matrix components
such as antioxidants may influence the reduction of the nitroxide content. To conclude,
EPR spin probing method is an alternative and promising method to monitor free lipid

radicals in dispersed systems.
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