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Summary

Summary

The main goal of this project was to synthesize new water-dispersible carotenoid
derivatives, and to investigate their physical and biological properties in water.
Additionaly, the aim was to synthesize multifunctional selena-carotenoid
derivatives for the study of complex, self-assembled carotenoid monolayers on
gold.

The water-dispersible carotenoid derivatives synthesized i this work were
carotenoid lysophosphocholine R-43a and 43a/43b/43¢ (mixture composed of
regioisomers), the phosphocholine esters 60 and 61, the carotenoid potassium salis
64 and 65, and the carotenoid-selena-phosphocholine 66. Additionally, the selena-
glyceride 69 and carotenoid-selena-glyceride 67 were synthesized for the study of
SAM formation. All the compounds were obtained in yields ranging from 33 to 88
%. Included in some of the succeeding physical studies were the naturally
occuring, water-soluble crocin (14) and the water-dispersible Cardax ™ (30).
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The new water-dispersible carotenoid derivatives dissolve either in pure water
(43a2/43b/43¢, R-43a, 64, 65, 66) or in 1% methanol/water (60, 61). The water
soubility varies from 1,5 mg up to 60 mg/ml, or higher.
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Summary

UV-VIS spectroscopy revealed that most of the water-dispersible carotenoids
show hypsochromic A, shifts (10-75 nm) upon addition of water, which may be
a result of H-aggregate formation. Small shoulders observed around 500-520 nm
(for crocin (14) at 480 nm) are thought to arise from J-aggregates. The aggregates
are disrupted into monomers when organic solvents such as methanol, are added
to the solutions.

081 —H20/ MeOH(1%)
5% MeCH
3% MeOH
- 20% MeOH
— 27% NeCH
e 33% MEOH
— 42% MeCH
~— MECH

0.8 4
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nm

UV-VIS of carotenoid phosphocholine ester 61 in water/methanol
(99/1%, v/v} vs. dropwise addition of methanol

Surface tension was measured and thermodynamic data calculated for carotenoid
lysophosphocholine 43a/43b/43¢, Cardax™ (30), crocin (14), and the carotenoid
potassium salts C30:9-K 64 and C30:9-cantha-K 65. The data revealed that these
new surfactants all reach their critical micellar concentration (cme) at relatively
high concentrations, while lowering the surface tension markedly. Further, it was
found that carotenoid lysophosphocholine 43a/43b/43c is the most surface-active
of the carotenoid surfactants investigated so far, which was shown by its large
surface concentration (7= 4.5 107 mol/m?), and an absorption micellar energy
ratio (AMER} close to unity. These findings indicate dense monolayer formation,
enhanced micelle concentration, and good cleansing and wetting properties.

From dynamic light scattering measurements of the carotenoid
lysophosphocholine R-43a and 43a/43b/43¢c, Cardax ™ (30), and crocin (14) in
water, the hydrodynamic radius (£, ) of their aggregates could be determined. The
number-weighted distribution of R-43a and 43a/43b/43¢ indicate a dominance of
nanometer-sized aggregates of 6 and 8 nm, respectively, in addition to some larger
ones (30-500 nm and 40-600 nm, respectively). Cardax '™ (30) displayed a fast
formation of aggregates of 1.2-1.3 wm size in both water and 0.15 M NaCl, while
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in 0.5 M and 2.0 M NaCl a slow association of the aggregates to larger ones was
observed. The glycosylester crocin (14) forms the smallest aggregates (1.6 nm) of
the carotenoids investigated. At concentration (C) < c¢me, only monomers are
present for this compound, while carotenoid lysophosphocholines R-43a and 43a/
43D/43c, and Cardax™ (30) form aggregates at C << cmc.

The biological activity of carotenoid lysophosphocholine 43a/43b/43¢ was
investigated by spin trap-DEMPO EPR speciroscopy, and was shown to be a
potent aqueous phase direct scavenger of superoxide anion (O, ) produced from
isolated human neutrophils. Over 90% of the superoxide anion was scavenged
using a 10mM solution in water, or using a 3mM solution in ethanol/water.

The antioxidant properties of carotenoid lysophosphocholine 43a/43b/43c,
Cardax ™ (30), and crocin (14) were investigated by laser flash photolysis using
1-nitronaphtalene as the sensitizer. The collision between 1-nitronaphtalene in the
triplet statc (*Sens) and the carotenoids either lead to energy- or electron-transfer,
and the ratio of the reactions change with solvent polarity. In MeCN (less polar),
energy- transfer was favored, while in aqueous solution {most polar), electron-
transfer was dominant.

Sens + CAR (energy-transfer)

\

Sens* + CAR*" (electron-transfer)

3Sens can initiate singlet oxygen (102) production, hence, these reactions
indirectly quench the formation of 102 and may be direct evidence of antioxidant
properties of 43a/43b/43¢, 36, and 14. It was also concluded that carotenoid
lysophosphocholine 43a/43b/43¢ and Cardax ™ (30) both exhibit supramolecular
self-protecting properties in water due to their aggregate formation where the
sensitive polyene chain is placed into the interior of the aggregate.

The optical activity of enantiomeric R-43a was investigated by CD spectroscopy.
It was found that R-43a is optical inactive in the monomer form (in methanol). On
the other hand, when dissolved in water, a chiral aggregation is induced. CD
specira in water indicated no defined H- or J-aggregate formation. Based on
molecular mechanics calculations, an enantiomeric oligomer composed of
approximately eight monomers as the basic unit of the aggregates was proposed.
This oligomer explains the spectroscopic properties of R-43a.

The self-assembled monolayer (SAM) formation of selena-glyceride 69 was
investigated by electrochemical methods (including cyclic voltammetry and
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impedance spectroscopy). Selena-glyceride 69 binds irreversibly to gold by the Se
functionality, and the adsorption process is believed to take place via a cleavage
of the Se-CH, bond. The monolayer formed is stable in the anodic region up to
about 1.0 V, wherin gold oxide formation is initiated. The adsorbed compound
also undergoes & cathodic process leading to the removal of the surface layer. The
SAM formed by 69 is compact, with the coverage degree close to unity for an
adsorption time of 30 to 80 min. The layer displays minute defects (pinholes) with
a radius of ca 1 - 3 um, separated by 6 - 50 um intervals (depending on the
adsorption time).

P Ry, Ry = OH,
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The free OH groups in selena-glyceride 69 or its 2-acyl isomer can be used to
prepare carotenoid-containing SAMs on gold. This was shown by the
chemisorption  of carotenoid-selena-glyceride 67 and carotenoid-selena-
phosphocholine 66 on gold. Both compounds (67 and 66} adsorb to the surface via
the selenium functionality. The anodic oxidation of the carotenoid moiety
develops at a less positive potential for the highly hydrophilic carotenoid-selena-
phosphocholine 66 compared to carotenoid-selena-glyceride 67, indicating that
the anodic process is facilitated by the presence of water molecules close to the
reaction site. Carotenoid-selena-phosphocholine 66 forms a less compact
monolayer than carotenoid-selena-glyceride 67, which is believed to result from
steric hindrance from the choline moiety. In conclusion, these investigations have
been shown that SAM-carotenoid electron-transfer reactions can be studied in
aqueous solutions.

1D and 2D NMR techniques were utilized for the structural elucidation of
carotenoid lysophosphocholines 43a, 43b and 43¢ as a mixture, as well as their
synthetic precursors. The ratio of the individual carotenoid lysophosphocholines
43a, 43b, and 43¢ was found to be 49:43:8, respectively. A 1D 'H NMR
subtraction spectrum of the mixture and the pure isomer [(43a/43b) - R-43a]
showed that the 'H shifts of the carotenoyl chain for the individual regioisomers
differ. An example of the deviation of R-43a compared to 43b is seen for the
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chemical shifts of Hil and H15 (the concentration of 43¢ was too low to give
significant signals in the polyene chain region).
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H15 and H11 signals for the isomeric mixture 43a /43b (blue} and R-43a (red)

Similar differences of the polyene chemical shifts for the two individual
regioisomers 43a /43b and their 2-bromoethyl isomeric precursors were dlspiayed
by 13C DEPT 133. Therefore, it was concluded that the characteristic polyenic g

and 13C chemical shifts may be used to distinguish between positional isomers of
(lyso)phosphocholines and their 2-bromoethyl derivatives
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Preface

Preface

This thesis contains eight chapters. Chapter 1 gives a general introduction 1o the
chemistry of carotenoids and pospholipids, water-soluble carotenoid
formutations, and self-assemblies of carotenoids, while the results are presented
and discussed in Chapters 2 through 8.

Chapter 2 describes the synthesis of new carotenoid derivatives and the structural
elucidation of carotenoid lysophosphocholine R-43a and its regioisomeric mixture
43a/43b/43c. This work was performed by the author at the Department of
Chemistry (NTNU). Most of the results are published in paper nr. 1, 2, and 9.

Chapter 3 and 4 discuss the surface properties and aggregation behavior of novel
water-dispersible carotenoids, of which most of the work is published in paper 3,
4, and 5. The UV-VIS spectroscopy studies were performed by the author at the
Department of Chemistry (NTNU). Surface tensions were measured by the author
at SINTEF Materialer og Kjemi, Trondheim, with the advice from Dr. Anne Dyrli.
The Pendant Drop method was studied at the Department of Chemistry, University
of Oslo under the guidance of Prof. Finn Knut Hansen. The Dynamic Light
Scattering measurements were performed in close collaboration with Dr. Stine
Nalum Neass, Department of Physics (NTNU).

Chapter 5 discusses the biological activity of carotenoid lysophosphocholine 43a/
43b/43c, which was studied by Dr. Samuel F. Lockwood (Hawaii Biotech, Inc,,
Aiea) and Arturo J. Cardounel and Jay L. Zweier, Davis Heart & Lung Research
Institute, Columbus, Ohio, USA (paper nr 6).

In Chapter 6 the energy- and electron-transfer reactions of carotenoid
lysophosphocholine 43a/43b/43¢, Cardax™ (30), and crocin (14) are described
(paper nr. 7). This work was accomplished by Profs. Thor-Bernt Melg and Kalbe
Razi Nagvi at the Department of Physics (NTNU).

Chapter 7 summarizes the self-assembling monolayer (SAM) formation of selena-
glyceride 69, carotenoid-selena-glyceride 67, and carotenoid-selena-phospholipid
66 (paper nr. 8). The experimental work was completed by the author at the
Department of Chemistry (NTNU) supervised by Prof. Florinel G. Banica and Dr.
Ana lon. The presented part of this work is published (paper nr. 8). Two more
manuscripts are in preparation dealing with more extensive SAM formation
studies of compounds 66 and 67 (not included in this thesis).

In Chapter 8, the optical activity of the swu-l-isomer of carotenoid

lysophosphocholine R-43a is discussed (paper nr. 9). The CD measurements were
performed at the Department of Molecular Pharmacology, Chemical Research
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Center, Budapest, Hungary, by Dr. Ferenc Zsila and the author, The molecular
mechanics and force field (CVFF) computation, and the absorption and CD
spectra were calculated by Prof. Hans-Dicter Martin and Drs. Christan Kopsel and
Bernhard Mayer, Institut Fiir Chemie, Heinrich-Heine-Universitit, Diisseldorf,
Germany.

The methods used in this work (e.g. surface tension, dynamic light scattering
(DLS), eyclic voltammetry (CV), and circular dichroism (CD)) are described in
many textbooks, but it was found appropriate to precede the chapters with a short
explanation of each technique,

The work presented in this thesis is published in four articles and five manuscripts,
of which two are submitted. All articles and manuscripts are given as appendices.

The results of related topics are discussed and summarized together. The

experimental conditions are described in the papers. The experimental details for
results that arc not yet published are given in the thesis.
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Chapter 1 - Introduction

1 Introduction

1.1 Carotenoids

Carotenoids are red, orange, and yellow conjugated polyene pigments produced
by bacteria, algae, and plants. The annual bioproduction of carotenoids is
estimated to be 100 million tons. Carotenoids are the major endogenous pigments
in flowers, fruits, and vegetables, and exogenous pigments in insects, birds, and
fish. Carotenoids are also present in green vegetables, but their colors are masked
by chlorophyll 1,2

The basic structure of carotenoids is a Cyo conjugated polyene chain, built up of
eight Cs-isoprene units (1), as shown in Figure 1.1 for lycopene (2).

P

1
CS H CS

J\fix/KAL\\\\\\\\\ pN

2
Figure 1.1 The basic Cs-isoprene unit (1) and lycopene (2).

The chain can contain allenic or acetylenic moieties, as shown for fucoxanthin (3)
and alloxanthin (4) respectively (Figure 1.2).

Figure 1.2 Fucoxanthin (3) and alloxanthin (4).
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The ends of the polyene chain can be connected to cyclohexene tings as in (R,R)-
zeaxanthin (5), aryl rings as in renicratene (6), or S-membered rings as in
capsorubin (7), as seen in Figure 1.3.

Figure 1.3 (R,R)-zcaxanthin (5), renieratene (6), and capsorubin (7).

Further, carotcnoids may also contain 3 and 5-membered epoxides, as in
fucoxanthin (3) (Figure 1.2) and luteoxanthin (8) (Figure 1.4).

Figure 1.4  Luteoxanthin (8).

Carotenoids with longer and shorter polyene chains are known (e.g
trisanhydrobacterioruberin (9) and p-apo-8 -carotenal (10))3, Figure 1.5.
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Fignre 1.5 Trisanhydrobacterioruberin (9) and B-apo-8-carotenal (10).

Natural products biosynthesized in suitable environments often incorporate
heteroatoms such as S, Se, and halogens {(e.g. S-sugars, Se-sugars, S-aminoacids,
Se-aminoacids, Cl-steroids, and Br-fatty acids).‘”0 In contrast, carotenoids
biosynthesized by plants in halogen-rich sea-water, or on Se-enriched soil do not
incorporate heteroatoms. Carotenoids utilize phosphates in their biosynthesis (e.g.
prephytoene pyrophosphate (diphosphate) (11), Figure 1.6), but so far no
carotenoids with P, S, Se, N, Cl, Br or I have been detected. The only natural
heteroatom directly attached to the carotenoid skeleton is O. Natural functional
groups containing oxygen atoms are epoxy, hydroxy (OH), carboxy (CO,H), ester
(CO,R), aldehyde (CHO), keto (C=0), lactones, sulfates, peroxides, and
pyrophosphate.3’ 11 Heterocarotenoids with N, S, Se, and Cl have been
synthesized and found stable, 122!

11 CHo0P,HgO4

Figure 1.6 Prephytoene pyrophosphate (diphosphate) (11), an intermediate in
the biosynthesis of carotenoids.

The approximately 740 naturally occuring carotenoids'! are divided into two
classes: the hydrocarbon carotenoids are named carotenes, while those containing
oxygen are known as xanthophylls.22
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1.2 Functions of carotenoids
1.2.1 In nature

The conjugated double bond system of carotenoids gives rise to the beautiful
colors of flowers, fruits, leaves, and birds. The pigments have several functions,
such as indicators of maturity (in fruits) and as attractants for pollinating insects
(in flowers). The feathers of many birds are yellow or red because of carotenoids
ingested from food, and are important for recognition and attraction in the bird
mating process.23 The attractive red color of the flesh of salmon and trout comes
from astaxanthin (Figure 1.7’).24 Tomatoes are rich in lycopene, while citrus fruits
contain mostly p-cryptoxanthin (Figure 1.7).23

Carotenoids have the capacity to both transfer and accept electronic energy. In

photosynthesis they act as antennae pigments, absorbing visible light of wave
length regions only weakly absorbed by chlorophylls (eq. 1.1).

CAR + light — 'CAR eq. 1.1

The energy is then effectively transfered to chlorophyll, producing a singlet
excited chlorophyll (eq. 1.2).

!CAR + chlorophyll -> CAR + chlorophyll eq. 1.2

Carotenoids also g)rotect green plants, algae, and photosynthetic bacteria from
light damage.25 2
1.2.2 In human

About 40 carotenoids are present in a typical human diet, some of the most
abundant are shown in Figure 1.7.2% 2728
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Figure 1.7  Structures of some of the carotenoids found in food.

In humans the most well-known function of carotenoids are as vitamin A
precursors, about 50 are provitamin A active compounds, of which §,3-carotene
(12) has the highest potential vitamin A activity.?’
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Figure 1.8  p,B-carotene (12) and retinol (vitamin A) (13).

Carotenoids posess several other important biological activities. They increase
cell communication, act as immune enhancers, and increase tumor surveillance, all
of which are important functions in cancer protection. Nevertheless, it is their
antioxidant property which has given the carotenoids most attention?>> 2% 30
Carotenoids have the ability to deactivate reactive molecules such as free radicals
and toxic forms of oxygen, which cause damage in living -systems.31

Free radicals and reactive oxygen species (e.g. 102, OH, 0,", and H,0,) are
produced during normal cellular respiration and metabolism in the human body.
In addition, humans are exposed to exogenous sources of free radicals (e.g.
tobacco smoke, radiation, organic solvents, and pesticides). Free radicals and
singlet oxygen can be beneficial because they act as effective killers of pathogenic
organisms which normally invade the body. However, if there is an
overproduction of these highly reactive species they can attack fatty acids in cell
membranes, enzymes, nucleic acids, and endothelial cells. This may lead to
cellular lyses, mutations and inflammation. These damages are correlated with
ageing and chronic diseases, such as heart diseases, arteriosclerosis, age- related
macular degeneration, and certain types of cancer.?”> 3! Several studies show that
diets containing carotenoids are correlated with a reduced risk of these
pathological conditions.?” 32

1.2.3 In medicine

Vitamin A deficiency occurs in goorly developed countries and is treated with a
dietary supplement of vitamin A. 3,34 gome other derivatives of retinoic acids are
used for dermatological disorders such as psoriasis and eczema.®® B,B-Carotene is
effective in the treatment of erythropoietic protoporphyria, an illness where 102 is
produced via senzitation of free porphyrins accumulated in the skin.3% 37 The
water-soluble carotenoid crocin (14) is effective in the treatment of arthritis in
mammals>®8, and aqueous ultramicroemulsions of xanthophyll esters have been
developed for treatment of tumors.>’
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1.2.4 In industry

Carotenoid-containing plant extracts have been used for coloring of food and feed
for centuries. For example, the extracts from saffron, annatto, palm oil, and
paprika make food yellow to dark red. Egg yolk, butter cheese salmon, trout, and
chicken all get their colors indirectly from carotenoids.*%#! B,B-carotene (E160¢)
was the first synthetic carotenoid introduced as food colorant in 1954. Since then
other carotenoids such as p—apo-8 -carotenoic acid ethyl ester (E 160f), B-apo-8'-
carotenal (E 160e), canthaxanthin (E 161g), lycopene, and natural extracts of
capsanthin and lutein have been approved for food use. 40, 42,43 p B_carotene, B-
apo-8’-carotenal, B-apo-8'-carotenoic acid ethyl ester, and canthaxanthin are used
as feed additives, mainly for the pigmentation of egg yolk, plumage, and flesh of
fowl.*% In aquaculture astaxanthin and canthaxanthin are added to the feed of
salmon and trout.?

1.2.5 Antioxidant action of carotenoids

Reactive oxygen species, such as singlet oxygen, are most critical to biological
systems..31 Singlet oxygen is formed in the presence of a sensitizer (Sens), e.g.
chlorophyll, porphyrin, and bilirubin. Under light, Sens may be excited to its first
excited state (!Sens) and then undergo intersystem crossing (ISC) to a triplet state
(®Sens), see eq. 1.3 and eq. T 20k

ISC
Sens — 'Sens — 3Sens eq. 1.3
3 3 1
Sens — °0, — Sens + "0, eq. 1.4

Quenching of singlet oxygen ¢t 0,) is the best documented ant10x1dant ;)roperty of
carotenoids, and has especially been studied for f3,p- -carotene.’ 47 10, is
highly reactive and capable of oxidizing nucleic acids, proteins, and unsaturated
fatty acids. The quenching of singlet oxygen involves transfer of excited energy
from 102 to the carotenoids, resulting in a ground state oxygen ( 0,) and a triplet
excited carotenoid CCAR) (eq. 1.5). Carotenoids finally release the excess energy
as heat via vibrational and rotational interactions with solvent (eq. 1. 6)

10, + CAR — 30, + 3CAR eq. 1.5

3CAR — CAR + heat eq. 1.6
Each carotenoid molecule is estimated to quench about 1000 10, molecules. 284
The quenching rate constant increases with the number of double bonds in the
polyene system, and varies with chain structure and functional groups B4
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Carotenoids also effectively trap radical species. In theory, carotenoids can react
with free radicals in three possible ways, e.g. by adduct formation (eq. 1.7),
clectron transfer (eq. 1.8), and allylic proton abstraction (eq. 1.9).2

CAR +R* — R-CAR® eqg. 1.7
CAR +R* = CAR" +R eq. 1.8
CAR +R* — CAR"+RH eq. 1.9

The prime targets for free radicals and singlet oxygen are the unsaturated fatty
acids in cell membranes. Free radical and singlet oxygen attack of unsaturated
acids may cause a loss in membrane fluidity, receptor alignment, and potential
cellular Iysis.31 Lipid peroxidation is a branching chain reaction, generally
presented in the following three steps:

Initiation: Initiator — free radicals R® eq. 1.10
Propagation: R*+0, — ROO* eq. 1.11

ROO* + RH — ROOH +R* eq. 1.12
Termination: ROO* + ROO® — non-radical product eq. 1.13

Mostly the initiator is hydrogen peroxide. ROO® and RH represent peroxyl radical
and hydrocarbon, respectively. Antioxidants can terminate lipid peroxidation in
mainly two ways, by reacting with ROOH such as preventative antioxidants {(e.g.
the enzymes catalase and peroxidase) or by interfering with the chain propagation
step, such as chain-braking antioxidants (e.g. vitamin E and superoxide
dismutase). The conventional chain-braking antioxidants, such as vitamin E or
other phenolic antioxidants, trap the peroxyl radical ROO" by donating a
hydrog;:n—atom, thus producing a resonance-stabilized aromatic radical (eq.
1.14).

ROO* + ArOH — ROOH + ArO" eq. 1.14

Carotenoids are believed to act different. A suggested mechanism is an addition
reaction between the carotencid molecule and the peroxyl radical, which produces
a resonance-stabilized carbon centered radical (Figure 1.9 and eq. 1.7).2% 4% In
vitro studies have verified that B,B-carotene is very reactive to peroxyl radicals,
but only at oxygen tensions below 150 mm Hg (the partial pressure found in most
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tissues under physiological conditions) and lower concentrations. At high oxygen
pressures, P,B-carotene looses its antioxidant activity and shows pro-oxidant
properties. The carbon-centered radical (R-CAR”) then reacts reversibly with
oxygen to form a new peroxyl radical, R-CAR-OO" (sce eq. 1.15). The new
peroxyl radical can initiate the process of lipid peroxidation (eq. 1.16, eq. 1.17). In
addition, the concentration of carotenoids may effect their antioxidant properties.
Carotenes such as f,B-carotene and lycopene exhibit a pro-oxidant character at
high concentrations.?” 4 Carotenoid cation radicals, CAR™ (eq. 1.8), have been
formed in vitro, for instance in lipid membrane models. 0>

ROO* +

B.p-carotene

Figure 1.9  The formation of a resonance-stabilized carbon centered radical
from trapping of a peroxyl radical by B,3-carotene.

R-CAR® +0, ¢> R-CAR-00* eq. 1.15
CAR-00* + RH — CAR-OOH +R* eq. 1.16
R® + 0, - ROO® eq. 1.17

1.2.6 Antioxidant interactions

Carotenoids are only part of a large number of dictary and endogenous
components that function as antioxidants in the human body.29 Investigations of
the antioxidant potential of carotenoids have mostly been performed in vitro; e.g.
in organic solutions, micelles, or liposomes, and with individual carotenoids and
radical species®>® but indications of potent in vivo antioxidant activity are
reported.57 The action of carotenoids in living systems is much more compie,x.Sg
Their function in vivo is dependent upon their chemical structure, but alse from
their localization and interaction with other antioxidants. The interaction of all of
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the digested antioxidant nutrients is responsible for the total antioxidant protection
rather than one single antioxidant.> Many authors have discussed the effect of
combination of various antioxidants.?7> 60-63

Selenium is a nutritional trace clement, necessary for human health.5* 1t is
incorporated into selenoproteins as the amino acid selenocysteine serving as
cellular antioxidants, and controlling the thyroid hormone Ts. Selenium is also
important for the immune system.10 Selenium compounds, together with
carotenoids have shown to inhibit carcinogenesis in rodents and humans.®> %7 The
combined application of selenium, B,B-carotene, and vitamin E have shown to
reduce the risk of stomach cancer.

Vitamin E is the most important lipid-soluble antioxidant involved in the
protection of biclogical membrancs.®® It is believed that B,B-carotenc
complements vitamin E in the protection of lipid tissues from peroxidation in vivo,
in that pB,B-carotene is actuatly more cffective at lower oxygen pressures than
vitamin E.*5 46 38 Recently, it was reported that zeaxanthin in combination with
ascorbic acid (vitamin C) and a-tocopherol (vitamin E) showed a synergistic
protection of human retinal pigment epithelium cells against oxidation induced by
photosensitizers.69 Their synergistic interaction is thought to be a result of their
different chemical properties and tissue localization. Vitamin C is water-soluble
and traps peroxyl radicals in the aqueous phase, e.g. in extracellular fluids such as
plasma and cytosol. Carotenoids and vitamin E however, are present in the lipid
phase of cell membranes.®® Vitamin C enhances the activity of vitamin E by
reducing the tocopheroxyl radicals. 3! 08 70 It has also been suggested that B,8—
carotene can repair the vitamin E radical (TOH*") (eq. 1.18), while the resulting
carotenoid cation radical (CAR*") is repaired by vitamin C (ASC-H),36’ 70 shown
by eq. 1.19 and eqg. 1.20:

CAR + TOH** — CAR*" + TOH eq. 1.18
CAR®® + ASC-H — CAR + ASC*+ H" eq. 1.19
CAR®" + ASC — CAR + ASC* +H" eq. 1.20

Contradictory reports show the opposite; c-tocopherol (TOH) can reduce
carotenoid radical cations by the following reaction (eq. 1.21):

CAR®" + TOH — CAR+TO" + H' eq. 1.21

An antioxidant hierarchy was suggested, based on in vitro studies of the relative
stability of tocopherol radicals and carotenoid radical cations:

10



Chapter I - Introduction

a-tocopherol > lycopene > f8,B-carotene > zeaxanthin > lutein > canthaxanthin >
astaxanthin.

a-Tocopherol forms the most stable radical, while the astaxanthin radical is the
less stable, hence, a-tocopherol can reduce carotenoid radical cations by the
reaction in eq. 1.21 7L 72 However, the carotenoid radical cation has not yet been
found in vivo.’? Whether the individual carotenoid function as a scavenger of free
radicals or as a recycler is probably dependent on chemical structure, chemical
reactivity, concentration, oxygen pressure, site of radical generation, and
localization in the cell membrane.*% 46 7273

1.2.7 Carotenoids in cell membranes

Carotenoids have been incorporated into phosphatidylcholine liposomes to imitate
membrane biological syste1ns.74‘79 It was postulated that carotenoids may play a
role as membrane stabilizers in bacteria, like cholesterol in c:ucau*yotes.”'4 B.B-
carotene increases the freedom of motion of the lipid molecules in
phosphatidylcholine membranes. The opposite, a rigidifying effect, is reported for
bipolar carotenoids (xanthophylls) when incorporated in lipid membranes, shown
by decreased water permeability, swelling properties, and increased
hydrophobicity.”>’® An increase in hydrophobicity increases the energy required
for small polar molecules (e.g. free radicals) to penetrate the membrane.”®

The cell membrane of thermophilic bacteria contain polar carotenoids, such as
carotenoid glycoside esters. Carotenoid glycoside esters are believed to reinforce
the membranes of thermophilic bacteria at high tcmperatures.so’ 81 Additionally,
their stabilizing effect on liposomes has been pmved.82 The lengths of carotenoid
molecules is similar to the thickness of a lipid bilayer. This suggests that they may
stabilize both halves of a cell membrane.”® 8!

The xanthophyll pigments lutein and zcaxanthin are present in large amounts in
the membranes of macula lutea of the human retina, Their role is still not fully
understood, but they may filter short-wavelength (blue) light and protect the
polyunsaturated lipids in the photoreceptor membranes against oxidative
damage.83 Lutein and zeaxanthin both act similarly in the protection against free
radical attack in egg yolk membranes, but act differently upon UV exposure.84
The reason may be a small difference in absorption and arrangement of the
carotenoids in the membranes.®

Non-polar carotenes, such as B,B-carotene, orient parallel to the membrane, thus
lying in the hydrophobic core. On the other hand, the polar xantophylls, such as
the dihydroxy carotenoid zeaxanthin, orient antiparatlel] to the membranes, thus
spanning the entire membrane (Figure 1.10).77 Zexanthin can react with radical
species entering from the agueous phase, while the action of f§,B-carotene and
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other non-polar carotenoids are restricted to the hydrophobic core of the cell
membrane. This may explain why B,B-carotene and zeaxanthin protect similarly
against lipid peroxidation in organic solution, but differ in phosphatidylcholine
liposomes. Zeaxanthin and f-cryptoxanthin are more effective against lipid
peroxidation than B,B-carotene when the peroxyl radicals are produced in the
aqueous phasc. This suggests that polar peroxyl radicals probably migrate to the
membrane surface. Therefore, zeaxanthin can act both as a membrane rigidifier
and as an ideally localized antioxidant, effectively trapping the radicals entering
the membrane surface.”> 77

T

L

zaaxanthin f.8-carotene

Figure 110 Schematic drawing of a lipid membrane with incorporated
B,B-carotene and zeaxanthin (from ref. 36).

1.3 Absorption, metabolism, and transport of carotenoids

Although carotenoids have beneficial health effects and have been considered as
safe, nutritious, and food additives for decades®® 40, 86, 87 many guestions still
remain regarding absorption, metabolism, and transport of carotenoids to tissues.
However, it is known that carotenoids in general, are poorly absorbed by human
and animals. Less than 17% of the §3,B-carotene dose is absorbed by the intestine
cells in humans. Before absorption, the ingested carotenoids must be released from
the food matrix, where they are associated with proteins. This is carried out by
digestive enzymes. The carotenoids are then dispersed in lipid emulsions and
solubilized by bile salts to micellar particles, transported through the unstirred
water layer (UWL} adjacent to the microvillus surface. The intestinal uptake of
carotenoids from the micelles is believed to occur by passive diffusion. The
carotenoids are further incorporated into chylomicrons and transported through
Iymph and blood (see Figure 1.11).#8%0 The most abundant carotenoids in human
plasma are lutein, zeaxanthin, B-cryptoxanthin, lycopene, a-carotene, and 8,B-
carotene, but many more are present in less amounts.’ Lipoprotein lipase
effectively breaks down the chylomicrons, and the remnants are taken up by the
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liver and other tissues. Some of the absorbed carotenoids are resecreted from the
liver and carried by lipoproteins (LDL and HDL) to reach other tissues.
Carotenoids are found in almost all tissues, but they are mostly distributed to the
liver and adipose tissues. 3% 8% 92
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Figure 1.11 Intestinal uptake of carotenoids; from lipid emulsion in the small
intestine to bile salt micelles, through the unstirred water layer
(UWL) and enterocytes, with incorporation into chylomicrons.
Nonpolar carotenes (c) are thought to be located in the hydrophobic
core of lipid emulsions, bile salt micelles, and chylomicrons, while
polar xanthophylis (x) are more likely surface corponents (from
ref. 90).

Digestion and absorption are affected by dietary factors.3% 92 Carotenoids are
better absorbed from micellar solutions, commercial beadlets, or in oil than from
foods such as raw vegetables and tomato juice. Absorption of carotenoids from
raw vegetables is higly improved after heating and grinding.go’ 92 This effect was
shown for lycopene, where the bioavailability of lycopene was better from tomato
paste than from fresh tomatoes.”> Absorption of carotenoids are enhanced when
ingested with fat.%? Dietary fat was found to improve the absorption of f,-
carotene from green leafy vegetables in children.” Xantophylls such as lutein,
zeaxanthin, and B-cryptoxanthin occur in food as esters of long-chain fatty acids
and are hydrolyzed to the more polar form before absorption.

The physical properties of carotenoids may also affect their absorption. It is

believed that polar carotenoids are more efficiently absorbed than carotenes.”
Contact between the lipid micelles and the mucosal cells of the duodenum is

13
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important for carotenoid absorption.” Since polar carotenoids most likely orient
themselves at the micelle surface (see Figure 1.11), they get better contact with the
hydrophilic surface of the duodenum, facilitating better absorption.

Additionally, the distribution among the lipoproteins is determined by the physical
properties of the carotenoids.*? Non- polar carotenes are mainly carried in low-
density lipoproteins (L.DL), while the polar xanthophylls are equally distributed
between LDL and high-density lipoproteins (HDL). Since HDL contains more
phospholipids than LDL, and LDL contains more triglycerides than HDL, polar
carotenoids accumulate at the phospholipid surface, and carotenes in the
triglyceride core. 95,96 Th1s was evidenced by an in vitro study of carotenoids in
biological emulsions.”” The consequences of the different distribution are still not
clear.”? Dietary capsanthin accumulates in appreciable amounts in human plasma
lipoproteins, with a preference for HDL. The clearance of capsanthin in blood
plasma after ingestion of parika juice was much faster than that of lycopene,
indicating an increased metabolism of this polar carotenoid. 9

The interest in metabolism of carotenoids is due to their provitamin A function as
well as their potential role in the prevention of chronic diseases. 90 Naturally, the
predommant focus has been the transformation of B,B-carotene into retinol
{vitamin A) , mainty because of this vitamin’s role in vision (see Figure 1.12 for
further detalls). % Several pathways have been proposed for the biotransformation
of B,B-carotenc and other provitamin A carotenoids to vitamin A%} %2 One
pathway is the central cleavage by B-carotenoid-15,15"-dioxygenase, an enzyme
localized in the intestine. Tt is specific for the central double bond, but can also
cieave other carotenoids or apo-carotenoids with at least one P-ionone ring (e.g.
B-cryptoxanthin and f-apo-8'-carotenal). % From ,B-carotene this pathway
yields two molecules of retinal which is reduced to retinol. Retinol is transported
in blood by a specific retinol-binding protein, and transported to the tissues or
stored in the liver as retinylesters. Another model of the biotransformation of
provitamin A carotenoids is an asymmetric cleavage to [3-apo-8-carotenal which
is further cleavaged into other f-apocarotenoids {e.g. B aéao 10" -carotenal, B-apo-
12 -carotenal) or retinal and retinylesters (Figure 1. 12).4

Not much is known about the metabolism of carotenoids other than f,p-carotene
in humans. The ethyl ester of $-apo-8 -carotenoic acid is absorbed, but is not
metabolized, while $-apo-8'-carotenal is actively metabolized in the intestine,
converted to the corresponding acid, alcohol, or palmitate ester. Recently, it was
suggested that oxidative cleavage reactions occur with any carotenoid with a
polyene chain system'C, meaning that any carotenoid could be metabolized in the
body. Nevertheless, absorption, metabolism, and plasma transport are affected bg/
structural differences and physical properties among the individual carotenoids.®

14
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Figure 1.12  Bioconversion of f3,p-carotene to retinol® (vitamin A),
B-apocarotenoids and retinylesters.
(*Retinol is oxidized to retinal, then isomerized to the biologically active
11-cis retinal, which reacts with the protein opsin to form rhodopsin.
Rhodopsin absorbs light, transforming the ¢is double bond to traws,
which in turn triggers a nerve impuise in the eyegg).

1.4 Industrial synthesis of carotenoids

The first industrial production of B,B-carotene began in 1954. Hoffman-I.a Roche
and BASF AG arc today the two major industrial producers of chemically
synthesized carotenoids. They produce 8 different carotenoids, [3,B-carotene,
canthaxanthin, astaxanthin, lvcopene, (R,R)-zeaxanthin, and the apocarotenoids -
apo-8’-carotenal, $-apo-8'-carotenoic acid ethyl ester and citranaxanthin.!"! The
total annual sale in 1995 was about US $300 millions, most of the carotenoids are
used as food and feed additives. Current market prices (1995, US § per kilo) were
600 for B,B-carotene, 900 for B-apo-8'-carotenoids, 1300 for canthaxanthin and
2500 for astaxanthin.'%? The worldwide carotenoid market is estimated to reach
US $935 millions by 2005.103

A significant source of lutein and zeaxanthin produced for the pigmentation of
poultry and egg yolk is Marigold extracts. Carotenoids are also being produced by
biosynthetic methods, utilizing microalgae. Micro Gaia Inc. and Cyanotech Corp.,
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Hawaii both produce astaxanthin by the green microalgae Haematococcus
pluvialis. This microalgae is believed to be the world's richest known source of
astaxanthin (30,000 mg or more per kilo dry weight).104 B3,8-Carotene, under
appropriate conditions, can be produced in large amounts by the two strains of the
algae Dunaliella (D. bardawil and D. saling). Betatene Ltd., Australia produces
crystalline p,B-carotene by growing D. salinas in lakes covering a total area of 300
hektars.!%® Simultanous production of B,B-carotene, glycerol and algae meal are
effected by the cultivation of D. bardawil in Isracl (Nature Betatene Technologie,
Ltd.). The content of B,B-carotene may reach 50-90 mg per gram dry weight of
algac, 106, 107

The production of carotenoids by genetic enginering through cloning of bacterial
genes represents an alternative approach in producing natural or novel
carotenoids. By incorporation of carotenoid-producing genes from different
parent organisms into E. coli, new carotenoids (e.g. Cy5 and Csq carotenoids) were
biosynthesized, which are not found in the organisms where the parent genes came
from‘IOS, 109

It is most likely that the production and application of carotenoids in cosmetics,
medicine, as food and feed colors, as drug additives, and other applications will
continue to increase in the future.

1.5 Water-dispersible/soluble carotenoids
1.5.1 Naturally water-dispersible/solubic carotenoids

Generally, hydrophilicity is imparted by hydrophilic substituents of the
carotenoids. To date 732 naturally occuring carotenoids are listed. ' Only a few of
these are described as water-soluble” carotenoids, tike the the diacids crocetin (15)
and norbixin (16), shown in Figure 1.14, and the sugarester crocin (14) (Figure
1.14). Norbixin is a saponification product of bixin, extracted from the annatto
tree, Bixa orellana. The water-dispersible/soluble preparations consist mainly of
norbixin, and are used for the coloring of cheese, cereals, and ice cream.11¢

* I this work we understand water-solubility to mean a predominance of mono-
mers in aqueous carotenoid solutions, and water dispersibility to mean a pre-
dominance of aggregates in aqueous carotenoid solutions.
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Figure 1.13  Water-dispersible carotenoid diacids; crocetin (15) and
norbixin (16).

Crocin (14), the di-gentobiose ester of crocetin (15), is found in saffron (Crocus
sativus), L1010 90d other plants.} U 1n ancient times saffron was used as a cosmetic,
specifically for coloring womens’ skin, and as a medication against chest pains,
plague, and for relieving oz:c)ughs.“2 This water-soluble carotenoid is now used as
a colorant in beverages and food such as risotto and curry. 110

Figure 1.14 The water-soluble sugarester crocin (14), the major pigment in
saffron.

Several other glycosyl esters of crocetin have been identified. Mono-, di-, and
mixed esters of glucose, the disaccharide gentobiose, and the trisaccharide
neapolitanose {e.g. crocetin dineapolitanosyl ester (17), Figure 1.15) have been
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isolated. Glucosylesters of a Cyg-dicarboxylic acid (e.g. diapolycopenedioic acid
diglucosyl ester (18), Figure 1.15) were found in bacteria (e.g. Methylobacterium
rhodinum).t b !

CO0-CqgH310
Q15H41C49-00C ~ Sy S g g S Ry, 18131515

17
O5#i41Ce-C0OC = S = I S SR R Ry N S, COO-CgHy1C5
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Figure 1.15 Naturally occuring carotenoid glycosyl esters; crocetin dineapoli-
tanosyl ester (17) and dipolycopenedioic acid diglucosyl ester (18).

The carotenoid sugar ethers {carotenoid glycosides), are structurally related to the
carotenoid glycosylesters. They have been extracted mainly from bacteria and
blue-green algae.!b 11 one example is astaxanthin glucoside (19), see Figure
1.16. The occurence of water-soluble carotenoid glycosides and glycosyl esters
other than crocin is probable but not reported, 3 114

Figure 116 A carotenoid glycoside; astaxanthin glucoside (19).

Another hydrophilic class of carotenoids are the carotenoid sulfates, extracted
from various marine microorganisms, bacteria, and sponges. About 12 naturally
occurring carotenoid sulfates have been detected (e.g. bastaxanthin (20) and
ophioxanthin (21), Figure L7y 115, 116 Incorporation of the ionized sulfate
group gives carotenoids a strongly polar character and unusual solubility
properties. However, the degree of water-dispersibility/solubility is low!13, 116,117
and consequently, the carotenoid sulfates have not found commercial interest.
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Figure 1.17 Carotenoid sulfates, bastaxanthin C (20) and ophioxanthin (21).

1.5.2 Water-dispersible/soluble carotenoids by inclusion and additives

The fact that free carotenoids are generally not soluble in water and poorly soluble
in fats and oils limits their use. Water-dispersible/soluble carotenoids are utilized
not only for use in feed or foodstuff, but also as drug additives,!!® in nutrition,!*?
and in cosmetic and pharmaceutical products.uo'122 In addition, water-
dispersible/soluble carotenoid formulations are useful in studies of in vitro cell
supplemention. 123

Although nearly all of the natural carotenoids are lipophilic, they arc present in
aqueous systems in nature. This is a result of their association with lipid-protein
complexes. For example, the colors of carrots, oranges, and tomatocs arise from
finely dispersed carotenoids present as complexes with proteins or lipoproteins.
124-126 gy1ch chromophore-protein interactions are also responsible for the green,
purple, and blue colors of marine invertebrates.' %> 127 A well-known example is
the blue-green color of the lobster Homarus gammarus formed by the astaxanthin-
protein complex crustacyanin. The sudden colorshift of lobsters to red upon
cooking has fascinated scientists for more than 50 years.m& 129 The interest might
have been the result of the demand for water-soluble, natural blue pigments as
food colorants.!®® In contrast to free carotenoids, the carotenoid-protein
complexes are soluble in aqueous buffered solutions.!?! Other water-dispersible/
soluble carotenoproteins have been isolated from cyanobacteria, starfish, mango,
and carrots, 32134
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Carotenoproteins perhaps inspired the inclusion of carotenoids into
macromolecules such as B-cyclodextrin (Figure 1.18), which improves water-
dispersibility/solubility signiﬁcanﬂy.lm’ 135-337 Cyclodextrins are cyclic oligo-
saccharides formed by the enzymatic cyclization of starch. They are built up by
six, seven, or eight a-D-glucopyranose units, forming a cone-shaped structure,
with a non-polar interior and a polar exterior. These structural features give the
polymer water-solubility with the ability to transport non-polar materials, 138
Inclusion of B,B-carotene has been confirmed by NMR.!%? Astaxanthin was much
more water-dispersible/soluble after complexation with a highly water-soluble
sulfobutyl ether of f-cyclodextrin (Captisol®).135 The pigmentation of salmon
was e]:zlélanccd by incorporation of an astaxanthin-cyclodextrin complex in fish
feed.
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Figure 1.18 B-cyclodextrin is formed by seven a-D-glucopyranose units.
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Water-soluble or water-dispersible carotenoid formulations have also been made
by dispersing carotenoids into macromolecules like polyethylene glycol, 41
dextran, 4! 1ignin,“9 albumin, ' and gelatin.143

Coloring properties, absorbability, and bicavailability are improved by reducing
the carotenoid particle size.*1: 1% Emulsification and grinding of oily solutions of
carotenoids give preparations with particle sizes in the range of 1-5 um, 143, 146
which is sufficient for the coloring of fat-based food. 46 So-called “beadlets™,
which are spray-dried micro-colloidal oily dispersions of canthaxanthin, B-apo-8'-
carotenal, or B,B-carotene, were developed for use in water-based food in the
1950°5.4% 126 By further reduction of the particle size by various micronization
processes, the coloring properties and probably also the bioavailibility
increase. 0 For use in aqueous solutions, one needs to reduce the particle size to
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below 1 um. Therefore, other ¢laborate methods arc used. To obtain particle size
distribution in the nanometer size range, the mixing chamber was developed for
micronization,M&M? Figure 1.19.

agueous solution
of stabilizers
and additives

susgension of organic
compound in aicohol
d=Z-10pm

pressure
control 50 bar

mixing chamber | mixiag chamber B £
sotution of prganic  precipitation of process
composnd organic compend control system
temperatyry ~ 190°C
residerce time < 6.5 3 Hydrosm
d = 50-204 nm
spray drying

Figure 1.19 Scheme of the micronization process for the preparation of
nanoparticle sized carotenoid hydrosols (from ref. 147).

Micronization is a continuous two-step process consisting of the dissolution and a
controlled precipitation of the particular carotenoid. A molecularly dispersed
solution of a carotenoid in alcohol (or another water-miscible solvent) is obtained
in a mixing chamber at ca 200°C for 0.5 sec. In a second mixing chamber,
containing an aqueous solution with a polymer stabilizer, e.g. gelatin, the
precipitation generates fine hydrosol nanoparticles (Figure 1.20). The growth of
the carotenoid nanoparticles, in the range of 50-200 nm, is induced by the changes
in the solvent and the temperature drop. The polymer, a hydrophilic matrix, serves
as a protective shield for the carotenoid against oxidation and preventing
agglomeration. The hydrosol particles are concentrated and transferred to dry
powders normally by spray-drying and can be used directly for the coloring of
bcvcrages.ms'148 The colors are not only dependent upon the carotenoid polyene
chain, but also on particle size and agglomeration behavior of the powders '+
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Figure 1.20 Principle of the preparation of organic hydrosol nanoparticles

(from ref. 147)

The colors obtained from natural or synthetic carotenoids such as canthaxanthin,
p-apo-8’-carotenal, B,B-carotene, lutein, and astaxanthin range from yellow to
dark red, depending on the concentrations and formulation methods used. There
have been continous efforts to develop new formulations, basically to obtain new
shades of colors. Light yellow colored water-soluble preparations for food use was
obtained from crocetin diesters.!°0 Addition of an organosulfur compound (e.g.
cysteine) to formulations of carotenoids such as 8,B-carotene, B-apo-8 -carotenal,
and canthaxanthin tuned the colors to darker red, due to a bathochromic shift of
the carotenoid absorption maxima in the UV/VIS spectrum. ! Similarly, a
complexation of norbixin to a protein led to a color change from orange to
magental.ls2

1.5.3 Water-dispersible/soluble carotenoid derivatives by synthesis

To prepare water-dispersible formulations, it is necessary to add stabilizers (e.g.
gelatin) and emulsifiers (e.g. ascorbyl palmitate) and then to heat the carotenoid
mixtures at high temperatures (Figure 1.19). Attaching hydrophilic substituents to
carotenoids is an alternative pathway to obtain water-soluble or water-dispersible
carotenoids. Not all polar substituents give rise to hydrophilic carotenoids. Salts
of enolized B-diketones (partial stracture a) and diosphenols (partial structure b)
(Figure 1.21) exhibit limited water-solubilities.} 13
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Figure 1.21 Partial structures of salts of enolized p-diketones (a) and
diosphenols (b)

Also one or more hydroxy moicties do not give sufficient water-dispersibility/
solubiiity.“3 The carotenoid monoglyceride 22a (Figure 1.22) synthesized by
esterification of B-apo-8'-carotenoic acid with glycerol153 did not show a
significant water-dispersibility.

\\\\\\\\o OH
OH

22a

Figure 1.22 Carotenoid monoglyceride 22a.

The first carotenoid sulfatc was isolated in 1981.1%% Since then about 22
carotenoid sulfates have been synthesized (e.g. zeaxanthin disulfate (23), Figure
1.23).]16’ 37 Introduction of a sulfate group to carotenoids gives low water-
dispersibility (up to 0.4 mg/ml).113 116, 117

0S0O3Na
A S S T Vo e Wi N
NaC,;S0O 23

Figure 1.23 Zeaxanthin disulfate (23).

Also the vitamin C-carotenoid 24 obtained from esterification of ascorbic acid
with [3S-apo-8’-carotenoic acid exhibits only low water-dispersibility (0.5 mg/
ml). 1
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24 HO

HO H

Figure 1.24 Vitamin C carotenoid ester 24 from reaction of ascorbic acid
with B-apo-8 -carotenoic acid.

Lipophilic compounds (e.g. a-tocopherol) with practicai water-solubility have
been achieved by introducing sugar moieties. 136 possible  water-soluble
carotenoid glycosylesters 25 and 26 (Figure 1.25) of B-apo-8’-carotenoic acid
were synthesized as potential addltzves in food and pharmaceuticals. However, the
solubilitics were not rcported

S VS Y Y YV Vo Ve T
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0., 25 — o 26
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Figure 1.25 Glycosyl esters 25 and 26 synthesized from f-apo-8'-carotenoic
acid esterified with B-D-galactose and B-D-maltose, respectively.

Water-soluble/dispersible, artificial pyridinium carotenoids 27 and 28 (Figure
1.26) and a glycoside amide carotenoid 29 (Figure 1.27) were obtained merely by
accident as “by products” in the synthesis of “clectron wires”, in model vesicle
membranes. Compounds 28 and 29 are both derivatives of bixin. No values for
water-dispersibility/solubility were reported. 158-160
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Figure 1.27 A water-soluble/dispersible glycoside amide carotenoid 29.

The disodium dissuccinate astaxanthin derivative (Cardax™™) (30) and the
tetracationic astaxanthin-amino acid conjugate 31 synthesized by Hawaii Biotech,
Inc. are highly water-dispersible. The reported water-dispersibilities of these

novel carotenoid derivatives 30 and 31 were 9 and 182 mg/ml, respectively. 161,
162
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Figure 1,28 Disodium salt of a disuccinate diester (Cardax™) (30) and
tetrahydrochloride salt of a dilysinate diester of astaxanthin 31.

High water-dispersibility or water-solubility allow for aqueous delivery of
carotenoids both in vitro and in vive. This could enhance their potential clinical
utility as chemopreventive agents against cancer and heart discases. The disodium
disuccinate diester of astaxanthin (Cardax™™) (30) showed an increased
bioavailability in rodents after oral administration of the compound in a lipophilic
emulsion.®® The highly hydrophilic astaxanthin-amino acid conjugate 31 and
Cardax ™ (30) were both potent aqueous-phase scavengers of superoxide anion
(0,7 ) in vitro.'5% 164 Cardax™ (30) also showed an upregulation of connexin 43
protein and an increased gap junctional communication in vitre, both indicating
possible potent cancer chemopreventive properties in vivo.'®> An animal study of
rats dosed with Cardax™™ {30} prior to induced heart infarction, showed a
significant correlation between reduced infarct size and plasma-levels of non-
esterified, free astaxanthin. 160

Hydrophilic, water-dispersible, or water-soluble carotenoid derivatives may
represent the “new generation” of carotenoids. Their polar character is similar to
the naturally occuring xanthophylls, hence, they can interact casier with the polar
free radicals entering from the agueous phase. Their hydrophilicity may give a
broader application to carotenoids, both as therapeutic agents and as additives in
food, feed, and cosmetics,
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1.6 Multifunctional carotenoid derivatives

Modifying carotenoids by connecting new types of substituents to their polyenic
chains will give rise to new carotenoid derivatives. Depending on the substituent
used, it is possible to design a compound that exhibits new propertieslSG’ 160 op
posesses multifunctional zzu:tivity.l67 In the last two decades, several new

carotenoid derivatives have been developed, based on these ideas. 1421 133, 155,
168-173

By direct attachment of two antioxidants, it is possible to combine their biological
and physiological properties. Polyunsaturated fatty acids are known for their
beneficial health effects’ ™, but also their limited practical use due to their high
susceptibility to autooxidation.’” Industrial applications of carotenoids are also
restricted because of their rapid degradation when exposed to air, heat or light. 168
Addition of antioxidants like vitamin E, ascorbic acid and BHT are common
methods to inhibit degradation of polyunsaturated fatty acids and carotenoids. 176-
178 This method may not be effective, since the antioxidant and the fatty acids or
carotenoids have different physical pro}:»er’ties.168 Alternatively, by linking the
molecules they are brought closely together. This will increase their contact and
may enhance their activity. Ficosapentaenoic acid (EPA, C20:5) and
docosahexaenoic acid (DHA, C22:6) were esterified with ascorbic acid in order to
design stable polyunsaturated fatty acids.!™ The same method was used for the
carotenoids B-apo-8 -carotenoic acid, bixin and norbixin (see Figure 1.24 and
Figure 1,29 for examples).155 > 168
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Figure 1.29 32: norbixin linked to ascorbic acid.

Three naturally vitamin E-carotenoids {e.g. pittosporumxanthin B (33)) have been
isolated from plants.!! A synthetic vitamin E-carotenoid 34 was obtained by a
direct linkage of B-apo-8'-carotenoic acid to a-tocopherol, Figure 1.30.169
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Figure 1.30 A natural (33) and a new, synthetic (34) vitamin E-carotenoid.

Other multifunctional carotenoids were obtained from esterification of B-apo-8'-
carotenol with trolox (a water-soluble vitamin E derivative} and BHT (Figure
1.31).170

O
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Figure 1.31 Examples of new multifunctional carotenoid derivatives; 35: B—
apo-8 -carotenol linked to trolox and 36: BHT.

Another approach in designing new derivatives of bioactive compounds is to
incorporate the bioactive mojeties into naturally occuring carrier molecules, such
as glycerol and phosphoiipids.153’ 169, 171,172, 179 A stable, highly unsaturated fat
(37) (Figure 1.32) was obtained by connecting B-apo-8’-carotenoic acid and an
unsaturated fatty acid (Cjg,). This polyfunctional carotenoid derivative 37, in
which the antioxidant moiety potentially can protect the unsaturated fatty acid,
may be more easily absorbed as a trigiyceride,153 a class of important fats in
human nutrition, '8¢
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Figure 1.32 A stable, highly unsaturated fat (37).

Mixtures of antioxidants (e.g. sclenium, f,p-carotene, vitamin E) are available as
food supplements. Glycerol can serve as an excellent tool to link such bioactive
compounds together. A triantioxidant (38) was synthesized by connecting B-apo-
8'-carotenoic acid, selenacapryloic acid, and trolox to produce a triglyceride
(Figure 1.33). 171 A selena fatty acid and a selena fatty alcohol were also connected
with B-apo-8 -carotenoic acid by esterification using glycerol (Figure 1.33).)72
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Figure 1.33 B-apo-8 -carotenoic acid, selenacapryloic acid, and trolox
were combined to produce a triantioxidant (38). A selena fatty acid
and a selena fatty alcohol were combined with B-apo-8 -carotenoic
acid by esterification using glycerol, to obtain the glycerides 39
and 40, respectively.
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Synthetic combinations of antioxidants may also increase the chemopreventive
activity of the individual compounds due to synergistic effects. The triantioxidant
compound 38 revealed in a DPPH (1,1-diphenyl-2-picrylhydrazyl) radical test an
additive effect consisting of the quenching activity of both the carotenoid and
trolox (the test was not sensitive to the selenium moiety).!”! The caro-trolox
antioxidant behavior during oxidative light exposure was slightly better than of the
carotenoids B,B-carotene, P-apo-8'-carotenoic acid, and ethyl B-apo-8'-
carotenoate. ! 7*

1.7 Phospholipids

Phospholipids are found in all living organisms and are the major constituents of
cell membranes and membranous organelles. Among the enormous variety of
phospholipids existing in nature, the phosphatidylcholines are most studied.'3!
182 phosphatidylcholines were discovered by the French chemist Gobley around
1850. Gobley isolated a phosphorus-containing lipid from egg-yolk and named it
lecithin (from the Greek word for egg yolk, lekithos). Gobley obtained
glycerophosphoric acid and fatty acids from the lipid while Strecker and
Diakanow isolated choline. Lecithin and phosphatidylcholine are two trivial
namels8 ?for the same compound, 1,2-diacyl-sn-glycere-3-phosphocholine, Figure
1.34.
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Figure 1.34 1,2-didecanoyl-su-glycero-3-phosphocholine
(diacylphosphatidylcholine).

Phosphatidylcholine and phosphatidylethanolamine dominate quantitatively
amongst the many classes of phospholipids.i84 Most phospholipids have two
aliphatic chains, and a polar or a zwitterionic head group, while lysophospholipids
have a single aliphatic chain. 182 Lysolecithins are intermediates in the methabolic
pathways of lecithins. They have one free glycerol hydroxyl at either s»-1 or sn-2,
thus they are I- or 2-acyl-sm-glycero-3-phosphocholines, see Figure 1.35.
Lysolecithins also occur in tissues, though in smaller amounts than lecithin.!83
They are more water soluble and have higher surface activity (see Chapter 3.5)
than their parent diacylphosphatidylcholines.185'] 87
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Figure 135 Lysolecithin (1-acyl-sn-glycero-3-phosphocholine or
lysophosphatidylcholine).

1.7.1 Functions of phospholipids

The phospholipid molecule is amphiphilic, meaning that one end is polar
(hydrophilic, water-friendly) and one end is unpolar (lipophilic, fatnfriendiy).l82
This structure gives the phospholipids their unique emulsifying and wetting
properties. For example, in the bile digestive fluid, phospholipids ensure fine
dispersion of fatty molecules in the water phase, thus improving digestion and
absorption.gg’ 180 1) the lungs, 1,2-dipalmitoyl-glycero-3-phosphocholine, is the
main active component of the lung surfactant, ensuring miscibility at the air-liquid
interface, ‘8% 189

Commercial lecithin is a mixture of phospholipids from animal, vegetable or
microbial sources, also containing other kinds of lipids like fatty acids and
trigiycerides.lSS Phospholipids are excellent emulsifiers and surfactants and have
been used in paints, dyes, and foods, as well as in creams and lotions for many
years. They can serve as nutrients supplying fatty acids, organic phosphate and
choline.'® Choline scems to have beneficial effects in psychiatric disorders and
on memory function in relation to agcing.lgg’ 190 phospholipid molecules can
spontaneously form structured aggregates such as micelles, vesicles (liposomes)
and lamellar structures in aqueous media (Figure 1.36). Such aggregation
properties, combined with the biodegradable nature of phospholipids, allows for
their utilization in several applicd fields, for example biotechnology (liposomal
delivery of genetic materials), food industry (microencapsulation of food
components for better stability and distribution control), and pharmaceutical
industry {drug formulations). 188
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Lametllar/Bilayer

Figure 1.36 Micelles, vesicles (liposomes), and lamellar structures formed by
phospholipids in aqueous media.

Phospholipids can act as suitable, non-toxic carriers of pharmaceuticals into
cells.!®? Phospholipids are the major constituents of cell membranes, thercfore, a
phosphatidyl moiety will posess affinity for the membranes. a-Tocopherol and
ascorbic acid have been combined to phospholipids.”g’ 191192 e phosphatidyl
moiety can facilitate the insertion of the antioxidant molecule into cellular
membranes, 17> which in turn may enhance antioxidant activity.!”?

1.7.2 The role of phospholipids in the absorption of carotenoids

Free carotenoids need to be taken with fat to form micelles for absorbtion.®
Lycopene is commercially available in a proliposomal form (“Lyco-Sorb™) in
which the carotenoid is emulsified with phosphoiipids.}94 Recent studies have
shown that lysophosphatidylcholine enhanced the uptake of lutein and B,B-
carotene from micelles by human intestine cells,195 additionally increasing the
accumulation of lutein in the liver of mice.!”® This suggests that not only do
phospholipids play an important role in the solubilization of carotenoids in lipid
emulsions, but also that hydrolysis of phospholipids to lysophospholipids is
required for the efficient uptake of carotenoids into intestinal cells. Due to their
more polar character, tysophospholipids might faciliate the carotenoids diffusion
across the water layer from micelles to the membrane of intestinal cells.'? The
same effect was shown for a-tocopherol. 197

1.7.3 The role of unsaturated fatty acids in phospholipids

Fatty acids may be acessed more effectively from phospholipids than from
triglycerides.lgo In most naturally occuring lecithins, the 1-position is esterified
with a saturated fatty acid, and the 2-position with an unsaturated fatty acid.|®?

32



Chapter 1 - Introduction

There are two types of unsaturated fatty acids (Figure 1.37), the unconjugated,
polyunsaturated fatty acids, such as eicosapentanoic (EPA) (C20:5), and
docosahexaenoic acid (DHA) (C22:6), and the conjugated fatty acids, such as
trienoic (3 double bonds) and tetraenoic (4 double bonds) conjugated fatty acids.
EPA and DHA account for 50% of the fatty acid constituents of marine
phosphotipids.'®® Phospholipids from purified soy constitutes of about 8% C18:3
fatty acids.’”® The most conjugated, unsaturated phosphatidylcholine isolated
contains parinaric acid (C1 8:4).2% In marine species, polyunsaturated fatty acids
increase membrane fluidity and mobility, maintaining the membrane integrity and
function at lower temperatures.198 Polyunsaturated phosphatidylcholines show
beneficial cffects in human health.!®* Several methods have been developed to
produce polyunsaturated p11()5];)’r101ipids198'205 and 1ysophospholipids.206
Phospholipids or phospholipid formulations enriched with unsaturated fatty acids
are useful in foods, cosmetics, and pharmaccuticais.zm’ 208

Unconjugated fatty acids

— == SR = s CO0H

EPA {20:5)

COOH

DHA (22:6)

Conjugated fatty acids

PV e e P VAV N Ve COOH

all-trans tinolenic acid {C18:3)

NN COOH

all-trans parinaric acid (C18:4)

Figure 1.37 Examples of naturally occuring unconjugated and conjugated
polyunsaturated fatty acids.
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1.8 Aggregates and self-assembly monolayers (SAMs)
1.8.1 Self-assemblies in water

Amphiphilic molecules such as phospholipids form aggregates, which are self-
assembled systems, when dissolved in water.! 8 Aggregates of carotenoids were
first observed in 1931. These were formed after addition of water to an acetone
solution of - and B,B-carotene.?®? Aggregates of other carotenoids were later
studied 210 211 Most carotenoids in polar solutions {e.g. aceton, ethanol, and
methanol) display a 3-peak absorption curve in the visible spectral region (420-
480 nm). When water is added to such solutions there is generally a characteristic
change in the absorbtion spectra, due to aggregation of the carotenoids.>1°
Aggregation of o and B, B-carotene lead to a broadening of the absorbtion peaks,
in addition to a loss of the 3-peak fine structure.?1® 213 The xanthophylls (e.g.
futein, zeaxanthin, astaxanthin), give even more pronounced changes; a new
absorbance peak (a blue shift) arises usually in the area 370-410 nm depending on
the carotenoid, and the fine structured 3-peak diminishes or disappears totally if
more water is added to the solution.2!® Sometimes a red-shifted minor absorption
band near 510 nm has also been observed. The least polar xanthophylls (e.g.
zeaxanthin) have a greater tendency for aggregation than the most polar ones (e.g.
neoxanthin).214

Aggregates of carotenoids in aqueous solution are held together by weak non-
covalent forces, and can be disrupted by an increase in the temperature or by
addition of organic solvents.”!! The blue shift is belicved to be due to a “card-
pack” orientation of the polyene chains, while the red-shift is due to a “head-to-
tail” orientation, see Figure 1.38 These orientations are referred to as H- and J-
aggregates, respective[y.214‘216 The aggregation type observed for each
carotenoid cannot be predicted utilizing nearly identic experimental conditions.
Astaxanthin form J-aggregates, lycopene form H-aggregates. Both types of
aggregates are photostable, whereas the parent compounds are easily destroyed by
irradiation, H-aggregated, and in particular J-aggregated carotenoids, may be used
as a tool for varying the color characteristics of carotenoids as colorants in food,
cosmetics, and pharnrmu;e:uticalls.217
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The color of a yellow protein, isolated from
iy lobster shell, containing 20 molecules of
V astaxanthin per unit protein, was suggested
to come from carotenoid-carotenoid
R & interactions similar to the interactions in
. - aggrcgates.215 218 A temperature and time
e " dependent study of astaxanthin in aqueous

sofutions showed red-shifted absorption
bands at 560 nm above 21°. These “head-to-

idea-f H-aggregate
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i o Y “card-packed” aggregates. Further, they
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&£ {2..1. 1y H-aggregate 16 Blye-shifted absorption spectra have also

been induced by carotenoid aggregation in

* t‘—. { bile acid solutions,?!® sodium dodecyl
?i?{g sulfate solutions,220 and in cholate micelles,
T “‘é{}}% . 221 while red-shifted bands were induced by
od ":}é‘ 4 \,;_it; . . . i
5, (2; i encapsulation of carotenoids in rigid-rod B-
15 S N barrels??! or by dispersing carotenoids into
g{* 4 I linear macromolecules {e.g. dextran and
& %j polyethylene glycol).141 Aggregates from

B,B-carotene complexes with cyclodextrins
were evidenced by light scattering and NMR
Figure 1.38 Models of H- and J- spectroscopy.139 B,B-carotene and the two
aggregates (from ref. xanthophylls zeaxanthin and lutein were
148). incorporated into liposomes of dipalmitoyl
phosphatidylcholine, showing a more

marked aggregation for lutein than for B,B-carotene and zeaxanthin.>?

{1_2_1) J-aggregate

The water-dispersible vitamin C-carotenoid 24 (Figure 1.24) exhibited a marked
red absorption shift of approximately 50 nm when dissolved in water.1>® The
highly water-dispersible astaxanthin-amino acid conjugate 31 (Figure 1.28) does
not aggregate spontanously in aqueous solution, but show a continous decrease in
the absorption intensity and exhibits a blue shift of 22 nm after 24 hours. % The
water-soluble pyridinium carotenoid 27 (Figure 1.26) also did not show a
spontanous shift in the absorption spectrum when changing from organic to
aqueous solution (no time-dependent study was dom:).15 8, 159 However, when
longer polyene homologues were dispersed in water, a marked hypsochromic shift
was seen in the absorption spectra. Similar to the non water-dispersible/soluble
carotenoids, the initial spectrum is restored afier adding organic solvent.!38 162
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Aggregation behavior is clearly dependent on the degree of hydrophilicity, a
result of the nature of the polar substituent(s) and the polyene chain length.

1.8.2 Self-assemblies on surfaces

Many surface active organic molecules in dilute solutions self-assemble into
oriented monolayers on metal surfaces (Figure 1.39). The driving forces are
chemical bond formation of the molecules with the surface and iniermolecular
interactions.?> 223 In 1983, it was shown that oriented monolayers of dialkyl
disulfides on gold could be formed by adsorption of di-r-alkyl sulfides in dilute
solutions. Since then, many seli-assembly systems have been studied, including
thiols and disulfides on gold and silver, silanes on silicon dioxide, fatty acids on
metal oxide surfaces, phosphonates on phosphate surfaces, and isocyanides on
platinum.zzz’ 224

Although both sulfur and selenium compounds have a strong affinity to transition
metal surfaces, the most studied SAMs have been thiol/disulfide monolayers on
g01d.222 The Au-S bond in SAMs of alkanethiolates is strong (40 kcal/mol) and
long-chain alkane-thiols form compact monolayers on goId.224 However, in the
recent past there have been several reports on organoselenium monolayers as
alternatives for organothiol monolayers on gold.?>>23% They arc interesting
because a number of organoselenium compounds are found in living tissues, and
because selenium can substitute or accompany sulfur compounds in the
organism.?** Alkaneselenols and dialkylselenides form stable incommensurate
monolayers on gold, whereas the alkancthiols form ordered, compact
structures. > Disclenides form stable monolayers due to facile Se-Se cleavage.226
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Thiol solufion

Fignre 1.39 Schematic illustration of the preparation of self-assembled
monolayers (SAMs) on gold from a thiol solution (from ref. 235).

SAMSs are in general highly ordered structures; the degree of order is determined
by three main interactions between: 1) the head group of the surfactant and the
metal surface, 2) the alkyl chains, and 3) the terminal functional groups and the
outer medium.?%* By varying the alkyl chain and the terminal groups, or by
modifying the monolayer by organic reactions with functional groups (e.g.
hydroxyl, carboxyl, and amino groups), a variety of organic surfaces with a well-
defined composition, structure, and thickness can be formed.??> 223 SAMs may be
utilized as biomimetic films, lubricants, protective coatings, components in
electronic devices, functionalized gold nanoparticles, and other interesting
applications.zzz’ 233

Although SAMs are interesting as biomimetic films, there have been few reports
of monolayers containing unsaturated alkyl chains.2*® Some SAMs with
unsaturated hydrocarbon thiols, and aromatic disulfides and diselenides on gold
have been reported.zm 228, 230, 231 gAMs formed from electroactive organic
compounds have become more and more interesting because of their potential
applications as molecular devices. 2" The large, delocalized z-electron system of
carotenoids have therefore been a natural choice, and their electrochemical
properties are now studied.2*® A synthetic thiol substituted carotenoid polyene
(41) (Figure 1.40) embedded in SAMs of 1-docosanethiol was shown to be over a
million times more electronically conductive than the alkane chain of similar
length 173. The same compound formed stable SAMs on gold, but they were less
ordered than alkanethiols due to steric hindrance ?*’
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Figure 1.40 Synthetic sulfur-containing carotenoids
7"-apo-7 '-(4-mercaptomethylphenyl)-B,-carotene (41) and
4’-thioxo-pB,3-carotene-4-one (42), both of which form self-
assembled monolayers (SAMs) on gold.

A carotenoid self-assembled monolayer was also obtained by dipping a gold
clectrode into a solution of the carotenoid thion derivative 42 (Figure 1.40) in
acetonitrile, and the electrochemical properties were studied by cyclic
voltammetry {(CV) in aqueous solution. The surface layer was electrochemically
stable within the potential region betwen 0.5 and -0.6 V vs, SCE, but an ¢lectron
transfer from the polyene chain occured at 0.9 V vs. SCE.?*® The studics of these
carotenoids showed that sulfur-substituted carotenoids form hydrophobic
interfaces at the gold surfaces and may have potential applications as molecular
wires. For the study of SAMs of sclenium-containing carotenoids, see Chapter 7.4.

The first carotenoid thiol was synthesized in 1990.%9 Aso, optically active thiols
have been known for some time. Unfortunately, synthesis produced the thiol in
only low yield, including many byproducts, which demanded laborious work-up
procedures. These shortfalls have so far prevented the preparation of optically
active carotenoid SAMs, '
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2 Synthesis of hydrophilic, water-dispersible
carotenoid derivatives

2.1 Synthesis of carotenoid lysophosphocholine R-43a and
43a/43b/43¢ (paper nr. 1, 2, and 9)

Lysophospholipids are natural compounds with high water-activity.
hydrophobic carotenoid appearing as lysophospholipid may have improved
bioavailability compared to corresponding free carotenoid (see also Chapters 1.5.3
and 1.7.2). There have been few reports on chemical synthesis of unsaturated
(Eyso)phosphochoiines.206’ 240 The synthesis is challenging due to the sensitivity
of the unsaturated chain.?4!> 242

183, 185-187 A

In & first attempt, B-apo-8 -carotenoic acid (46) was reacted with an excess of sn-
glycero-3-phosphocholine (GPC) (R-47) (p = 0.88), in the presence of CDI (48),
DCC (49), and DBU (50), according to a previously described method (Scheme
2. 1).243 The enantiomer R-43a was isolated by chromatographic methods in low
yield (< 5 %). The optical activity of R-43a is described in Chapter 8.

ol
S S S S S S S S e 4 HO/Y\O—%—O/\/N\
46 CH 20 (R)47

~ ==
45 NWNYN\&N
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Orwon
49
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= |
OH  ©0
(R)-43a

Scheme 2.1 First synthesis of the carotenoid Jysophosphocheline R-43a,
starting from sn-glycero-3-phosphocholine (GPC) (R-47) in the
presence of CDI (48), DCC (49), and DBU (50).

(N\jo 50
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In a second synthesis (Scheme 2.2) direct esterification of glycerol with B-apo-8'-
carotenoic actd chloride (51) resulted in the two carotenoid monoglycerides, 1-(B-
apo-8 -carotenoyl)-glycerol (22a) (Figure 1.22) and its 2-acyl isomer 2-(B-apo-8 '~
carotenoyl)-glycerol (22b) in 26% yield. Chromatographic separation of the two
components of the mixture by reported methods {e.g. TLC impregnated with 1.2
% boric acid in chloroform/acetone (96/4, v/v%) or chioroform/methanol (98/2, v/
v%)2 4 24 were not succesful. Acyl migration (Figure 2.1) in monoacylglycerols
occurs during chromatography on silicic acid or under acidic, basic, or thermal
conditions. The mixture composition, 88 % of the 1-acyl isomer 22a and 12% of

the 2-acyl isomer 22b, was in agrecment with the literature®*® 247 and is
specitlated to arise from the synthesis and/or acyl migration.
—QCOOR —OH
acyl migration
o= O = = ——QCO0R
—=OH +—0OH

1-acyl monoglycerol 2-acyl monoglycerol

Figure 2.1  Acyl migration in monoacylglycerols.
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Scheme 2.2 Second synthetic pathway of the carotenoid lysophosphocholine,
resulting in a regioisomeric mixture of 43a, 43b, and 43c.
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Aware of the possibilities of obtaining regioisomeric mixtures in the subsequent
synthetic steps, the synthesis was continued by introducing the phosphoryl group
to the mixture of the two carotenoid monoglycerides 22a/22b. This step resulted
in the bromine adducts 54a/54b in a ratio 60:40%, respectively, A small amount
of isomer 54¢ was anticipated, but was not detected in the product mixture. The
absence of 54¢ may be a result of negligible formation in addition to low
resolution in the 'H and COSY spectra and the broadened 13C and *'P spectra (see
Chapter 2.5.2).

Finally, after amination with trimethylamine (55) a regioisomeric racemic mixture
of the carotenoid lysophospholipid 43a/43b/43¢ was finally obtained in 33%
yield. In addition to acyl migration in (Iyso)phosphochoiines248'250 there has been
some reports on phosphoryl migration (Figure 2.2) observed mostly under drastic
conditions (e.g. high temperatures and in alkaline solutions).25 1-233 No acyl or
phosphoryl migration was observed for the regioisomer R-43a after purification
on preparative TLC, nor observed during the time scale of the NMR
measurements. The ratio of 43a/43b/43c (49%/43%/8%, respectively) may
therefore originate mostly from the synthesis.

OH
OCOOR
1l
OCOOR / o—H—ox
0®
OH
i
o——s;'—ox \ OCOOR
oo ﬁ’
0—P—0X
o2
OH

Figure 2.2 Acyl and phosphoryl migration in lysophosphocholines.

2.2 Synthesis of phosphocholine esters from p-apo-8-
carotenoic acid (56) and 4-oxo--apo-8 -carotenoic acid
(37)

Phosphate, phosphatidyl, and phosphorylcholine derivatives of lipophilic

compounds (e.g. vitamin E and fatty acids) have been synthesized to improve
water-solubility of the parent compounds,179= 254,253 for use in pharmaceuticals
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and food, or as moisturizers in cosmetics. 2% 2%7 In order to obtain hydrophilic,
water-dispersible carotenoids, phosphocholine esters were synthesized from -
apo-8’-carotenoic acid (56) and 4-0x0-f-apo-8'-carotenoic acid (57)258 {Scheme
2.3). After the esterification of the acids with 2-bromoethyl dichlorophosphate
(53), the bromine intermediates 58 and 59 were isolated in 20 and 12% yield,
respectively. Amination with trimethylamine (55) gave the final carotenoid
phosphocholine esters 60 and 61 in 88 and 78% yicld, respectively.

| o [o}
Tl 5 S OH e S S S e e S S NOH
56 57
O
(1) Br 53 )
C-fp-0" ci-p-gB 9
ot &i
[ 2 o a4
M\/\\[)\O _;?_0/\/Bf e S, S, 7%__ o/\/Br
i oH 56 | P o
E © i
N N
N e
Y

-
lN\\ 55

& o] @P'J’— o o) @&’_
S W “/\H\O'"F;’"O’\/ { /MOV?*ON \
60 ! og 61 ! 0o
C

Scheme 2.3 Synthesis of carotenoid phosphocholine esters 60 and 61.

2.3 Synthesis of potassium salts of B-apo-8 -carotenoic ethyl
ester (62) and 4-oxo-p-apo-8°-carotenoic ethyl ester (63)

Sodiom salts of carotenoids have been shown to impart high degrees of water-
dispersibility to the compounds, as well as improved bioavailability.!®* High
concentrations of the corresponding potassium salts may not be used for in vivo
purposes, due to toxicity issues.?”? However, potassium salts arc in general more
water-soluble than the sodium salts. Therefore, the potassium salts of B-apo-8'-
carotenoic ethyl ester {62) and 4-oxo-$-apo-8’ -carotenoic ethyl ester8 (63) were
made by the methods outlined in Scheme 2.4. The solid crude product, obtained
after solvent evaporating, was washed with ice-cold CH,Cl,. The products 64 and
65 were obtained in approximately 70 and 40 % yield, respectively.
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Scheme 2.4 Synthesis of the carotenoid potassium salts 64 and 63.

2.4 Synthesis of carotenoid-selena-phosphocholine 66

The synthesis of the carotenoid-selena-glyceride 67 has previously been
described. ! Analogous to the method outlined in Scheme 2.2 and 2.3, 2-
bromoethyl dichlorophosphate (53) was introduced to the carotenoid-selena-
glyceride 67 which, after purification on preparative TLC, afforded the bromine
intermediate 68 in 16% yicld. Amination with trimethylamine (55) gave the
carotenoid-selena~phosphocholine 66 in 45% yield.
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Scheme 2.5 The synthesis of the carotenoid-selena-phosphocholine 66.

The polar, hygroscopic carotenoid-selena-phosphocholine 66 forms a self-
assembled-monolayer (SAM) on gold. This behavior was investigated by
electrochemical methods (see Chapter 7).
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2.5 Structural elucidation by 1D and 2D NMR

2.5.1 Structural elucidation of the carotenoid monoglycerides 22a/22b

From the H.H-COSY spectrum of 22a/22b in Figure 2.3, it is seen that
characteristic glyceryl and carotenoyl 'H and 1C NMR shifts were obtained for
both the two carotencid monoglycerides 22a and 22b. A 3-spin system is seen at
4.35-4.26 ppm (H,COOR) - 4.02-3.98 ppm (HCOH) - 3.73-3.60 ppm (H,COH}
for the 1-acyl isomer 22a, and a 2-spin system at 5.03-5.00 ppm (H,COOR} -
4,10-3.97 ppm (H,COH) for the 2-acyl isomer 22b, according to previous reported
1 NMR data of monoacyl glycerol isomers. 260

Mesmien

Sl

A
53

LA

|

|
]

T e
b8 3.4 kR

Figure 2.3 1D H and 2D H,H-COSY spectra of the glyceryl region of the
carotenoid monoglyceride mixture 22a/22b.
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2.5.2 Structural elucidation of the carotenoid lysophosphocholines
R-43a and 43a/43b/43b and their 2-bromoetyl derivatives

(paper 2)
Typical 1D ‘H spectra of the three positional isomers of lysophosphocholines are
shown in Figure 2.4,

é b
o B~ | L\J e B

[

by 4-~--—-—a--'0 %4 40 36

Figure 2.4  Typical 1D 11 spectra of individual regioisomers of lysophospho-
cholines (taken from ref. 251).

By analyzing high resolution 'H and H,H-COSY spectra of the regioisomeric
mixture of the carotenoid lysophosphocholine 43a/43b/43c¢, it was possible to
identify the characteristic giyceryl and phosphocholine proton shifts of all three
isomers in the mixture (Figurc 2.5). A 3-spin system is seen for both isomers 43a
and 43b at 4.19-4.22 ppm (H,COOR) - 4.04 ppm (HCOH) - 3.89-392 ppm
(H,COP) and 4.26-4.31 ppm (H,COH) - 4.40 ppm (HCOP) - 3.72-3.78 ppm
(H,COH), respectively. The typical spin system for the 2-acyl minor isomer 43¢
appear at 3.75-3.78 ppm (H,COH)} - 5.02 ppm (HCOOR) - 4.06-4.09 ppm
(H,COP).
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Figure 2.5 1H and H,H-COSY spectrum of the lysophosphocholine mixture
43a/43b/43e. Only the glyceryl (1a: red, 1b: green, I¢: blue) and
phosphocholine moiety (yellow) correlations are shown.

13C DEPT 135 spectra revealed the 3¢ signals of the glyceryl and the
phosphocholine chain signals for 43a and 43b, analogous to the signals for the
bromine adducts 54a/54b in Figure 2.6. No glyceryl or phosphocholine Be
signals for the minor isomer 43¢ were detected due to low concentration.

Due to partial aggregation of the bromine adducts 34a and 54b 1D 'H and 2D
H,H-COSY spectra revealed low resofution for the glyceryl and 2-bromoethyl
phosphory! moieties in different solvent systems. However, all the characteristic
glyceryl and 2-bromoethyl B¢ signals of both isomers 54a and 54b were
identified from the '*C DEPT 135 spectrum (Figure 2.6). A difference in chemical
shifts between the two -CH;Br groups (31.5 ppm and 31.7 ppm} for 54a and 54b,
respectively indicate that not only the glyceryl chemical shifts, but also the 2-
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bromoethyl chemical shifts are sensitive to the position of the unsaturated acyl
chain.
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Figure 2,6  >CDEPT 135 spectrum of the isomeric mixture 54a/54b. Only the
glyceryl 13 (54a), O (54b)and the 2-bromoethyl phosphoryl
A moiety signals are showil.

31p NMR can be used to distinguish regioisomers of l},fsophosp‘nocholines.251 1D
31p spectra of R-43a and the mixture 43a/43b/43c¢ confirmed the presence and
determined the ratio of the three isomers in the mixture (Figure 2.7). Contrary to
I3C.NMR, the >'P NMR spectra allowed the detection of the minor isomer 43¢.
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Figure 2.7 1D *'P NMR signals for the a) lysophosphocholine mixture

High resolution 1D 'H and 2D H,H-COSY spectra could not distinguish between
the carotenoyl moiety of the regioisomers. However, a 1D 'H NMR subtraction
spectrum of the mixture and the pure isomer [(43a/43b) - R-43a] could be used to
determine the 'H shifts of the carotenoyl chain for the individual regicisomers,
Figure 2.8. The most pronounced deviation of R-43a compared to 43b is seen for
the H10" which gives a doublet of doublets at about 7.32 ppm. In the isomeric
mixture a multiplet at 7.32 ppm is observed, indicating that the isomers 43a and
43b each give one doublet of doublets with a small chemical shift difference. By
similar subtraction, the other proton signals for isomer 43b could also be
determined, as seen for H11 and HI5 in Figure 2.9, (the concentration of 43¢ was

43a/43b/43c and b) the pure regioisomer R-43a.

too low to give significant signals in the polyene chain region).
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Figure 2.8  H10' signal for 43a /43b (red) and pure R-43a (blue) and the signal
for 43b (green) after subtraction [(43a/43b) - R-43a}.
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Figure 2.9  H15 and H11 signals for 43a /43b (blue) and pure R-43a (red).

The observation of double 1C signals in the polyene chain region of the mixtures
43a/43b and 54a/54b confirmed that the chemical shifts in the unsaturated chain
are affected by their position on the glycerol backbene. In conclusion, in NMR
spectra of glycero{phospho)lipids from unsaturated conjugated polyenic acids, the
'H and 13C signals of the unsaturated part of the acyl chain appear in regions
normally not occupied by other lipid signals. It was shown that ' and BC
polyenic NMR signals having characteristic shifts, depending on the position in

the glycerol backbone, may be used to distinguish between positional isomers of
(lyso)phosphocholines and their 2-bromoethyl derivatives.
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2.5.3 Structural elucidation of selena-caretenoid-phosphocholine 66

The glyceryl protons of 1,2-diacyl-glycero-3-phosphocholines (Figure 2.10) give
an ABMXY spin system in the 1D 'H and H,H-COSY spectra. 01, 262 s s
shown for the carotenoid-selena-phosphocholine 66 in Figure 2.11. The H, and
Hp signals both appear as doublets of doublets at 4.48-4.41 ppm (dd, 1H, CHOP)
and 4.27-4.16 ppm (dd, |H, CH,OP}, respectively. The coupling constant between
H, and Hy is 12.23 Hz. The multiplet at 5.23-5.32 ppm (m, 1H, -CH-) arise from
Hy,; and Hy and Hy appear as one multiplet at 3.98-4.06 (m, 2H, CH,COO). The
glyceryl proton signals for the 2-bromoethyl derivative 68 showed a similar
pattern,

Ha
[ —OCOOR
Hy——~0COOR
I o/
H O—TMO/\/ v
HY oo

Figure 2.10  The ABMXY glyceryl protons of 1,2-diacyl-3-glycero-3-
phosphocholines.
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Figure 2.11 1D 'H and 2D H,H-COSY spectrum of the glyceryl (ABMXY) and
phosphocholine region of carotenoid-selena-phosphocholine 66.
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2.6 Water-dispersibility, water-solubility

The polar character of xanthophylls was early determined by extraction
techniques. The carotenoid was partitioned from a solution of known
concentration in a polar solvent {e.g. methanol) into a non-polar solvent (e.g.
hexane). The amount of carotenoid could then be determined by UV-VIS
absorption.”®® Water-dispersibility/solubility of low hydrophilic carotenoids such
as the carotenoid sulfates, was determined by dissolving a spectrophotometrically
(in McOB) determined amount of carotenoid in water. The solution was then
centrifuged and decanted. Excess carotenoid was quantitatively measured by UV-
VIS absorbtion in MeOH, and the weight difference was used to estimate the
carotenoid concentration in water.!!” These methods are not suitable for highly
water-dispersible carotenoids.

In this work, the hydrophilic carotenoids were dried under reduced pressure over
night. A certain amount of distilled, filtered (0.22 pm) water was added and the
solution/dispersion was stirred until no visible solid was left. All compounds
dissolved either in pure water (43a/43b/43c, 64, 65, 66, 14) or in 1% methanol/
water (60, 61). The water soubility varied from 1.5 mg up to more than 60 mg/ml,
sec Table 1. Because of limited amount of samples, the real values for solubitities
summarized in Table 2.1 may be higher. For crocin (14) no saturation limit was
previously reported.?6%
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Table 2.1 Water-dispersibility/solubility of hydrophilic carotenoids

Compound Water
Chemical Structure }\?r solubility
) (mg/ml)
. 43a/43b/43¢ > 60
e e e ~o OEAO/\EK;\A
A ! CRCh)
o 64 > 5.0
WOBK@
o 05 >4.5
Wo@ K@
; o o 60 in 1%
W@aﬁo&w methanol
N
M O_F'SG;)/\/\ methanol
O
| g o & 66 > 1.5
S S Sy 5 b~
’\l/\ovée
&
o 14 > 150
Ho <O
OH
oM Qo oH
HO. ‘(OW G VS 07" “OH
Q0 OH
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2.7 Experimental

2.7.1 Synthesis of the phosphocholine esters of f-apo-8 -carotenoic
acid (56) and 4-oxo-B-apo-8 -carotenoic acid (57}

{The synthesis is analogous to the method described by Hansen et.al *%%) To an
ice-cooled solution of 2-bromoethyl dichlorophosphate (53) (175.0 mg, 1.4 mmol)
(prepared and freshly distilled as described 265) in anhydrous diethyl ether (Et,0)
(10 ml) under Ny-atmosphere was added dropwise pyridine (1.5 ml), followed by
B-apo-8 -carotenoic acid (56) (86 mg, 0.2 mmol) dissolved in Et;0 (15 ml). The
solution was allowed to reach room temperature and then refluxed for 5 h under
nitrogen. After cooling in an ice-bath, water (1 ml) was added dropwise, and the
mixture was stirred at room temperature for 12 h. The solvents were removed
under reduced pressure. The residue was taken up in a mixture of CHCly/CH;OH
(2:1, viv9%) (10 mi) and 2 drops H,SOy (aq, 25%) was added. The organic phase
was washed with H,O (3ml). The combined organic phase was dried over
anhydrous Na,SO, and filtered. The solvents were removed under reduced
pressure, and the crude product was dissolved in CHCl/CH30H (2:1, viv%e).
After purification on preparative TLC in CHCl3/CH3OH (2:1, v/v%), 58 was
obtained in 20% yield (25 mg).

R¢ (CHCly/CH30H) (3:1, v/v%) = 0.3. UV-VIS: Ay, =447 nm (methanol).
MS (ESI): m/z 663 [M - H + 2Na]".

(This step was performed in accordance to the method described by Stamatov.!”")
The bromine adduct 58 was taken up in a mixture of CHCly/2-propancl/
dimethylformamide (20 ml, 3:5:5 v/v/v%) and treated with a 45% solution of
trimethylamine (55) (45% in H,0, 1.5 ml) at room temperature for 4 h. The
volatile solvents were removed, the residue dissolved in CHCl/CH;0H (2:1, v/
v%), and washed with H,O. The organic phase was dried over anhydrous Na; 5Oy
and filtered. The solvents were removed under reduced pressure, the crude product
was dissolved in CHCly/CH,0H (2:1, v/v%), and purified by preparative TLC m
CHCI,/CH;0H/H,0 (4:5:1, viviv¥%). 60 was obtained in 88% yiceid (20 mg).

Ry (CHClL/CH3;OH/H,0 (4:5:1, vivivie)) = 045 UV-VIS: Ay, = 452 nm
(methanol), 453 nm (CH,Cl,). MS (ESI): m/z 620 [M - H + Na]‘tfnlaH—NMR (400
MHz, CDCly (75%)/CD,0D (25%); carotenoyl moiety: 7.33 ppm (d, 1H, H10),
6.76 ppm (m, 1H, H15), 6.72 ppm (m, 1H, H11), 6.69 ppm (m, 1H, H12’), 6.64
ppm (m, 1H, H15"), 6.49 ppm (dd, 1H, H11"), 6.44 ppm (m, 1H, H14"), 6.37 ppm
(m, 1H, H12), 6.28 ppm {m, 1H, Hi4), 6.19 ppm (m, 1H, H7), 6.11 ppm (m, 1H,
H8), 6.16 ppm (m, 1H, H10), 2.009 ppm (s, 3H, H20), 1.999 ppm (s, 3H, H197},
1.982 ppm (s, 3H, H20"), 1.985 ppm (s, 3H, HI9), 1.97 ppm (m, 2H, H4), 1.72
ppm (s, 3H, H18), 1.59 ppm (m, 2H, H3), 1.43 ppm (m, 2H, H2), 1.03 ppm (s, 65,
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CHs;, C5); phosphocholine moiety: 4.52-4.58 ppm (m, 2H, CH,OP), 3.72-3.78
ppm (m, 2H, CH,NY), 3.25 ppm (s, 9H, [CH;13N™).

The bromine intermediate 59 was prepared from 4-oxo-B-apo-8'-carotenoic acid
(57) (89 mg, 0.20 mmol) by the same procedure as for 58. After chromatographic
work up by preparative TLC in CHCl3/CH;0H/H,O (4:5:1, viv/v%), 59 was
obtained in 12% yield (15 mg).

R¢ (CHCI/CH;0H/H,0 (7:3:0.3, v/iviv%) = 0.48. UV-VIS: A . = 464 nm
(CH,Cly). MS (ESI): m/z 402 [(M - C,H504PBr) - CO,1". 'H-NMR (400 MHz,
CDCls5 (75%)/CD30D (25%); carotenoyl moiety: 7.40 ppm (d, 1H, H10%), 6.76
ppm (m, 1H, H15), 6.70 ppm (m, 1H, H11), 6.66 ppm (m, 1H, H12"), 6.65 ppm
(m, 1H, H15%), 6.51 ppm (dd, 1H, H11°), 6.43 ppm (m, 111, H12), 6.41 ppm (m,
1H, H14%), 6.36 ppm (m, 1H, H8), 6.30 ppm (m, 1H, H14), 6.27 ppm (m, 1H,
H10), 6.24 ppm {m, 1H, H7), 2.49 ppm (m, 2H, H3), 1.991 ppm (s, 3H, H19),
1.990 ppm (s, 3H, H20), 1.966 ppm (s, 3H, H20"), 1.947 ppm (s, 3H, H19%), 1.84
ppm (m, 2H, H2), 1.83 ppm (s, 3H, HI18), 1.20 ppm (s, 6H, CH;, C5); 2-
bromoethyl moiety: 4.24-4.29 ppm (m, 2H, CH,0P), 3.54-3.57 ppm (m, 2H,
CH,Br).

The final carotenoid phosphocholine ester 61 was isolated after chromatographic
work up by preparative TLC in CHCly/CH;OH/H,0 (4:5:1, vivivds) in 78% yield
{9 mg).

R¢ (CHCL/CHLOH (4:5:1, vivive) = 0.38. UV-VIS: A .« = 464 nm (CH,Cly);
Amax = 461 nm (methanol). MS (ESD): m/z 612 M**, 634 [M - H + Na]*. 'TH-NMR
(400 MHz, CDCl; (75%)/CD30D (25%); carotenoyl moiety: 7.43 ppm (d, 1H,
H10%, 6.76 ppm (m, 1H, H15), 6.72 ppm (m, 1H, HI1), 6.69 ppm {m, 1H, H12"),
6.66 ppm (m, 1H, H15%), 6.53 ppm (dd, 1}, H11"), 6.44 ppm (m, 1H, H12), 6.42
ppm (m, 1H, H14"), 6.38 ppm (m, 1H, HB), 6.31 ppm (m, 1H, H14), 6.28 ppm (m,
1H, H10), 6.26 ppm (m, 1H, H7), 2.48 ppm (m, 2H, H3), 2.064 ppm (s, 3H, H19"),
1.994 ppm (s, 3H, H19), 1.986 ppm (s, 3H, H20), 1.967 ppm (s, 3H, H20"), 1.84
ppm (m, 2H, H2), 1L.83 ppm (s, 3H, HI18), 1.20 ppm (s, 6H, CH;, C5)
phosphocholine moiety: 4.46-4.40 ppm (m, 2H, CH,0P), 3.64-3.58 ppm (m, 2H,
CH,N"Y, 3.20 ppm (s, 9H, [CH,;],N ).

2.7.2 Synthesis of potassium salts of B-apo-8-carotenoic ethyl ester
(62) and 4-oxo-B-apo-8 -carotenoic ethyl ester (63)

$-apo-8'-carotenoic ethyl ester (62) (345.5 mg, 0.75 mmol) was dissolved in 2

KOH-ethanolic solution (5.7% KOH; 29.7 mg in 50 mi EtOH). The solution was

refluxed for 12 h, and the solvent removed under reduced pressure. The solid
crude product was washed with ice-cooled CH,Cl,, while unreacted KOH was
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precipitated and removed by filtration. The pure potassium salt 64 was finally
dried in vacuo and obtained in 70% yield.

UV-VIS: Ay = 438 nm (methanol). MS (ESI): m/z 431 [M - KT". "H-NMR (400
MHz, CD;0D): 7.07 ppm (d, 1H, H10%), 6.70 ppm (m, 1H, H11}, 6.69 ppm {m,
1H, H15), 6.67 ppm (m, 1H, H15%), 6.55 ppm (dd, 1H, H11), 6.51 ppm (m, 1H,
H12%), 6.37 ppm (m, 1H, H12), 6.32 ppm (m, 1H, H14"), 6.27 ppm (m, 1H, H14),
6.19 ppm (m, 1H, H7), 6.14 ppm (m, 1H, H10), 6.11 ppm (m, 1H, H8), 2.03 ppm
(m, 2H, H4), 1.986 ppm (s, 3H, H20), 1.988 ppm (s, 3H, H19"), 1.979 ppm (s, 3H,
H20"), 1.974 ppm (s, 3H, H19), 1.72 ppm (s, 3H, H18), 1.64 ppm (m, 2H, H3),
1.48 ppm (m, 2H, H2), 1.03 ppm (s, 6H, CH3, C5).

4-px0-B-apo-8 -carotenoic ethyl ester (63) (159.0 mg, 0.34 mmol) was dissolved
in a mixture of aqueous KOH (8.9% KOH; 1.29 g in 107 ml H,0) and isobutanol
(15 mt). The solution was heated to 86 °C and stirred for 12 h. The solvents were
removed under reduced pressure, the crude solid product was washed with 1ce-
cooled CH,Cl,, and unreacted KOH was precipitated and removed by filtration.
The pure potassium salt 65 was dried in vacuo and obtained in 40% yield.

UV-VIS: hay = 455 nm (methanol). MS (ESI): m/z 483 [M - H]*, 445 M - K.
TH-NMR (400 MHz, CD,0D): 7.06 ppm (d. 1H, H10"), 6.78 ppm (m, 1H, H15),
6.74 ppm (m, 1H, H11), 6.69 ppm (m, 1H, H15%), 6.60 ppm (dd, 1H, H11"), 6.53
ppm (m, 1H, H12"), 6.51 ppm (m, 1H, H12), 6.39 ppm (m, 1H, H14), 6.36 ppm
(m, 1H, H10), 6.34 ppm (m, 1H, H14"), 6.33 ppm (m, 1H, H8), 6.26 ppm (m, 1H,
H7), 2.51 ppm (m, 2H, H3), 2.047 ppm (s, 3H, H20), 2.016 ppm (s, 3H, H20"),
1.978 ppm (s, 3H, H19), 1.975 ppm (s, 3H, H19), 1.88 ppm (m, 2H, H23, 1.85
ppm (s, 3H, H18), 1.23 ppm (s, 6H, CH,, C5).

2.7.3 Synthesis of the carotenoid-selena-phosphocholine 66

(The synthesis is analogous to the method described by Hansen et.al %%y To an
ice-cooled solution of 2-bromoethyl dichlorophosphate (53) (10.3 mg, 6.08 mmol)
(prepared and freshly distilled as described 265) in anhydrous diethyl ether (E,0O)
(4 m1) under N,-atmosphere was added dropwise pyridine (0.03 ml), followed by
carotenoid-selena-glyceride 67 (11.5 mg, 0.02 mmol) dissolved in Et,0 (8 ml).
The solution was allowed to come to room temperature before refluxing for 6 h
under nitrogen. After cooling in an ice-bath, water (0.5 ml) was added dropvise,
and the mixture was stirred at room temperature for 12 h. The solvents were
removed under reduced pressure. The residue was taken up in a mixture of CHCl,/
CH;OH (2:1, v/v%) (8 ml) and 1 drop of HySO, (aq, 10% ) was added. The
organic phase was washed with H,O (2 x 4ml). The combined organic phase was
dried over anhydrous Na,SQ, and filtered. The solvents were removed under
reduced pressure and the crude product was dissolved in CHCly/CH;0H (2:1, v/
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v%). After purification on preparative TLC with CHCL;/CH;0H (2:1, v/v%e) as
eluent, the bromine intermediate 68 was obtained in 16% yield (2.1 mg}.

Ry (CHCl3/CH;0H (3:1, viv%0)) = 0.3. UV-VIS: Ay = 456 nm (methanot)}.

MS (ESI): m/z 883 [(M - CHjy) - H]". TH-NMR (400 MHz, CDCly); carotenoyl
moiety. 7.28 ppm (d, 1H, H10%), 6.71 ppm (m, 1H, H15), 6.68 ppm (m, 1H, H11),
6.60 ppm (m, 1H, H12%), 6.60 ppm (m, 1H, H15"), 6.47 ppm (dd, 1H, HI11%),6.37
ppm (m, 1H, H14%), 6.34 ppm (m, 1H, H12), 6.23 ppm (m, 1H, H14), 6.17 ppm
(m, 1H, H7), 6.11 ppm (m, 1H, H8), 6.14 ppm (m, 1H, H10), 2.02 ppm (m, 2H,
H4), 1.974 ppm (5, 3H, H20), 1.966 ppm (s, 3H, H19), 1.944 ppm (s, 3H, H20%),
1.937 ppm (s, 3H, H19), 1.72 ppm (m, 3H, H18), 1.62 ppm (m, 2H, H3), 1.48 ppm
(m, 2H, H2), 1.03 ppm (s, 6H, CHs, C5); glyceryl moiety; 5.39-5.28 ppm (m, 1H,
-CH-), 4.55-4.30 ppm (d, 2H, CH,0P), 4.15-4.05 ppm (m, 2H, CH,COO); 2-
bromoethyl moiety: 4.38-4.27 ppm (m, 2H, CH,-0), 3.64-3.54 ppm {m, 2H,
CH,Br); selena-acyl moiety: 2.52-2.48 ppm (t, 2H, CHy; C2), 2.43-2.26 ppm (m,
2H, CH,; C6), 1.98 ppm (s, 3H, CH3), 1.73-1.65 ppm (m, 6H, CHj; C3, C4, C5).

(This step was performed in accordance to the method described by Stamatov. 191y
The bromine adduct 68 (2.11 mg, 0.003 mmol) was dissolved in a CHCl3/2-
propanol/dimethylformamide (10 ml, 3:5:5 vIviv¥%) and treated with a solution of
trimethylamine (53) (45% in Hy0, 0.3 ml) at room temperature under Nj-
atmosphere for 12 h. The volatile solvents were removed, and the residue was
dissolved in CHCly/CH,0H (3:1, v/v%) and washed with HyO (3 x 5ml). The
organic phase was dried over anhydrous Na,SO, and filtered. The solvents were
removed under reduced pressure, the crude product was dissolved in CHCly/
CH,0H (3:1, v/v%), and purified by preparative TLC in CHCl,/CH30H/B,0
(7:3:0.3, viviv%). 66 was obtained in 45% yield (1.0 mg).

R¢ (CHCL/CH;0H/H,0 (7:3:0.3, v/iv/v%)) = 0.25. UV-VIS: Ay = 456 nm
(CH,Cly). MS (ESD): mvz 863 [M - H T, 836 [M + Na T". TH-NMR (400 MHz,
CDCly); carotenoyl moiety: in accordance with compound 68; glyceryl moiety:
5.23-5.32 ppm (m, 1H, -CH-), 4.48-4.41 ppm (dd, 12.23 Hz, 1H, CH,00R), 4.27-
4.16 ppm (dd, 12.23 Hz, 1H, 1CH,00R), 3.98-4.06 (m, 2H, CH,COP),
phosphocholine moiety: 4.38-4.27 ppm (m, 2H, CH,-0), 3.88-3.80 ppm (m, 2H,
CH,N™), 3.41-3.32 ppm (s, 9H, {CH3]3N"); selena-acyl moiety: 2.52-2.47 ppm (t,
2H, CH,; C2), 2.36-2.25 ppm (m, 2H, CH,; C6), 1.98 ppm (s, 3H, CHj), 1.67-1.56
ppm (m, 6H, CH,; C3, C4, C5).
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3 Determination of surface properties

Surfactants modify the surface of liquids or solids on which they are adsorbed.
This capacity is utilized in several different industrial applications (e.g. as wetting,
dispersing, antisticking, and antispattering agents).l85 If adsorption take place at
the liquid/gas interface, the surface tension of the liquid decreases. Surface tension
is the cohesive energy present at an interface. Polar liquids such as water have
strong intermolecular interactions and therefore high surface tension. When
amphiphilic molecules are dissolved in polar solvents they arrange on the air/
liquid sutrface, with the hydrophilic component anchored in water, while the
hydrophobic component points out in the air. This disrupts the intermolecular
interactions of the water molecules and therefore decreases the surface tension of
water (72 mN/m266). As the concentration (C) of a surfactant increases, the surface
tension drops because more molecules are adsorbed to the surface and decrease the
interfacial free energy of water. At a certain concentration the water surface
becomes saturated and the surface tension does not change, even if the compound
concentration in the bulk solution increases. At this concentration, a typical
surfactant will self-assemble into molecular aggregates, often into micelles, and
consequently the surface saturation concentration is called the critical micellar
concentration {cmc). 182,267, 268

The critical micellar concentration (cme) characterizes the surface behavior of a
surfactant and is therefore a highly valuable parameter.269 Cmc can be determined
by analyzing several different physical propertics (e.g. detergency, viscosity,
density, conductivity, light scattering, and surface tension) of a particular
surfactant in aqueous solution at different concentrations.*®” 270 The
measurement of surface tension is performed with a tensiometer, an instrument
which measures the force of interaction between a surface and a probe connected
to a halance. There are several different methods or probes to choose between, for
example the Wilhelmy plate, the Du Noily ring, and the Pendant/Sessile drop
method.2’! Here, the Wilhelmy plate and the Pendant drop method will be
discussed.

3.1 The Wilhelmy Plate Method

A vertical thin plate made of platinum of known perimeter is attached to a balance
through a wire. The solution is raised to the plate so that it just touches the bottom
of it. Surface tension (3) is the force (F) measured by the balance divided by the
perimeter (L) of the plate, Figure 3.1. The plate must be completely wetted to
ensure that the contact angel () is zero.t 1

59



Chapter 3 - Determination of surface properties
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Figure 3.1  The Wilhelmy plate method (from ref. 272).

3.2 The Pendant Drop Method

The pendant drop method utilizes the geometry of a sample drop to analyze the
surface tension. Like the Wilhelmy plate method it is a static process. The sample
liquid is injected from a needle, thus forming a drop hanging from the tip of the
needle. The drop is optically observed by a camera and the surface tension is then
calculated by a computer program from the shape of the drop, based on a
numerical solution of the theoretical Young-Laplace equation.273’ 74 The surface
tension is related to the drop shape through the following equation (eq. 3.1):

2
3 4p-g 'RO
yE= — eq. 3.1
I

where y is the surface tension, Ap is the density difference between the drop and
the surrounding medium, R, radius of the drop curvature at apex, and £ is the
shape factor. The shape factor (5) is found from eq. 3.2 - eq. 3.4, which are derived
from the Young-Laplace equation,zn'275 see also Figure 3.2:

(dO)AdS) = 2~ Y~ -S-fl)”?-? eg. 3.2

(dX)AdS) = cosf eq. 3.3
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(dY)/(dS) = sinb eq. 3.4

Figure 3.2 Illustration of a pendant drop and the co-ordinates x, y, s and ¢
from the Young-Laplace equation (from ref. 273).

3.3 Graphical determination of cme

By measuring the surface tension () of a series of increasingly concentrated
solutions of a particular surfactant, a graph of yvs. C is plotted (Figure 3.3). At
low concentrations, only a small change in surface tension will be observed (I). At
higher concentrations, the surface tension decreases with increasing concentration
(I, until the surface is occupied, resulting in no or small changes in surface
tension (I11). Cme is found at the discontinuity of the graphs.?’® The graphs are
obtained by regression analysis {e.g. polynomal, exponential, geometric, and
Szyzkowski equation277). Further, the discontinuity is somewhat dependent on
how the regression is performed (Figure 3.4).
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Figure 3.3 Schematic plot of surface tension () versus logarithm of the
surfactant concentration (C) (taken from ref. 276).
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Figure 3.4  Graphical determination of cme; a: geometric (yvs. C), b: linear
(y vs. In C). Data from surface tension measurements of crocin (14)
in water (paper 5).

3.4 Calculation of thermodynamic data

When surfactants disperse/dissolve in water, the molecules are in equilibrium
between three states: as dispersed monomers in the solution, as setf-assembled
aggregates, and as adsorbed monomers at the air/water interface (Figure 3.5). The
equilibrium is depending on temperature, pressure, and concentration.
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Figure 3.5  Schematic representation of the three states of surfactant molecules
in water; monomers adsorbed at the air/water interface, monomers
in the solution, and micelles (from ref. 269).

The thermodynamic data for the processes can be calculated from the surface
tension () versus log concentration (C) curves. The surface concentration (1},
which is the number of moles per unit area (mol/mz), is calculated from the
dechining slope (dy/dinC):

N ( dy
r n-R-T din ocme

eq. 3.5

where # is the number of species in solution, R is the gas constant, and T is the
absolute temperatu:-e.269 I indicates the maximum number of molecules at the
surface and is a measure of the effectivencss of the adsorption, a useful factor for
determining surface properties like wetting and emulsification.?”®

The area per molecule (a,,) (in A*molecule) at the surface saturation is obtained
from:

_ ]020

a,, NI eq. 3.6

where N is the Avogadro number.?%”

The change in standard free energy per mole when associating in micelles, A(}‘gT
(Jfmol) is given by:

AG) = n-R-T-lncme eq. 3.7

63



Chapter 3 - Determination of surface properties

Standard free energy of adsorbtion AGf,)d {J/mol} is the change in energy when a
molecule in the bulk phase adsorbs to the surface. AG,; 1s found from eq. 3.8:

A4G° = AG® m(é, 023107 - 17 a ) eq. 3.8
ad " m

where 77 is the surface pressure or the change of surface tension caused by the
substrate (}ﬂ =73 mN/m);279

I7T = yo 4 eq. 3.9
The equilibrium constant K*80 i given by:
__AG
k:ean‘T eq. 3.10

3.5 Surface properties of water-dispersible/soluble
carotenoids (paper 3, 4, and 5)

The surface tension was measured and thermodynamic data calculated for the
water-dispersible carotenoid lysophosphocholine mixture 43a/43b/43¢ (paper 3),
Cardax™ (30) {paper 4}, and crocin (14) (paper 5). In addition, the surface
tension of the carotenoid potassium salts C30:9-K 64 and C30:9-cantha-K 65 were
measured. Cmc for carotenoid potassium salts 64 and 65 were determined from
lincar regression (Figure 3.6), and the minimum and maximum values were
obtained from different fitting of the graphs.
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Figure 3.6  Graphical determination of cme for C30:9-cantha-X 65. The
graphs were obtained by linear regression analysis determined
from surface tension measurements by the Wilhelmy plate method.
Cmc is found from the discontinuity of the graphs.

Thermodynamic data (Table 3.1) were calculated from eq. 3.5 - eq. 3.10, and
showed comparable results for the two carotenoid potassium salts 64 and 65. The
surface concentration () was calculated from both # = 1 and » = 2. The value of
n depends on the dissociation of the adsorbed surfactant. For zwitterionic or ionic
surfactants with strong, counterion binding (ion pairing), n = 1. For completely
dissociated surfactants with monovalent counterions, # = 2.281-283 pigsociation is
favored at low concentrations, and » = 1 is considered to be the most probable
value at the determined cmc for the carotenoid potassium salts 64 and 65.

Surfactants with one hydrophilic group nonmally orient themselves in a veriical or
tilted manner with respect to the the liquid/air surface. This usually give a,,, values
between 40-60 A2/molecule. Bola surfactants with two ionic polar groups, such as
Cardax ™ (30), are oriented in a horizontal manner, resulting in large a,, values
(>200).% The a,, data calculated for the mono polar surfactants 64 and 65
indicate an oblique orientation (66 + 2 and 65 + 2 AZ/molecule, n = 1) for both
carotenoids, as observed for the glycoside caroteneid crocin (14) (a,, = 67) and
C12:0-SO;Na (SDS) (g,, = 66) (Table 3.2). When assuming full dissociation (n =
2),a,=132x4and 125+ 4 A%/molecule is obtained, a molecular surface which
is not in accordance with a horizontal orientation.

The surface concentration (/ =25+ 0.l and /=274+0.1 10 mol/m?, for n = 1),

indicates a packing of the surface film and a surface activity similar to crocin (14}
and SDS (Table 3.2). Both carotenoid potassium salts 64 and 65 and crocin (14}
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form more dense layers at the surface than Cardax ™ (30), but less dense than the
zwitterionic carotenoid lysophosphocholine 43a/43b/43c. The greater 7 the more
surface-active is the compound. The carotenoid lysophosphocholine 43a/43b/43¢
is the most surface-active of the carotenoid surfactants so far investigated.

The high equilibrium constants k,, (900/1100) and &, (52000/53000) of 64 and 65
demonstrate a high preference for surface adsorption compared with the other
carotenoid surfactants (Table 3.1).

The absorption micellar energy ratio (AMER) was suggested as an indicator of @
surfactant’s performance, and values close to unity indicates dense monolayer
formation, enhanced micelle concentration, and good cleansing and wetting
properties.285 The AMER values of 64 and 65 (1.6 for both) resemble that of
crocin (14) (1.7).

Thermodynamic data, except cme values, of the potassium salts of saturated and
unsaturated fatty acids are sparingly reported in literature?8% 286 Some values are
listed in Table 3.2. In a scrie of homologoues (e.g. potassium salts of fatty acids)
the cme decreases linearly with increasing number of carbon atoms in the
hydrophobic chain, according to eq. 3.11.

log emc =A - Bn eg. 3.11

where A and B are constants and » is the number of carbon atoms. Double bonds
with their shorter bond length (versus single bonds) reduce the effective chain
lenght, in that a cis double bond is equivalent to the removal of 1-1.7 carbon atoms,
a trans double bond removes 0.5-0.85 chain atoms. 287> 288 Cme values (at 25°C)
for saturated potassium salts of chain length C11-C14, calculated from values
obtained from ref. 287, give the equation:

log eme =2.12 - 0.31n eq. 3.12

where 7 is the number of carbon atoms. Cme of the carotenoid potassium salts 64
and 65 place them between C16:0 and C17:0 fatty acids (Figure 3.7), indicating
no significant effect of the somewhat polar double bonds for the effective chain
length. This may show that their polar head group are the main coniributors to their
surfactant propertics. In contrast, the double bonds in Cardax™ (30) and the
carotenoid lysophosphocholine 43a/43b/43¢ had a chain reducing cffect.

Crocin (14), the carotenoid potassium salts 64 and 65, Cardax™ (30), and the

carotenoid lysophosphocholine 43a/43b/43¢ may all be called “cfficient”
surfactants, meaning that they reach the cmce at relatively high concentrations, but
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still lower the surface tension markedly. This is in contrast to “effective”

surfactants, such as SDS, which are effective at very low concentrations.

281
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Table 3.1 Thermodynamic data (21°C) for water-dispersible/soluble carotenoids.

Carotenoid C30:9-
lysophospho- | Caprdax™ | C€36:9-K ) Crocin
’ cantha-K
choline (30) 64 65 (14)
43a/43b/43¢
Yeme 57 60 48 48 50
{mN/m)
i 16 13 23 25 23
(mN/m)
eme 13402 | 045+0.05| 1.10£02 | 094£02 | 0.90+0.1
(mM)
I 45+ 1 0.7+£0.1 2.5+0.1 27x0.1 27+0.1
10"%molm™
2
am
12 399 240 + 30 66+ 2 63 £2 62 &2
molecule
4G, -162£04 | -548£08 | -16.6+0.3 | -17.0203 | -11.5£03
kl/mol
460 2014 | 73.6+32 | -26.540.6 | -264+05 | -20.0+06
kl/mol
ko 750 1800 900 1100 100
kg 3500 23000 52000 53000 3500
AMER
i.2 1.3 1.6 1.6 1.7
(465,){ac,
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Table 3.2 Thermodynamic data (21-25°C) of the carotenoid potassium salts
C30:9-K 64, C30:9-cantha-K 65, and related compounds.

iy
. cme o r Yeme
Chain length 4Gy -6 2 A%
(mM) KI/mot 10 molm moleeule {(mN/m)
C30:9-K 110402 | -26.5+ 0.6 25+£0.1 662 48
64
C30:9-cantha-K | 09402 | 26403 27+0.1 632 48
65
C8:0-K 4307 - N ) i
C10:0-K 1002 - - -
93.3° 8.1° 3%°
C12:0-K 25.53&}' - 3.8¢ 43¢ -
Cl4:0-K .04 - - B )
Ci6:0-K 3_2d - - - -
Cl18:0-K 0.352 N - - N
0.70b* -18.2° 66"
Ci8:1-K 1.0° - -
{olear) 6P 1220 49°
C12:0-SONa g qd a7t 2.59 66 394

a Calculated from values obtained from ref. 287, b ref. 286, * at (60°C), ¢ ref. 284,
dref 289, ¢ ref. 287, fref. 283,
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Figure 3.7 Number of chain carbon atoms for C11:0 - C14:0 versus log cmc.
Extrapolating the measured cmc values (at 21°C) for 64 and 65 (& )
places them in the range of C16:0 and C17:0 fatty acids.

3.5.1 Sample preparation and recording

Stock solutions were made from dry compounds (dried under reduced pressure at
1-3 mbar overnight) and distilled, filtered (0.22 pm) water. The stock solutions
were stirred, then diluted to the appropriate concentrations. All samples were
prepared the same day or the day before measuring. For the Wilhelmy method, the
solutions were poured into the measuring vessel (each sample, approximately 20
ml). Four to cight measurements were performed for each sample, and the values
were recorded immediately after the initial equilibrium was reached. After each
measurement, the plate was rinsed with distilled water and acetone, then briefly
heated to glowing by holding it above a Bunsen burner. The plate was brought
back to room temperature before it was attached to the hook projecting from the
headpiece of the instrument. Before changing samples, the measuring vessel was
cleaned with soap and rinsed throughly with distilled water and acetone, then dried
with a hair dryer. The same procedure for making the aqueous solutions was
followed for the pendant drop method. The solution was injected through the
needle. One hundred measurements were recorded within two seconds, the mean
value (mN/m) was used, and standard deviation was between 0.01-0.02, Only the
carotenoid lysophosphocholine mixture 43a/43b/43¢ was measured by both the
pendant drop and the Wilhelmy plate method, and both methods gave comparable
data.
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4 Aggregation behavior

Aggregation behavior of non hydrophilic carotenoids in aqueous/organic solutions
have traditionally been investigated by UV-VIS spectroscopy (see Chapter 1.8.1).
In this work UV-VIS spectroscopy and dynamic light scattering (DLS) were used
to characterize and measure aggregates formed by water-dispersible/soluble
carotenoids upon addition of water.

4.1 UV-VIS spectroscopy of water-dispersible/soluble
carotenoids (paper 3, 4, and 5)

UV-VIS spectra in water of the carotenoid lysophosphocholines R-43a and 43a/
43b/43c, carotenoid phosphocholine esters 60 and 61, carotenoid potassium salts
64 and 65, carotenoid-sclena-phosphocholine 66, Cardax™ (30), and crocin (14)
show different aggregation behavior. However, most of the compounds give
hypsochromic shifts in water ranging from 10 to 75 nm from the monomer
absorption in organic solutions (Table 4.1). The shifts are likely the result of H-
aggregate formation. 214216 1y addition, the small shoulders observed around 500-
520 nm (for crocin (14) at 480 nm) are thought to arise from J-aggregates. Spectra
of carotenoid phosphocholine ester 60 both in water and in organic solution do not
differ much, although a small shoulder at 380 nm (H-aggregates) from the A,y in
organic solution is observed (Figure 4.1). The aqueous solution of potassium salt
65 gives a minor hypsochromic shift (10 nm) compared to the monomer solution
in methanol (Figure 4.2). Additionally, the peak at 338 nm is occasionally
observed. This is in contrast to 64, which in water indicates a clear hypsochromic
shift from 439 to 364 nm (H-aggregates), as seen in Figure 4.3,
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Table 4.1 A, of the water-dispersible/soluble carotenoids in organic and aque-
ous solution. The hypsochromic shifts (nm) resulting from aggregated solutions

are given.
Fpay i Amax i Hypsochromic Shoulder
Compound organic agueous shift (nm) J-aggregates
solution (nm) | solution (nm) | H-aggregates (nm)
R-43a 450%/446° 380-400 50-70 500(s)
43a/43h/43¢ 450%/446° 380-400 50-70 500(s)
60 453¢ 380(s) 73 520(s)
61 460° 386 74 520(s)
64 437° 364 73 520(s)
65 455°¢ 445/338 10/117 520(s)
66 447¢ 402 45 520(s)
30 2902 440 50 -
14 440° 429 20 480(s)

2 in acetonitril , b(:themol, © methanol, s = small peak/shoulder
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055

—H2O/ MeOH {1%) 20 °C
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H2O/ NeOH (1%)80 °C
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Figure 4.1  UV-VIS of carotenoid phosphocholine ester 60 in methanol (at
20 °C) and water/methanol (99/1%, v/v), at 20 and 60 °C.
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Fignre 4.2 UV-VIS of carotenoid potassium salt 65 in water and methanol.
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Figure 4.3  UV-VIS of carotenoid potassium salt 64 in water and methanol.

The temperature-dependent stability of the aggregates in water was examined for
carotenoid phosphocholine esters 60 and 61 and tysophosphocholine 43a/43b/
43c. It was found that these compounds form stable aggregates up to 60°C (Figure
4.1).

When organic solvents (e.g. methanol, ethanol, and acetonitrile) were added to the
aqueous solutions, small or no changes in the absorption spectra are observed at
first. After addition of significant amounts, an abrupt change in solution from
aggregates to monomers is evident, in accordance with previous observations!>®
162 The complete disruption of aggregation was achieved by adding: 27%
methanol to the aqueous solution of carotenoid phosphocholine ester 61 (Figure
4.4), 41% ethanol to the aqueous solution of carotenoid lysophosphocholine 43a/
43b/43c, 44% methanol to the aqueous solution of carotenoid-selena-
phosphocholine 66 (Figure 4.5), and 47 % methanol to the aqueous solution of
carotenoid potassium salt 64.
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091 ~— H2O// MeOH (1%)
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Figure 4.4 UV-VIS of carotenoid phosphocholine ester 61 in water/methanol
(99/1%, v/v) vs. dropwise addition of methanol.
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Figure 4.5 UV-VIS of carotenoid-selena-phosphocholine 66 in water vs.
dropwise addition of methanol.

4.2 Dynamic light scattering

Light scattering is an important technique for the study of the size of aggregates,
polymers, and partic:}af:s.290 This method is a non-destructive technigue, and

75



Chapter 4 - Aggregation behavior

artifacts associated with particle isolation, sample drying, and sample loss can be
avoided. Dynamic light scatiering (DLS), also referred to as quasi-clastic light
scattering or photon cormelation spectroscopy, is applicable over a wide size
ramge.291 The main components of a light scattering instrument are shown in
Figure 4,627

LMLV, sample cuvette

T N beam stopper
e A o X |
=/

laser E— AF—==r==—

biconvex lens
light detector

Figure 4.6 The main components of a light scattering instrument. The index
matching vat is denoted LM V.

When a beam of light passes through a particle suspension, the particles scatter the
Jight in all directions. If the light is coherent and monochromatic, as from a laser,
it is possible to observe time-dependent fluctuations in the scattered mtensity
using a detector (Figure 4.7). These fluctuations arise from the particles thermal,
random (Brownian) motions and contain information about the particle’s
translational and rotational motion. Analysis of the time dependence of the
intensity fluctuations can therefore give the translational and rotational diffusion
coefficients of the particlc—:s.zg3
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Figure 4.7  Illustration of the intensity fluctuations of scattered light. The
count rate is plotted against measured time.

The time dependence of the intensity fluctuation is most commonly analyzed
using a digital correlator. Such a device determines the intensity autocorrelation
function of the scattered light:

g:(7) = YOIt ](H;t ! eq. 4.1
oy

where J(t) and I(t+7) are the intensity of the scattered light at time 7 and 7+ 1,

respectively.

Over time, as particles diffuse, the correlation diminishes. Fast decay results from
rapid diffusion of small particles, while slow decay is the result of the motions of
larger particles.zgi The exponential decay of the correlation function is
characteristic for the diffusion coefficient (D) of the particles** Data are
typically collected over a delay range from 200 ns to several seconds, depending
on the particle size and viscosity of the solution.

The diffusion coefficient of the particle is closely related to particle size, expressed
by the Stokes-Einstein relation:

kaT

D=2 . . 4.2
6-75'77th “
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where kp is the Boltzmann constant, 7' is the absolute temperature, 7 is the
viscosity of the solvent, and R, is the hydrodynamic radius of the particles.?”!

For spheres R, = R, and for non-spherical particles, the equation above gives the
equivalent hydrodynamic radius of the particles (example given in Figure 4.8). For
non-spherical particles with defined geometry such as ellipsoids and rods,
analytical expressions for D are available.?”*

Figure 4.8  Hydrodynamic radius (R),) of a non-spherical particle (1 =45 A).
R, stands for rotational radius.

Several methods exist for analyzing the correlation functions. The Fortran
program Contin is one of the most widely used methods. A typical distribution
function obtained by Contin analysis is shown in Figure 4.9. Additionally, there
are different methods used to define the particle size distribution (e.g. number-,
mass-, and intensity-weighted distribution). The number-weighted distribution
gives the number ratio between the different populations of particles in the
solution.
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Figure 4.9 A typical plotted intensity distribution function for a sample versus
the effective hydrodynamic radius (Rp,).

4.3 Aggregation properties of water-dispersible/soluble
carotenoids (paper 3, 4, and 5)

The hydrodynamic radius (R,) and proposed shape of the aggregates of the water-
dispersible carotenoid lysophosphocholine R-43a and 43a/43b/43c, Cardax™™
(30), and crocin (14), upon addition of water, are shown in Table 4.2 Carotenoid
lysophosphocholine R-43a and 43a/43b/43c¢ spontaneously form stable, yellow
dispersions in water. Aggregation starts far below emc, as confirmed by UV-VIS
spectroscopy. It has previously been suggested that lysophosphocholines with
long chain fatty acids exist as monomers or small aggregates at concentrations
below cmc. At concentration over cmc, larger aggregates are assumed to

appear 2%

The number-weighted distribution of R-43a and 43a/43b/43c indicate a
dominance of nanometer-sized aggregates of 6 and 8 nm, respectively. In addition,
some larger aggregates (30-500 nm and 40-600 nm, respectively) are formed. The
purc isomer R-43a and the isomeric mixture 43a/43b/43c¢ show similar
aggregation behavior. This has earlier been reported for other regioisomeric
(Iyso)phosphochofines.297

The anionic bolaamphiphile Cardax ™ (30) aggregated at concentrations below
cme, as did R-43a and 43a/43b/43¢. The rigid spacer and the charge of the polar
groups in Cardax™ (30) prevent the formation of small, curved aggregates.
Aggregates of Cardax '™ (30) are dominanted by the formation of large, extended

79



Chapter 4 - Aggregation behavior

monolayer structures. DI.S measured both in water and in 0.15 M NaCl, displayed
a fast formation of aggregates of 1.2-1.3 um size (Table 4.3). In 0.5 M and 2.0 M
NaCl, a slow association of the aggregates to larger ones was observed. This
behavior is thought to be a result of the shielding of charges and binding of counter
ions due to the higher salt concentration, thus, the repulsion between the particles
is reduced and aggregation is favored.

A different behavior was observed for neutral crocin (14) in water. At C < cme,
only monomers occur. At C > cme, aggregates of size 1.6 nm were observed,
together with few aggregates in the region 6-200 nm.

Table 4.2 Hydrodynamic radius (R,) and shape of aggregates formed by water-
dispersible carotenoids in water (measured by DLS).

Compound/ Hydredynamic radius Assumed shape of
Concentration (R;) in water particle
R-43a 6 nm lameilar
0.05 mg/ml, C <cmc 30-500 nm
43a/43b/43¢ § nm lameliar
0.05 mg/ml, C <cme 40-600 nm
14 0.7 nm monomer/
(.06 mg/ml, C <cmc 6-200 nm vesicle
2.0 mg/ml, C > eme 1.6 nm vesicle
6-200 nm
30 1.3 pm non-spherical vesicle
0.06 mg/ml, C < c¢me

Table 4.3 Hydrodynamic radius (Rj) of Cardax "™ (30) in water and in different
NaCj concentrations (measured by DLS).

Compound/ Hydrodynamic radius (R))
Concentration
Water Na(Cl NaCl Na(l
{0.155 M) (0.5 M) (2.0 M)
30
0.06 mg/ml 1.3 pm 1.2 ym 3um 10 tm
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5 Biological activity

5.1 General

Free radicals and reactive oxygen species, such as singlet oxygen (102) and
superoxide anion (O,™), arc the major contributors to the process of oxidative
stress in the human body. In model systems, carotenoids are potent quenchers of
singlet oxygen (102) as well as direct radical scavengers, and strong evidence
suggests that they are important antioxidants in vivo as welt? (see also Chapter
1.2.5).

Radical reaction kinetics depends on the individual carotenoids and the model
systems (solvent and radical species) used.”” 298 299 Most of the biological
reactions occur in aqueous systems in the form of emulsions or aggregates. Yet
few data on the radical scavenging or singlet oxygen quenching ability of
carotenoids, in aqueous or micellar systems, are found in the literature. However,
agueous singlet oxygen ( i02) guenching abilities have been evaluated for crocetin
(15), crocin (14), and B,B-carotene (12). The water-dispersible/soluble carotenoids
crocetin and crocin showed !0, quenching capacities in water comparable to other
carotenoids in organic solution.>°% 3°1 The non-polar B,B-carotene did not quench
10,302 nor inhibit autooxidation of linoleic acid®® in an aqueous micelle system.
This is likely to be the result of aggregation of [B,p-carotene in water.>%?
Supramolecular assemblies of carotenoids in water seem to inhibit scavenging of
radicals and reactive oxygen spec:ies.164 Therefore, both the dispersibility/
solubility and behavior of the individual melecules of a carotenoid m water, have
to be taken into consideration when their antioxidant properties are evaluated.

Spin trap electron paramagnetic resonance (spin trap-EPR) spectroscopy provides
direct evidence of the presence of radicals in a reaction system. EPR spectroscopy
detects the resonance absorption of microwave radiation by paramagnetic ions or
molecules (with at least one unpaired electron spin), in the presence of a static,
magnetic field. EPR spectroscopy has a wide range of applications in chemistry,
physics, biofogy, and medicine. Most commonly, EPR spectra are recorded in the
range of 9-10 GHz (X-band).’%* In the spin-trapped method, the transient radical
is reacted with a diamagnetic reagent to form a more persistent radical, which can
be detected by EPR.3%

5.2 Direct superoxide anion (O,") scavenging of carotenoid
lysophosphocholine 43a/43b/43c evaluated by EPR
spectroscopy (paper 6)

In this work, direct superoxide anion (0,") scavenging by the highly water-
dispersible carotenoid lysophosphocholine 43a/43b/43¢ was measured by EPR
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spectroscopy using the spin trap DEPMPO (Oxis, Portland, OR). The assay used
is a standard in vifro test system, where O, is produced from isolated human
neutrophils.

The experiments were performed in ethanolic/water (prepared from 41% ethanol
stock solution), to ensurc a monomeric solution, as evidenced by UV-VIS
spectroscopy, and in water, where the carotenoid self-assembles into vesicles
{Chapter 4). The results are summarized in Table 5.1, and compared with recently
reported values for both the novel highly water-dispersible tetrahydrochloride salt
of the dilysinate diester of astaxanthin (3 1)'%? and Cardax ™ (30).1%% Included is
also the mean inhibition (%) of non-esterified astaxanthin (reference standard) in
a DMSO test system.

Table 5.1 Mean inhibition (%) of agueous superoxide anion (O, ) production for
increasing concentration of aqueous and ethanolic solutions of water-dispersible
carotenoids. Non-esterified astaxanthin was used as a reference standard.

. Concentration Mean inhibition
Carotenoid Solvent (mM) %)
carotenoid water 0.5 18.2

lysophosphocholine water 1.0 24.6
432a/43b/43¢ water 3.0 51.8
water 16.0 94.3

EtOH (41%) 0.1 13.3

EtOH (41%%) 0.3 31.3

EtOH (41%) 0.5 61.7

EtOH (41%) 1.0 79.3

EtOH (41%) 3.0 98.7

Cardax ™ water 0.1 19.3

o EtOH (33%) 0.1 38.0

(30) EtOH (33%) 0.5 60.1

EtOH (339%) 1.0 78.0

EtOH (33%) 3.0 95.0

astaxanthin-amino acid water 0.001 10.3
conjugate water 0.01 46.7

31b water 0.05 86.0

water 0.1 957

astaxanthin® BMSO 0.1 28.0

2 fom ref. 164, ° from ref, 162,
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The positional isomers of carotenoid lysophosphocholine 43a, 43b and 43¢ are
expected to behave identically, as the structure of their hydrophobic chain is
identical. For the different stereoisomers of the disodium disuccinate diester of
astaxanthin (CardaxTM) (30), no significant differences related to radical
scavenging properties were observed.!

From Table 5.1, it is seen that the scavenging ability of water-dispersible
carotenoids (43, 30, and 31) are concentration-dependent, and the quenching of
the induced superoxide anion signal can be near completed. Over 90% of the
superoxide anion is scavenged by 43a/43b/43¢ and 31 in 10mM and 0.1 mM water
solution, respectively. Identical scavenging capacity was obtained by 43a/43b/43¢
and 30 in 3mM ethanol/water solution (prepared from 41% and 33 % ethanol stock
solutions}. Using same concentrations (0.5, 1.0, and 3.0 mM) in either water or
41% cthanol, the scavenging ability was found to be superior in ethanol (Figure
5.1), as was also observed for Cardax™ (30).

120

100 -

80 -
M in waler

60 -
®|in EtOH (41%)/water

% Inhibition

40 -

20 A

0.5 1 3
Conc. (mM)

Figure 5.1 ~ Comparison of the superoxide anion (O, ) scavenging ability of
carotenoid lysophosphocholine 43a/43b/43c at various
concentrations in water and ethanol/water solutions, detected by
spin-trap EPR spectroscopy.

Because water-dispersible carotenoids aggregate in water, and oceur as monomers
in agucous cthanol solutions, it can be concluded that the radical scavenging
ability of self-assembled aggregates are less than that of a monomeric solution of
the same carotenoid. This phenomenon is also attributed to the absence of a linear
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relationship between the concentration and the scavenging properties in both
water and ethanol/water solutions. Only at concentrations < 0.5 mM in ethanol
(no aggregation), an almost lincar increase is seen.

In ethanol/water at 100 pM, the mean scavenging ability of carotenoid
lysophosphocholine 43a/43b/43¢ (13.3%) is less than of Cardax '™ (30) (38.0%).
This is believed to be the result of their difference in effective chromophore length
(dependent on the total number of polyene bonds; 9 vs. 11, and A, ,,; 446 vs. 481
nm).3%® However, this can be compensated by the higher water-dispersibility of
carotenoid lysophosphocholine 43a/43b/43¢ (>60 mg/mL) compared to

Cardax ™ (36) (9 mg/mL).

Of the hydrophilic carotenoids investigated so far, the highly water-dispersible
tetrahydrochloride salt of dilysinate diester of astaxanthin (31) (>182 mg/mL),
synthesized by Hawaii Biotech, Inc., shows the most effective superoxide anion
scavenging properties in aqueous solutions, as tested by spin trap-DEMPO EPR
spectroscopy. Total scavenging (95.7%) is rcached with only a 100 uM water
sofution without addition of a co-solvent (Table 5.1).

In  conclusion, water-dispersible  carotenoids, such as carotenoid
lysophosphocholine 43a/43b/43c¢, are potent aqueous-phase, direct scavengers of
superoxide anion (O, } produced from isolated human neutrophils. Carotenoid
lysophosphocholine 43a/43b/43c¢ may also be a potent scavenger of other reactive
oxygen species and free radicals in biological systems.
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6 Laser flash photolysis of radicals and triplet
states of carotenoids

6.1 General

Laser flash photolysis (LFP) is a useful method for the investigation of reactive
species (e.g. excited states and radicals), which, as a function of time, are
gencrated by a laser pulse. Pulse radiolysis was introduced after LFP, and both
techniques do not differ much from conventional UV spectroscopy. The
experimental setup is shown in the tllustration below (Figure 6.1).

Putge of light or
jonizing radiation Dg
z N

Analysing famp l l Monochromaior Computer@
St ]

Irradiation ceil A

1 |

Light-level Digitizer
detector

Figure 6.1  Principle of flash photolysis and pulsed radiolysis (from ref. 35).

LFP and pulse radiolysis have been used to study excited states and radical cations
of carotenoids. Carotenoids can act both as an acceptor of triplet energy and as an
electron donor (see also Chapter 1.2.5), which result in either a triplet state (3Car)
or radical cation (Car'”").35 The majority of the studies of triplet states and radical
cations have been performed in organic solutions. However, the triplet state of
water-dispersible crocetin {15) was studied in aqueous solutions by LFP.3Y The
triplet and radical absorption of carotenoids resembles that of carotenoids in the
ground state, i.e. increasing absorption coefficients and bathochromic shifts with
increasing number of double bonds. The triplet states and radical cations absorb at
higher absorption maxima than the parent carotenoids, an example is given in
Table 6.1. There is an upper absorption limit for ground state (S} and 3Car spectra
after a certain number of double bonds is reached. There is no such convergence
limits for Car** absorption.>®
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Table 6.1 Absorption maxima (nm) for ground state, triplet state, and radical
cations of septapreno-f3,3-carotene and [3,p-carotene (7 is the number of double
bonds).

Carotenoid # Species Solvent homax (M)
m

Septapreno- 9 neutral hexane 410
B,B- carotenc? trip]et sta.tc hexane 465
radical cation hexane 915
B,B-carotenea 11 lneutral pet.ether 445
triplet state hexane 515
radical cation hexane 1050

a From ref. 35.

The sensitizer -nitronaphtalene in the triplet state (*Sens) has the ability to either
donate triplet energy to carotenoids (eq. 6.1), or accept an electron from
carotenoids. Since Sens can produce singlet oxygen (102) (sce Chapter 1.2.5),
these reactions indirectly quench the formation of !0, The ratio of the
probabilities for energy- or electron transfer is called the bifurcation ratio, and
depends upon the polarity of the solvent used. By using 1-nitronaphtalene as a
sensitizer, both the energy- or electron-transfer reactions of a carotenoid can be
investigated in the same experiment.308

Sens + CAR

3gens + CAR / 6.1
T ens ed. 0.
\ q

Sens® + CAR®"

6.2 The antioxidant properties of water-dispersible/
soluble carotenoids (paper 7)

The antioxidant properties of carotenoid lysophosphocholine 43a/43b/43c,
Cardax™ (30), and crocin (14) were investigated by laser flash photolysis using
l-nitronaphtalene as the sensitizer. All compounds were investigated as
meonomers in MeCN possessing a diclectric constant of 36, and water/MeCN (5:1)
having an estimated diclectric constant of 75,
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The wavelength absorption maxima (nm) of triplet states and cation radicals of all
three compounds are shown in Table 6.2. Except for the differences expected from
the number of double bonds, consistent results were obtained for all three
carotenoids. The collision between 1-nitronaphtalene (*Sens) and the carotenoids
cither leads to energy or electron-transfer, and the ratio of the reactions changes
with solvent polarity. In MeCN (lowest dielectric constant), energy-transfer is
favored, while in aqueous solution (highest diclectric constant), electron-transfer
is dominant (Table 6.3). The decay of *Sens matches the increase in both 3Car and
Car**, but is best seen by the increase in Car”", since the lifetime of *Car is small.
The lifetime of >Sens is slightly longer in the mixed solvent (15 ps) than in MeCN
(7 ps). In the case of crocin (14), a stronger shift of the bifurcation ratio toward
energy-transfer is seen in MeCN, in comparison with carotenoid
lysophosphocholine 43a/43b/43¢ and Cardax '™ (30).

Table 6.2 Absorption maxima {(nm) of triplet state and radical cations of water-
dispersible/soluble carotenoids in organic and aqueous solventis { is the number
of doubie bonds).

Carotenoid n Species Solvent Amax (M)
crocin 7 triplet state MeCN or 450
(14) radical cation water/MeCN 680
carotenoid lysophospho- 9 triplet state MeCNor 505
choline radical cation water/MeCN 820

43a/43b/43c

Cardax ™ 11 triplet state MeCN or 550
(30) radical cation water/MeCN 850
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Table 6.3 The energy-/electron-transfer ratio (bifurcation ratio) of water-
dispersible carotenoids in organic and agueous solvents.

Energy-/electron transfer ratio
3 .. ot
Carotenoid Solvent ("Car: Car™)
bifurcation peak heights
carotenoid lysophospho- MeCN 1.6 3.33
choline water/MeCN 0.6 0.41
43a/43b/43¢
Cardax™ (30) MeCN 2.7 2.2
water/MeCN - 0.4
crocin MeCN - -
(14) water/MeCN - 0.61

6.3 Aggregation vs. formation of *CAR and CAR®" (paper 7)

Crocin (14) is perhaps one of the few water-soluble carotenoids, which at modest
concentrations, exists only as monomers in water. The aggregation of carotenoids
in water has been shown to exert autoprotective properties, the photodegradation
of carotenoid aggregates was significantly reduced compared to the
photobleaching of the monomers.*!’ Some investigations of aggregated CAR**
have been performed, in that aggregated CAR in TX-100 micelles prevented
electrochemical oxidation.>%?

Of the three carotenoids investigated in water, carotenoid lysophosphocholine
43a/43b/43¢ and Cardax™ (30) did not react with the triplet sensitizers 1-
nitronaphtalene, rose bengal, and methylene blue. The aggregation of carotenoids
prevents the sensitizer from reaching the polyene chain, which is located in the
interior of the aggregate. Addition of melittin, a natural membrane opencr310’ 31l
also had no effect. Carotenoid molecules only become available when the
aggregates are disrupted to monomers by addition of organic solvents {Table 6.2).
In conclusion, both the water-dispersible carotenoid lysophosphocholine 43a/43b/
43¢ and Cardax™ (30) exhibit self-protecting properties due to aggregate
formation in water.
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7 SAM formation investigated by electrochemical
methods

7.1 General

Self-assembled monolayver (SAM) formation provides a rational route to the
preparation of weli-defined, organized, monomolecular assemblies on solid
surfaces (e.g. gold and silver) (see Chapter 1.8.2). The degree of organization
depends on the structure of the adsorbed species due to geometry, interactions
within the monolayer, and affinity to the metal surface. As a result, SAMs can be
slightly disordered (liquid like) or well-packed {crystal-like). Not only the choice
of adsorbed species, but also introduction of two different groups to the monolayer
(mixed monolayers) can be used to control the composition and properties of self-
assembled monolayers.223

SAM:s arc characterized by substrate rugosity, molecular conformation, molecular
orientation, monolayer structure, and monolayer morphology (e.g. stability,
thickness, coverage degree, and pinhole defect density).2** The formation and
characterization of SAMs have been studied and elucidated by several methods,
including contact angle measurements, X-ray photoelectron spectroscopy (XPS),
Raman and infrared spectroscopy, scanning-tunneling microscopy (STM), and
electrochemical techniques, such as cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and electrochemical quartz crystal microbalance
(EQCM).224’ 223, 228, 23} The electrochemical techniques will be discussed in the
next section.

7.2 Electrochemical techniques
7.2.1 Cyclic voltammetry (CV)

Voltammetry refers to the measurement of current as a function of applied
potential (voltage). In cyclic voltammetry (CV), the potential of an electrode in
solution is linearly cycled between a starting potential and a final potential
(multiple cycles can take place). During this process the electrochemical reaction
of the specics in the solution is continually cycled. The basic shape of the current
response for a CV experiment performed on a redox couple (R/0), is shown in
Figure 7.1, At the start of the experiment (point A), the initial potential 1s too low
for an oxidation (R — O) to take place. At a critical potentiatl of the forward scan,
the oxidation of R will take place. At point B the potential is sufficiently positive
that any R that reaches the electrode surface will be oxidized. After reversal of the
potential scan direction (C) and upon depletion of the oxidized species, the reverse
reaction (O — R ) (D) takes place.Biz’ 313
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Figure 7.1  The basic shape of the current response for a cyclic voltammetry
experiment performed on a redox couple R/O (taken from ref. 312)

If the electron-transfer reaction remains at equilibrium throughout the potential
scan, the electrochemical process is said to be reversible. The peak current ratio
(ipaipe) is then equal to 1 for all scan rates whereas the difference of peak
potentials (Ep, ~Epc) is 0.059/n V at 25 °C (n stands for the number of electrons
involved in the electrochemical reaction). For irreversible reactions or if
adsorbtion of species take place, the voltammogram shape will change.3]2' 34

CV can monitor chemical reactions and provide useful information about the
stability, number of oxidation states, and rate constants of the reactive species, as
well as the surface coverage and pinhole defects of SAMs. > 13

7.2.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance is usually measured by applying an alternate current
(AC) potential to an electrochemical cell and measuring the current through the
cell. Impedance is therefore analogous to resistance for a direct current (DC)
system, and may resuft from solution (electrolyte) resistance, double layer
capacitance, charge transfer resistance, diffusion (Warburg impedance), and more.
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Any frequency can be applied, and the impedance of a circuit element is
represented as a function of frequency.

EIS is commonly analyzed by fitting the acquired data to equivalent electrical
circuit models, including common circuit elements such as resistors, capacitors,
and inductors. When a mode] is found which gives an impedance spectrum that is
in agreement with the measured spectrum, it is possible to calculate charge transfer
resistance, diffusion coefficients, coverage degree, and pinhole pa1‘ameters.316
Such parameters give insight into the morphology (e.g. packing density and
distribution of pinhole defects) of self-assembled monolayers.

7.2.3 Electrochemical quartz crystal microbalance (EQCM)

Electrochemical quartz crystal microbalance (EQCM) is an efficient method to
investigate the adsorption and desorption of SAMs of organic compounds on
metal surfaces. EQCM has a high sensitivity ( 1 ng) toward mass changes. A
change in the resonance frequency is inverse to a change in the mass.>>%
Simultancous electrochemistry and piczoelectric microgravimetry is possible on
minute amounts of mass of substances attached to an electrode, with the use of
EQCM and CV (example given in Figure 7.2).
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Figure 7.2 Simultaneous cyclic voltammetry and piezoelectric
microgravimetry (at electrochemical quartz crystal microbalance
(EQCM)) of the Ag/Ag” redox couple (taken from ref. 317).
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7.2.4 Electrochemical studies on carotenoids

Electrochemical techniques, and CV in particular, have been widely used to
investigate the production and study of reactive intermediates (e.g. excited states
and radicals) of carotenoids in organic solvents.>>® In 1991, the first observation
of carotenoid polymerization on gold was noticed during CV investigations of the
electrooxidation of §,3-carotene in organic solvents.!® This is actually not a self-
assembly process. Adsorption of a carotenoid to a metal surface (e.g. gold and
mercury), allows the study of electrochemistry and SAM formation of the
carotenoid in aqueous solution, mimicking the natural environment of carotenoids
in living systems.

So far, only two publications have described the electrochemistry of carotenoid
self-assembled monolayers, i.e. SAM formation by a carotenoid thiol?*” and
carotenoid thion.?*” This work bring about new results regarding the self-
assembly of selena-glyceride 69 at gold surfaces. The selena-glyceride 69 SAM
was investigated by cyclic voltammetry, phase-sensitive AC voltammetry,
clectrochemical impedance spectroscopy, and piezoelectric microgravimetry.
Selena-glyceride 69 was later used as a bridge to form more complex carotenoid
SAMs. The SAMs of carotenoid-selena-glyceride 67 and carotenoid-selena-
phosphecholine 66 were studied by CV in aqueous solutions. These data will be
discussed in the following sections.

7.3 Investigation of the SAM formation of selena-glyceride
69 on a gold surface (paper 8)

The preparation of the selena-glyceride 69 (O'-[6-methylselanylyhexanoyt]-
glycerol) was performed by previously described methods.3!% 3% In order to
achieve the chemisorption of selema-glyceride 69, the gold electrode was
immersed into a 4.6 mM solution of selena-glyceride 69 in acetonifrile under
nitrogen atmosphere, then rinsed carefully with acetonitrile and water. As shown
in Figure 7.3, CV runs of the modified clectrode in 0.1M HCIO, solution in the
anodic region from 0 to 1.5V, evidenced the adsorption of selena-glyceride 69.
The first scan (curve 1) displays the anodic peak A, which is assighed to the
oxidative desorption of the organic surface layer. This is alike the desorption of
short-chain alkane-thiol SAMs.!® The anodic desorption  occurs aimost
completely during the first scan, as proved by a comparison of curves | and 2. The
31 and 41 scans (not shown) are identical and do not differ much from the second
onc. Hence, a steady state is attained during the 3 scan. Simultancous to
desorption, gold oxidation takes place at peak A, while gold oxide reduction
occurs in the region of the cathodic peak B. These results demonstrate that 69
adsorbs irreversibly to the gold surface. Desorbtion occurs only if the system is
shifted far from equilibrium by imposing a positive enough electrode potential.
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Figure 7.3 CV of a selena-glyceride 69-modified gold electrode in the
anodic potential region, in 0.01 M HCIOy; scan speed 20 mV/s.
Adsorption time 60 min. 1) 1% scan; 2) 2™ scan. Peak A: anodic
desorption and gold oxidation; peak B: gold oxide reduction.

The anodic desorption process was monitored by EQCM (Figure 7.4a) with
simultaneous CV runs (Figure 7.4b) between 0.375 and 1.450 V. Curve ] in Figure
7 4a shows the shift in the resonance frequency during the first scan and displays
a positive maximum in the region of peak A. The occurence of this maximum i$
the result of two simultaneous processes with opposite effects: desorption of the
monolayer (positive frequency shift) and gold surface oxidation (negative
frequency shift). Curve 2 was recorded during the 4™ CV scan and is typical of a
plain gold electrode. Therefore, curve 2 displays onty gold oxidation and gold
oxide reduction. By subtracting curve 2 from curve 1, curve 3 resuls, which
represents the desorption process only. Cuarve 3 shows that the negative mass
change is the effect of an irreversible desorption process that occurs under the
direct scan, and no readsorption occurs during the reverse potential sweep
(evidenced by the horizontal part of the reverse curve). The data in Figure 7.4
demonstrate that the selena-glyceride-generated SAM is stable in the anodic
region up to about 1.0V, i.e. where gold oxide formation is initiated.
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Figure 7.4  EQCM (a) and CV data (b) for the anodic desorption at a selena-
glyceride 69-modified gold piezoelectrode in 0.1 M HCIO,,
adsorption time 17 min, scan speed 50 mV s'1. 1) first scan;

2) 4t scan; 3) the result of subtracting curve 2 from curve 1 in {a).

As shown in Figure 7.5, it was found from the capacity current recorded by AC
voltammetry, that the adsorption process reaches a saturation point after 30
minuies. This was shown by a decrease in the capacity current (igap/iay) With
increasing modification time, reaching a limiting value afier 30 minutes, In this
experiment, the variability of the surface was accounted for by normalizing the AC

current for the modified clectrode (igap) to the AC current measured after
performing anodic desorption (i, ).
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Figure 7.5  Effect of the adsorption time on the AC capacity current at 0.00V.

Selena-glyceride may undergo some chemical transformation as a consequence of
the adsorption process, particularly at the Se site which interacts with gold.
Consequently, the adsorbed product could be different from sclena-glyceride
itself. In order to determine the state of the adsorbate, the cathodic behavior of the
modified electrode was studied by succesive cathodic CV scans in 0.5M KOH, in
the potential region from 0 to -1.5 V. As a working hypothesis, it was assumed that
adsorption results in the splitting of a Se-C bonding and the actual adsorbate was
the selenol form (0}—(6-selenaylhexanoyl)-glycerol) (SeR). In order to check this
assumption, it was necessary to compare the cathodic behavior of the selena-
glycerol modified electrode with that of alkanethiol and thioester SAMs. Thiol
(HS-R) adsorption on gold is an oxidative process (eq. 7.1), whereas the cathodic
reaction (eq. 7.2) consists of gold reduction accompanied by the release of the
adsorbate:

Au, + HS-R — (Auy ) Au") "S-R + 1/2H, eq. 7.1

(Au,.; Au™) "S-R + & + H+ — Au, + HS-R eq. 7.2
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In contrast, thioethers undergo a physical adsorption with no modification in the
oxidation state of gold.3! That is why no cathodic reaction occurs with thioether
modified electrodes.

Since a cathodic response of the selena-glyceride 69-monolayer was observed, it
was inferred that the adsorbed species was in the selenol form as predicted. This
was further confirmed by EQCM investigations, which demonstrated that the
cathodic reaction is accompanied by a mass loss of 266g/F, which is close to the
molecular weight of the proposed desorbed species (268 g/mol). The SAM
formation by selena-glyceride 69 adsorption is therefore believed to take place via
a Se-CHj cleavage, as outlined in Figure 7.6.
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Figure 7.6 A schematic illustration of the adsorption of selena-glyceride
69 onto the gold electrode surface, via the cleavage of the
Se-CH; bond, and desorption of the SeHR state.

Coverage degree and surface layer morphology was investigated b‘?/
electrochemical impedance spectroscopy (EIS) in a [Fe(CN)6]3'/[Fe(CN)6] i
solution. It was assumed that the surface is not covered by a continuous layer but
contained disk-shaped pinholes, which are non-covered islets. This results in
direct contact between the gold surface in the islets and the [Fe(CN)6]3'/
[Fe(CN)6]4' solution. Fitting of the EIS data to a model whose impedance matched
the measured data confirmed the presence of the defect sites (pinholes), and gave
information about the surface coverage degree (6), radius of pinholes (r,), and
half-distance between the pinholes (r;). The overall data indicate a compact
surface layer with a coverage degree close to unity for an adsorption time of 30-
80 min. The monolayer exhibits uniform pinholes (r, = 1-3 pum) and spacing of the
islets (r,;= 6-50 um). It was also found that both r, and r,; increase with increasing
modification time, while @ did not change significantly. This may indicate a
coalescence of pinholes into larger islets at a greater distance from each other, in
accordance to previous observations for organoselenium compounds.®?’
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7.4 SAM formation of carotenoid derivatives with selena-
glyceride 69 as an anchor (paper 8)

Gold electrodes modified by the hydrophilic carotenoid-selena-glyceride 67 and
carotenoid-selena-phosphocholine 66 were obtained by chemisorption in a 4 mM
acetonitrile and 3.9 mM methanol solution, respectively. Their anodic behavior
were investigated in 0.1M HClO, solution, in the anodic region from 0 to 1.5V.
The presence of each compound at the gold electrode surface was demonstrated
by the anodic peak A on the CV voltammogram, as shown in Figure 7.7. The peak
is similar to that obtained for selena-glyceride 69 (Figure 7.3), proving that both
67 and 66 adsorb to the surface via the selenium function. Peak D was assigned to
the anodic oxidation of the carotenoid moiety, in accordance with the similar
anodic response detected with a gold electrode modified by a sulfur-containing
carotenoid (see Chapter 1.8.2).239 As a direct consequence of water inclusion into
the surface organic layer, this peak (D) develops at a less positive potential for the
highly hydrophilic carotenoid-selena-phosphocholine 66 compared to carotenoid-
selena-glyceride 67. Water-molecules are believed to react with the cation-radical
which is the primary product of carotenoid anodic reaction. In this way, the anodic
process is facilitated by the presence of water molecules close to the reaction site.
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Figure 7.7 Anodic reactions at the gold elecirode modified by carotenoid-
selena-glyceride 67 (a) and carotenoid-selena-phosphocholine
66 (b). Same conditions as in Figure 7.1. 1) 1% scan, 2} 2™ scan,
adsorption time 30 min,

From Figure 7.7 it is seen that both carotenoid derivatives desorb during the first
anodic scan (curve 1), the response in the second scan (curves 2) is close to that
for pure gold oxide formation. A steady state was obtained for both compounds
after the third scan (not shown), which is similar to the anodic behavior of selena-
glyceride 69.

Carotenoid-selena-phosphocholine 66 forms a less compact monolayer than
carotenoid-selena-glyceride 67. This is seen by the difference in intensities of the
anodic peaks A and D, and may be due to steric hindrance from the choline moicty.

Summing up, in the presented work, it was demonstrated that selena-glyceride 69
binds irreversibly to the gold surface. The adsorption is accompanied by the
cleavage of the Se-CH; bond, and the adsorbed layer consists mainly of the selenol
form (ScR). The free OH groups in sclena-glyceride 69 or its 2-acy! isomer can be
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used to attach carotenoids and prepare carotenoid-containing SAMs on gold. This
possibility was demonstrated for carotenoid-selena-glyceride 67 and carotenoid-
sclena-phosphocholine 66. Also, other functional groups may be attached to the
surface by means of the ester function. Binding of a second moiety to glycerol, as
for the carotenoid-selena-phosphocholine 66, allows the possibility to form mixed
sclf-assembly monolayers. Finally, it was shown that carotenoid electron-transfer
reactions in the SAM form can be studied in aqueous solutions.
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8 Optical activity

8.1 Optical activity of monomeric carotenoids

Optical activity refers to a molecule’s ability to interact with polarized light. Until
now, only polarized UV/VIS light has been applied to the investigation of
optically active carotenoids and consequently, activity refers in this chapter only
to electronic optical activity. All optically active molecules have an asymmetric
constituent (atom, plane, axis), but not all chiral molecules are optically active.
The optical properties of most chiral carotenoids originates from asymmetric
carbon atoms of the head groups, e.g. (3R, 3'R)-zeaxanthin (Figure 8.1). The steric
hindrance across the C6-C7 bond results in a twist of the chromophore system, i.¢.
the double bonds of the end-ring point out of plane of the polyene. Whenever there
exists an asymmetric C-atom in the end-ring, the twist achieves a handedness in
the associated polyene, which in turn results in a chiral z-system.

(3R, 3'R)-zeaxanthin

Figure 8.1 (3R, 3'R)-zeaxanthin.

The chiroptical methods that have been used to determine the absolute
configuration of chiral carotenoids are: 1) measurement of the angle () of rotation
of the plane of polarized light at different wavelengths (optically rotary dispersion,
ORD) and 2) circular dichroism (CD). CD spectrosopy is now the most widely
used technique when chirality of carotenoids is reported.

Circular dichroism (CD) spectroscopy measures the difference in the absorption
of left-handed circular polarized light versus right-handed circular polarized light,

Ad = A(D- A(r), and is a function of wavelength. The molar unit used in CD
spectra is:

Ag= (A4 x MW)/(Cx d) eq. 8.1
where MW is molecular weight, C is concentration, and d is cell length.
Absorbtion maxima and minima in CD spectra and ORD are referred to as Cotton

effects (CE). The CD intensity of optically active, monomeric carotenoids is
strong in the UV range (200-380 nm) and represents the butadiene chromophore
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of C5-C8, which is twisted out of plane by CH,-C5 and chirally perturbed by the
substituent at C3 (Figure 8.1). The chiral perturbation of the polyene chain by the
substituent at C3 is not sufficient to create CE in the visible region (380-500
nm).zo’ 321 However, conformational changes in the carotenoid chromophore due
to incorporation in phospholipid aggregates”, upon binding to proteins (e.g.
human serum albumin®?% 323), or inclusion using chiral hosts (e.g. rigid-rod B-
barrels??!), have been shown to induce strong CD bands in the visible region.

8.2 Supramolecular induced exciton chirality of carotenoids

Carotenoids aggregate into supramolecular assemblies in aqueous solutions. This
behavior results in either card-packed type (H-aggregate) or head-to-tail (J-
aggregates) arrangements, which can be detected by blue or red shifted UV-VIS
absorption maxima, respectively (see Chapters 1.8.1 and 4.1). Such
supramolecular structures may exhibit CE in the visible region, giving values up
to several hundred times greater than the individual molecules. These CE are a
result of a special alignment of chirally perturbed neighboring polyene chains held
together by secondary chemical forces, e.g. van der Waals and H-bonds (exciton
signals). CE generated by the interaction of individual, chiral molecules are
expressed as “supramolecular exciton chirality”. Small structural differences may
result in significant changes in the structure of the assembly.322’ 324

The chiral carotenoid lysophosphocholine R-43a has an asymmetric C-atom (sn-
2-atom) in its glycerol backbone. The optical activity of R-43a will be discussed
in the following section.

8.3 Optical activity of carotenoid Iysophosphocholine
R-43a (paper 9)

The R-enantiomer of carotenoid lysophosphocholine 43a, was obtained starting
from sn-glycero-3-phosphocholine (GPC) (R-47) (p = 0.88) by the method
outlined in Scheme 2.1, Chapter 2.1, A small amount of its 2-acyl isomer was
anticipated, but was not detected during high resolution 1D 'H and 2D HH-
COSY NMR measurements. In water, carotenoid lysophosphocholine R-43a
disperses into clear, orange colored aggregate dispersions. From Figure 8.2 (b), it
is seen that the self-assembly in water results in a 65 nm hypsochromic (blue)
shifted UV-VIS absorption maxima, compared to the monomeric solution in
methanol.

Weak CE from the ester chromophore of saturated glycerides have been observed
in the 215-220 nm region.325 The CD spectra of monomeric solutions of
carotenoid lysophospholipid R-43a in methanol detected no CE in this region (not
shown), nor in the visible chromophore region (300-600 nm) (Figure 8.2 (a). The
asymmetric sn-2-atom in the glycerol backbone of R-43a does not chirally disturb
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the polyene chain. While the CD-spectrum of R-43a in methanol proved the
optical inactivity of the monomeric solution, the CD spectra in water show strong
CE. A positive band is seen at 410 nm, a strong negative band at 445 nm, and a
positive band at 520 nm. This indicates that the aggregation of R-43a in water
produces a chiral association of individual molecules. Hence, an induced optical
activity is generated upon addition of water. The higher intensity of CE at 35 °C
suggests that the association of monomers into aggregates can be accelerated at
higher temperature,
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Figure 8.2 a) CD-spectrum, and b) UV-VIS spectrum of R-43a, in the
300 - 600 nm region. Path length =1 cm, ¢=2x 10° M.

The origin of the optical activity of the aggregates was obtained by molecular
mechanics programs and force field (CVFF) calculations, proposing an
enantiomeric oligomer composed of approximately 8 monomers as the basic unit
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of the aggregates (Figure 8.3). The calculated absorption and CD spectra for the
oligomer (not shown) are in accordance with the experimental spectra of R-43a in
water. It is evident from Figure 8.3 that ordered arrangements caused by defined
H- and J-aggregates do not exist in aggregates of R-43a. The alignment of the
chromophores results in a shift of the absorption maxima to shorter and longer
wavelengths.

Figure 8.3  Optically active P-oligomer unit, built from ¢ight inactive R-43a
Monomers.

Dynamic light scattering (DLS) investigation of R-43a in water did not detect
aggregates indicative of an oligomer of 8§ monomers. The oligomer unit is
therefore speculated to represent the smallest aggregation unit. Several times it
was observed that the absorption maximum of the aggregates varied between 380
and 400 nm. This may indicate a high sensitivity to subtle experimental conditions
in aggregate formation. It seems, however, that the chiroptical properties of the R-
43a aggregates arc retained.

It is concluded that carotenoid lysophosphocholine R-43a is optical inactive in the
monomer form, but forms chiral aggregates upon addition of water. Based on
molecular mechanics calculations, an oligomeric basic unit was proposed,
satisfactorly explaining the spectroscopic properties of R-43a,
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Abstract

The water dispersibility of a hydrophobic carotenoid has been greatly enhanced by
using it as the acyl part in the synthesis of a highly unsaturated lysophospholipid.
Dynamic light scattering has revealed the formation of stable aggregates with an
average hydrodynamic radius of a few nanometers, and absorption spectra show that
the aggregates can withstand the addition of ethanol or acetonitrile until the volume
fraction of water falls below 70% and 62%, respectively. The properties of the
carotenoid phospholipids have been characterized by determining surface tension,
critical micelle concentration, surface concentration, molecular area, free energy of
adsorption and micellation, adsorption-micellar energy relationship, and equilibrium
constants,



1. Introduction

The immense importance of the cell membrane is widely recognized and well
documented. This explains why phospholipids, which are essential constituents of
membranes, have been so thoroughly investigated, and why carotenoids have attracted
just as much attention, since they provide structural stability to, and perform a host of
other beneficial functions within, biological membranes (Milon et al., 1986,
Gabrielska and Gruszecki, 1996; Gruszecki, 1999). Conjugated phospholipids are
rarely encountered in nature; the most unsaturated natural example 12 contains
parinaric acid (C18:4) (Schmitz and Egge, 1984). Saturated medium chain
lysophosphatidylcholine isomers 11 occur as minor constituents in most tissues
(Gunstone, 1994). The vast majority of the about 750 naturally occurring carotenoids
are hydrophobic (Britton et al., 2004); water dispersibility has only been reported for
the alkali salts of the carotenoid diacids crocetin (C20:7) and norbixin (C24:9)
(Gainer, 2000; colorMaker 2004), for carotenoid sugar esters (Pfander, 1996),
carotenoid sulfates (Liaaen-Jensen, 1996; Oliveiros, 1994), carotenoproteins (Palmer
and Eckles, 1914; Zagalsky, 1995; Zsila et al., 2003) and for synthetic pyridinium
carotenoids (Fuhrhop et al., 1990; Blanchard-Desce et al., 1993). In order to be
absorbed in the intestine, dietary carotenoids undergo various processes, such as
dispersion in lipid emulsion droplets. A recent study has shown that emulsification
and, consequently, uptake of carotenoids can be enhanced by the presence of
lysophosphatidylcholine (Sugawara et al., 2001).

Diet is not the only source of carotenoids. Orally administered supplements have
often been claimed to provide greater benefits. Eight carotenoids are produced in
appreciable amounts, and some of these commercially available hydrophobic
carotenoids are frequently used to color water-based soft drinks (Mirz, 2000; Kléui,
1965, Liddecke et al., 1998). Water-dispersible carotenoids act as ]Og—quencher
(Matheson and Rodgers,1982; Speranza et al., 1990) and radical scavengers
(Cardounel et al., 2003; Foss et al., 2004a) and have also found pharmaceutical
application (Balakhovskii, 1934; Gross and Lockwood, 2004; Gainer, 1979). In order
to achieve solubilization, elaborate preparation procedures have been developed, e.g.
micronisation (Balakhovskii and Rachevskii, 1938) with consecutive coating by
hydrophilic agents (sugar, gum arab), incorporation or encapsulation in water-soluble
carriers (dextrin, starch, gelatin, protein) and addition of detergents (monoglycerols,
polyethylene glycols) (Zagalsky, 1995; Horn and Rieger, 2001; Lockwood et al.,
2003; Gellenbeck, 1999; Schlipalius, 1994; Werner, 1994). Formul: .n is the art of
handling mixtures and the currently used solubilization procedures vt carotenoids are
therefore basically mechanical in nature (Horn and Rieger, 2001).

Synthesizing carotenoids with new functional groups, and thereby improving their
desirable properties, is a topic of considerable academic and commercial interest. A
carotenoid phosphate ester has been described previously (Sliwka, 1997). Carotenoid
acids have also formerly been used for the synthesis of highly unsaturated lipids
(Partali et al., 1996; Schaeren and Moreland, 1959; Naalsund et al., 2001; Houte et al.,
2000; Larsen et al., 1998). For the current study, we have synthesized neutral
(zwitterionic) carotenoid lysophospholipid isomers, which in water spontaneously
disperse to nanometer-sized supramolecular self-assemblies. We present here data on
the surface properties, critical micelle concentration and the aggregate size of the
carotenoid lysophospholipids (R)-7, 7a, 7b, 7c, Schemes 1, 2. A preliminary account
of this comprehensive biophysical investigation has been reported (Foss et al., 2003).



We report similar observations on a water dispersible, highly unsaturated
bolaamphiphile elsewhere (Foss et al., 2004b).

2. Experimental

2.1 Synthesis

The syntheses of (R)-1-(B-apo-8 -carotenoyl)-3-glycerophosphocholine [(R)-7] will
be described separately (Foss et al., unpublished data). The synthesis and
characterization of the (B-apo-8 -carotenoyl)-glycerophosphocholine isomers
(7a/7b/7¢) have been published (Foss et al., 2003; Foss and Krane, 2004).

2.2 Surface properties

The contact angle 8 was determined with a goniometer (Fibro DAT 1122). For
sample preparation, one drop of a solution of 7a/7b/7¢ in CH,Cl, was placed on a
glass plate and dried to a thin film before the water drop was added.

Surface tension y and critical micelle concentration cv were determined at 22 °C

with a Wilhelmy plate tensiometer (Kriiss K10 T digital tensiometer) and with a
pendant drop instrument (Ramé-Hart, Inc.) with DROPimage software, developed by
F.K. Hansen, University of Oslo (Hansen, 1993). A stock solution of 7a/7h/7¢ was
prepared with distilled, filtered (0.22 pm ) water by stirring overnight. The stock
solution was then diluted with distilled, filtered water to the final solutions with the
required concentrations for the measurements. The values of the Wilhelmy and the
drop method were recorded immediately after the initial equilibrium was obtained.

2.3. Determination of particle size by Dynamic Light Scattering (DLS)

The measurements were performed using an ALV DLS/SLS-5022F compact
goniometer system and an ALV-5000/E multiple t digital correlator (ALV, Langen,
Germany). The light source was a 22 mW He-Ne laser (Uniphase, Witney Oxon,
U.K.). The temperature of the sample was 23 °C and the scattering angle 90°. The
sample was purified with 5 pm filters. In order to obtain reliable decay time
distribution functions, data from 14 successive 5-min measurements were averaged
and then analyzed with the CONTIN-method (Bian and Roberts, 1992) (Provencher,
1984). In the absence of consistent information on the particle shape, we related the
translational diffusion coefficient, Dy, to the equivalent hydrodynamic radius, ry,

through the Stokes-Einstein relation #, = , where kg is Boltzmann’s constant,

67nD,
T the absolute temperature and 7 the solvent viscosity. For the number-weighted
distribution we have assumed spherical particles.

2.4 Calculation of thermodynamic data:
Surface pressure (change of tension caused by the substrate) 7=y —y, ,»'=73, mN

m” (H,0).

Surface concentration I = = dy e (CEZ] , n=1.When yis
nRT d(lnc) L nRT\ dc ).,
M

measuredin Nm™ =107 Jm?, R inJmol” K, and T inK (in our case 294 K), I'
comes out in molm™.




Area per molecule in a filled monolayer a, =10*I"'N;' [A?], where N, is the
Avogadro constant.

Free energy of micellation (energy change for a molecule from the monomer to the
micelle state) AGwi=RT Inc,, [J mol™']. Free energy of adsorption (energy change of
a molecule in the bulk and at the surface) AGs=RT Inc,, —6.023 za_ [J mol™].

Equilibrium constants
aggregated molecules/monomer in bulk X, =exp (-~AG:,ic /R T),

molecules at surface/monomer in bulk K, = vf:xp(-/i\G;l /RT) ,

molecules at surface/aggregated molecules K, . = exp]:—(AG:d -AG, ) / RT:I .

Aggregate geometry

The critical packing parameter (Israclachvili et al., 1992) cpp = L

predicts the

L %m
aggregate morphology. The hydrophobic portion is considered to be a cylinder with d
=6 A (Chifu et al., 1983), I, = 16 A (C11-hydrophobic chain portion attached to the
B-ring) and v, = 450 A°, Fig. 1. With a, =39 A% epp = 0.7; 0.5 > ¢pp < 1.0 denotes
lamellar structures (Israelachvili et al., 1992).

Surface area unilamellar vesicle S =477 +4zr , where 7, denotes the radius of the

aqueous core. From DLS riy = 60 A [(R)-7], vy = 80 A (7a/7b/7¢), ro=28 A
(=60A-21,), ro=48 A (=80A-21,),1, =16 A. Aggregation number N=S/a,,.

3. Results and discussion

3.1. Synthesis

We have synthesized the carotenoid lysophosphatidylcholines by two chemical
methods (Foss et al., 2002; Paltauf and Hermetter, 1994), since the advantage of
stereoselective enzymatic syntheses is devaluated by the rigid experimental conditions
(Vitro and Adlercreutz, 2000; Partali et al., 1996): A. by esterification of a carotenoid
fatty acid (C30-acid 2) with (+)-(R)-glycerolphosphorylcholine (GPC) ((R)-1),
resulting in enantiomeric (R)-7 (p = 90%) in very low yield (4%) (Foss et al.,
unpublished data), Scheme 1, B. by introducing the choline group into the carotenoid
monoglyceride mixture 8a, 8b, giving an isomeric mixture of 7a/7b/7c (49:43:8) in an
acceptable yield (33%), (Foss et al., 2003) Scheme 2.

Phospholipids (R)-7, 7a, 7b, 7¢ are isomers with identical head groups and
hydrocarbon chains, and are, therefore, expected to show similar surface and
aggregation properties (Arnett and Gold, 1982; Robinson, 1961; Arnold et al., 1967;
Haftendorn et al., 2000), Fig. 1. Both synthetic methods (Schemes 1, 2) allow, in
principle, “tuning” of the color of the carotenoid dispersions to a desired tint - from
fade yellow to red - by replacing the carotenoid acid C30:9 (2) with other known
carotenoid acids, e.g. C20:5 (retinoic acid), C23:6, C25:7 etc. up to C40:13
(Schwicter et al., 1966; Dobler et al., 1996).




3.2. Contact angle, surface tension, critical micelle concentration (cy)

The contact angle (= 25°) of a water drop on a dry film of 7a/7b/7c and its lifetime
(0.1 s) before spreading revealed noticeable surfactant properties for these isomers
(Lam et al., 2002). Since measurements of the surface tension y are notoriously error-
prone, (Mukerjee and Mysels, 1971), see Table 1, we decided to use two
tensiometers: one using the Wilhelmy plate technique (Mulqueen and Huibers, 2002)
and the other the pendant drop method (Hansen, 1993). The results, plotted in Fig. 2,
show that though each data set suffers from wide scatter, there is overall agreement
between the two sets. The values of the retrieved parameters (the critical micelle
concentration c,, and the slope, dy/de or dy/d Inc, depending on how the data are
plotted) are rather sensitive to the choice of the function used for fitting the data on
either side of the discontinuity. Using linear approximations, we obtained ¢,, = 1.1 or
1.4 mM according to ¢ or Inc plotted along the horizontal axis. When the data were
fitted (with ¢ <107 M) to the Szyszkowski equation (Szyszkowski, 1908),
y=y"—alog (1 +bc) , we found ¢,, = 1.3 mM. To take into account these variations,

we have set ¢, = 1.3 & 0.2 mM. All three methods gave y= 57 mN m™. The final
result for the surface concentration I~ reflects the uncertainties in ¢,, and dy/dc, and

was calculated to be 5.6x107 or 5.2x107° mol m™ for the first two choices, and
3.5x107 for the third: accordingly we set /" =(4.5+1)x10" mol m™. The values of

¥, I, a, (area of the molecule at the filled air-water interface), and other

thermodynamic data are listed in Table 1. The surface area of 7a/7b/7¢ suggests a
vertical position of the isomers at the air/water interface. We will use the symbols
¢, ¢,, and ¢, to denote the concentration at the surface, in the aggregated form, and

in bulk, respectively. The equilibrium constant ¢y/cy = Kag-mic = 5 points to the low
contribution of molecules from aggregates to the monolayer at the surface, whereas
the equilibrium constants ¢i/c, = Kya = 3500 and c,/cy = Knic = 750 for 7a/7b/7c
demonstrate the predominance of molecules on the surface and in aggregates relative
to monomers in the bulk, Fig. 3. The 5:1 concentration ratio (molecules at the surface
: molecules in micelles) for these compounds signifies a ratio in favoring micelles;
this is in contrast with the ratio of approximately 34:1 found for saturated C8-, C10-,
C12- and C14-lysophospholipids. Similarly, the adsorption-micelle energy difference
AG,, —AG,, for Ta/Tb/7¢ is about half the reported value of the medium chain

lysophopholipids. The adsorption-micellar energy ratio (AMER) (Skrylev et al., 2000)
AG:,/AG:,. has been proposed as a surfactant performance indicator. AMER values
close to unity imply dense monolayer formation, enhanced micelle concentration and
high ability for flotation, cleansing and wetting. The AMER for 7a/7b/7¢
demonstrates an improved ratio when compared with medium chain

lysophospholipids, Table 1.

The dissimilarities in surface properties of 7a/7bh/7¢ compared with the saturated
lysophospholipids are likely the result of an increased wettability and solubility of the
unsaturated compounds (Robinson and Saunders, 1958a). Within a series of
homologues, c,, depends primarily on the chain length of the hydrophobic group;
methyl groups and rings attached to the chain exert little or no influence (Klevens,
1953). The hydrophobic portions in 7a, 7b and 7¢ (C30:9) can therefore be visualized



as hypothetical, shorter #ans-unsaturated chains, C17:8. Each cis-double bond present
in an unsaturated chain of a lysophospholipid is equivalent to the removal of 1-1.7
carbon atoms (Klevens, 1953; Nagasaki et al., 1986), whereas the effect of a trans-

double bond is approximately 50% less (Cevc, 1991). On a AG,, -versus-z plot,
where AG,, is the free energy of micellation and » the chain carbon number of Cn:0-
lysophosphatidylcholine (»=8,10,12,14,16), the AG

mic

value for 7a/7b/7¢ places it

as C11:0, Fig. 4. An analogous plot of the free energy of adsorption AG;, sets the

surface absorption behavior of 7a/7b/7¢ to C10:0. The data imply that a conjugated
trans double bond is equivalent to the removal of 0.75-0.88 carbon atoms, which
amounts to replacing C17:8 with C11:0 for aggregation, and with C10:0 for
absorption. This signifies a significant reduction of the C30-carotenoid 2 to 1/3 of its
carbon atoms as it relates to the effective chain length, Fig. 4. It can therefore be
assumed that the hydrophilic effect of unsaturation is concentrated near the
hydrophilic head group, dragging part of the polyene chain into water, Fig. 1.

The medium chain lysophospholipids and 7a/7b/7¢ show an a, -value (area per

molecule at the filled surface) in the range reported for surface films of the C30-ester
3 ( Chifu et al., 1979; Zako et al., 1979), Table 1. At the air/water interface a,, is

determined by the properties of the polar head group, whose size appears to be much
smaller in 3 than in 7, as judged from molecular models, Fig. 1.

The lysophospholipid isomer mixture 7a/7b/7¢ formed yellow dispersions in water,
which are clear and translucent at low concentrations but became viscous and turbid
at higher concentrations. A saturation point could not be reached up to a solute
concentration of 60 mg/ml (Robinson and Saunders, 1958b).

3.3 VIS spectroscopy, aggregate behavior

The absorption band of the monomer solution in organic solvent is characteristically
displaced in aqueous solutions: one strong band appears in the H-aggregate region and
a hardly visible shoulder is found around 500 nm, indicating J-aggregate formation.
Since the absorption spectra of dilute aqueous dispersions of (R)-7 (ca. 5x10” M in a
cell of 10 cm path length) resemble the spectra recorded at higher concentrations, Fig.
5, it is evident that aggregation starts at exceedingly low concentrations, in line with
previous observations of lysophospholipids (Robinson and Saunders,1958b). The
absorption spectrum of an aqueous dispersion of (R)-7 is plotted in Fig. 5. The shape
of the spectrum can vary from one dispersion to another, the peak wavelength lying
between 380 to 400 nm with a shoulder in the vicinity of 500 nm. Variable peak
wavelengths have also been observed for other carotenoid surfactants (Okamoto et al.,
1989; Mori e al., 1996). When acetonitrile (MeCN) is gradually added to the sample,
the spectrum undergoes only small variations at first. An abrupt change takes place
when p, the volume fraction of MeCN, approaches 38%, and for p = 66% , the

spectrum is equivalent to that obtained with a solution of monomers. The
corresponding values for an ethanol (EtOH)/water mixture are 30% and 38%,
respectively. The spectrum of the aggregated form of (R)-7 or of 7a/7b/7¢ in water is
similar to the absorption spectra of some other carotenoids in solvent-water mixtures
(von Euler et al., 1931; Takagi et al., 1987; Zsila et al., 2001; Song and Moore, 1974).




3.4. Aggregate properties

Dynamic light scattering (DLS) allowed the determination of the equivalent
hydrodynamic radius ry of the aggregates (Santos and Castanho, 1996; Berne and
Pecora, 1976). In water, (R)-7 formed, at a concentration 0.05 mg/ml (below the ¢y of
1 mg/ml), primarily aggregates with an average i3 = 6 nm, although some larger
aggregates (30 < r, <500 nm) were also observed. The corresponding figures for

7a/Tb/7¢ are rg = 8 nm and 40 <, <600 nm, Fig. 6. The virtually identical particle
size denotes similar aggregation behavior for the pure isomer (R)-7 and the isomer
mixture 7a/7b/7¢. The larger particles appeared spherical in shape under light
Microscopy.

In general, single chain amphiphiles, such as lysophosphatidylcholines, aggregate as
micelles (Nagarajan and Ruckenstein, 1979). In spherical micelles, the maximum
radius cannot extend beyond the length of the extended oriented hydrocarbon chain
;=20 A. [The length was estimated from published data (Drikos et al., 1988) and
molecular models by reducing the chain with the three non-hydrophobic carbon atoms
near the phosphatidylcholine group (Heerklotz and Epand, 2001)]. Micelles of (R)-7
or 7a/7b/7c certainly possess such an unfolded chain due to the stiffness induced by
the conjugated double bonds. [In water, the length of the elongated chain of potassium
octanoate (C8:0) and higher homologues (C8+n:0) is 30% reduced due to curling of
the saturated, flexible chain (Elworthy 1963)]. However, particles with the predicted
hydrocarbon chain size radius were not detected by DLS. The thermodynamic data
suggest that the hydrocarbon chain (C17 + B-ring) in the aggregates of (R)-7 or
7a/7Tb/7c¢ correspond to a hydrophobic chain of C11:0 attached to the B-ring (with its
negligible effect on hydrophobic or hydrophilic properties). The hydrophobic chain
portion with the B-ring occupies a cylinder whose volume (v) is determined by the
diameter between the H-atoms at C4 and the H-atoms of the methyl groups at C1 (d =
6 A) (Zako et al., 1979; Chifu et al., 1983), and the length between H-C2 and C14” (/.
=16 A), see Fig. 1. Using the length /, the volume v; and with the molecule area a,

of 7, the critical packing parameter (Israelachivili et al., 1992) cpp= YL =0.7 was

L m
calculated, which predicts the formation of lamellar structures. The calculation is
subject to certain caveats, as the ¢pp concept was actually developed for saturated
molecules. The estimated aggregation number N for a spherical, unilamellar vesicle
with 604 <r, <804 would be in the order of N = 2000. Aggregate shapes are known
to fluctuate to a high degree (Bergstrom, 2000; Owenson and Pratt, 1984; Bogusz et
al., 2000).

4. Conclusion

To sum up, the amphiphilic, highly unsaturated, conjugated, and surface active
lysophosphatidylcholine isomers (R)-7, 7a, 7b, 7¢ spontaneously form, upon the
addition of water, clear, stable, yellow dispersions comprising aggregates mostly as
small vescicles together with some big particles. The surface properties of the
unsaturated lysophospholipid isomers are similar to saturated homologues with
considerably lower carbon numbers in the acyl chain. The highly water-dispersible
derivatives (R)-7, 7a, 7b, 7c allow the investigation of a wide range of biological
carotenoid properties in aqueous solutions without additional solubilizing agents.



We would like to conclude with additional relevant observations. First a remark about
the possible Iytic activity of the caroteno-lysophospholipid 7: since the lytic activity
of lysophosphatidylcholines 11 decreases, or is altogether lost, when the acyl chain
contains less than 16 or more than 18 C-atoms, (Reman et al., 1969) none of the
isomers 7 is expected to be lytically active. Secondly, the surface and aggregation
properties of the few known hydrophilic carotenoid derivatives (see above) have not
been investigated, which seems surprising, if one recalls that the aggregation behavior
of other carotenoids with near zero aqueous affinity has attracted attention for quite
some time (von Euler et al., 1931; Takagi et al., 1987; Zsila et al., 2001; Song and
Moore, 1974; Karrer and Straub, 1938; Shibata, 1956; Buchwald and Jencks, 1968;
Hager, 1970; Ruban et al., 1993; Salares et al., 1977).

In future publications, we plan to present surface data on crocin and other hydrophilic
carotenoids (Foss et al., 2004b; Nalum Naess et al., unpublished data), and analysis
of the spectral changes which accompany aggregate formation.
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Head group orientation and molecule parameters for 1,3, 1,2-, 2,3-
lysophosphatidylcholines 7a/7b/7c¢ (49:43:8). The molecular area a,, at the air/water
interface is assumed not to change in the isomers. The hydrophilic effect of
unsaturation is supposed to be located near the hydrophilic head.
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The measured values of the surface tension plotted against the concentration of the
surfactant. The solid curve is derived by fitting the data below 1 mM to the

Szyszkowski equation (with
L mol™).

y*=72.6 mNm™, a=182 mNm™, and b=4.6x10’
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Chain carbon number of saturated C8-, C10-, C12-, C14-, C16- and C18-
lysophosphatidylcholines versus reported AG% (#) and AGnic (H). AGhi and
AG2 of Ta/Tb/Te (C30:9) correspond to an effective chain length of C11:0 (®) and
C10:0 (O), respectively
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Fig. 5

UV-VIS absorption spectra of (R)-7 in various acetonitrile-water mixtures; p denotes
the volume fraction of acetonitrile. The aggregates in the aqueous dispersion are
stable until the solution reaches a concentration of 38% acetonitrile, at which point the
aggregates disintegrate to monomers. Similarly, the aggregates are resistant to the
addition of ethanol until the solution reaches 30%; at 38% EtOH only monomers exist
in solution..
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Size determination of (R)-7- and 7a/7b/7¢-aggregates in water at 23 °C by DLS.
Intensity-weighted distribution (R)-7 (———), 7a/7b/7e ( -) and number-
weighted distribution (R)-7 (---), 7a/7b/7¢ (......). Small aggregates with virtually
identical hydrodynamic radii were formed in greatest proportion in both solutions:
average ry = 6 nm for (R)-7 and i = 8 nm for 7a/7b/7¢. In addition, smaller amounts
of large (R)-7-particles within the range rg = 30-500 nm and 7a/7b/7c-particles within
the range »y = 40-600 nm were also observed.
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Scheme 1
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Hydrophilic carotenoids: surface properties and aqueous aggregation
of a rigid, long-chain, highly unsaturated dianionic bolaamphiphile
with a carotenoid spacer
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Abstract

The water dispersibility of astaxanthin has been greatly enhanced by converting it to a
disodium disuccinate salt. This carotenoid salt behaves in water as a bolaamphiphile,
forming aggregates in the pm range; dynamic light scattering has revealed the
formation of stable aggregates with an average hydrodynamic radius close to one
micrometer, and absorption spectra show that the aggregates can withstand the
addition of 20% acetonitrile. The physicochemical properties of this astaxanthin
derivative have been studied by measuring surface tension, critical aggregate
concentration, surface concentration, molecular area, free energy of absorption and
micellation, adsorption-aggregate energy relationship, and equilibrium constants.

Keywords: carotenoids, surfactants, aggregates, bolaamphiphile




Introduction

The poor water-sotubility of most of the nearly 750 natural carotenoids kimits
considerably their use as food coiorants,“’zl as pharmaceuticais,”’” and as aqueous-
based singlet oxygen quenchers and radical scavengers.” ™ With the exception of the
carotenoid sugar ester crocin, and the diacids crocetin (C20:7), norbixin and isobixin
{C24:9), the few other natural carotenoids with reported low water-solubilities have
not yet found practical interest, e.g. carotenoid sulfates””! and carotenoid protein
complexas.[m’ ' To satisfy the increasing demand for safe food colorants, highly
sophisticated formulation methods have been developed to introduce the insoluble
carotenoids in water-based systems: addition of detergents and solvents,
micronisation, coating with hydrophilic agents, and incorporation in water-soluble
carriers, e.g. with cyclodextrines.m’]ﬁ} In most cases, the upper limit of solubility in
the particular vehicle is quickly reached, and not always to the desired mg/ml range of
solubility; toxicity of the solubilizing agent has also been demonstrated.!'”
Increasing the water-solubility or the water dispersibility of carotenoids by synthetic
modification has been much less reliably achieved, and is sparingly reported in the
literature. For pyridinium carotenoids water solubility has been reported, however,
without giving details.["® Whereas a carotenoid monogiycerol conjugate only
demonstrated a limited increase in solubility,'! a carotenoid lysophosphatidylcholine
derivative was highly dispersible in water, and exhibited surface properties similar to
other monopolar detergents.m’m In contrast, bipolar detergents with two hydrophilic
head groups attached to a hydrophobic spacer (“bolaamphiphiles™) are expected to
provide quite different properties. The properties in water of unmodified dibydroxy
carotenoids such as astaxanthin (1), zeaxanthin, and lutein were investigated many
years ago.”** The low water dispersibility limited applications of these carotenoids
for the potential uses described in the current study.

In order to increase the water solubility or dispersibility of the dihydroxycarotenoid
astaxanthin Hawaii Biotech, Inc. (HBI) successfully esterified each of the two
hiydroxyl groups of racemic (3R,3°R, 3R,3°S, 38.3*8)-astaxanthin (1) (stereoisometric
ratio 1:2:1) with succinic acid to the acid-ester 2, followed by neutralization of the
free carboxyl groups with NaOH to disodium astaxanthin-3,3 -disuccinate (Cardax
3,25 Scheme 1. Cardax™ 3 exhibits substantial water dispersibility, ca. 9 mg/mk.
This property allows the novel bolaamphiphilic derivative to be introduced into
aqueous systeins without additives or co-solvents, and to be delivered as a parenteral
for in vivo whole animal experimentation, both advantages in the pre-clinica] and
clinical testing of the coxnpound.[4’26‘27]

TM)

In the current study, the surface properties and the aqueous aggregation behavior of
the dianionic bolaamphiphilic carotenoid derivative 3 were evaluated.



Results and Discussion

Surfuce properties

The surface tension of Cardax™ 3 in aqueous solutions was determined with the
Wilhelmy plate method. At the critical aggregate (or micelle) concentration,

¢, =0.4510.05 mM (= (.3 mg/ml = 0.03%), the surface tension was y= 60 mN ',

Fig. 1. With the values of casand » the surface concentration J, the surface pressure
the free energy of absorption AG,, and

ad

7 , the molecule area at the interface a

n?

micellation 4G, as well as the equilibrium constants for aggregation and surface

adsorption were calculated, see Table 1. I” and AG,,, were derived from the

mie

equation [ = L) _dy - [cd—?’J and AG., =nRTInc,, +2RTIn2.

nRT | d(inc) | #nRTY\ de . '

M

%1 These equations imply electro-neutrality of the surface-absorbed or aggregated
compound and is, therefore, only valid for neutral and zwitterionic detergents or ionic
surfactants with strong, counterion binding (ion pairing), factor »# = 1. However, ionic
surfactants dissociate into anions and cations, increasing the number of species: n>1.
Whereas for di-ionic detergents » =2 has been established,”®! the choice of # for tri-
ionic surfactants, such as Cardax™ 3 is a matter of dispute.””>* For bola and gemini
surfactants, both full dissociation ( 7 =3} or monovalent ionpairing { n = 2) have been
proposed. In the calculation of AG, for ionic bolaamphiphiles, the prefactor
n=1+28=3-2«a is obtained considering the degree of counterion dissociation 5,
or the ion association degree e =1-8; f=1 {or o =0 ) signifies no ionic
association. The values of counterion attachment vary considerably according to the
method of determination.® Atlow c,, both complete ionic dissociation or
association has been verified.**** Neutron reflectivity and conductivity
measurements allow the determination of the prefactor »; both methods gave in many
cases contradictory results.*?) In the absence of exact values for factor » , F.and o
the results for complete, partial and non-ionic association are given in Table I, entries
1-3.For the calculation of AG), several equations have been proposed:

AG, =(1+28)RT Inc,, +2RTf1In2; Ref. [28] (1)
4Gy, =(3~2a)RT Inc,, ; Refs. [37, 38] @)
AGy =(2-a)RTInc,, =(1+ S)RT Inc,,; Refs. [37, 39] 3
AGS = RTlnc,,; Ref. [33] (4)

4G

calculated with AG, = AG:,, —6.023x107 7a,, [ki/mof]. It remains to select a
“reasonable result”***% from the calculated values given in Table 1, entry 1-3,
Considering the low ¢, of Cardax™ 3, taking into account that bolaamphiphiles with
a rigid spacer prevent counter ion binding,”" and in view of the fact that the
monosodium salt of succinic acid is a strong 1:1 electrolyte with high ion
activity,*"*? the results for full dissociation with #=3 (8 =1) appear more probable.
The obtained low surface concentration 7~ corresponds to a high molecule area

a, =240 A? Tab. 1, similar to other bolaamphiphilic diacids or diacid salts, 4%

was calculated with equation (1)} and the free energy of association was



Fig. 2. The equilibrium constants reflect the high preference of the Cardax™ 3
molecule to be absorbed at the water surface, Fig. 3. The absorption-miceltar energy
ratio (AMER)/®! AG, [ AGS. has been proposed as a surfactant performance

indicator. AMER values close to unity imply dense monolayer formation, enhanced
micefle concentration and high ability in flotation, cleaning and wetting. The AMER-
value for Cardax™ 3 expresses only slightly lower surfactant performance when
compared to a highly water-soluble, monopolar carotenoid, Table 1, entry 9,742 The
dertved hydrophobic area a, =240 A? (from I') is in accordance with g ~ 2200 A%,
calculated from the length of the hydrophobic part of Cardax™ 3 /=~ 28 A (C2-C29
and the width of the end groups /~ 8 A (CH, C1 - C=0 — H,0).¥ We propose
therefore that the molecule adopts a horizontal orientation at the water surface with
the succinic moieties anchored in water, Fig. 2. In contrast, the distance between the
polar groups of saturated dicarboxylates at the water surface is reduced by looping of
the now flexible spacer, e.g. a 20% distance reduction for tetradecane dicarboxylate,
and a 25% reduction for octadecane dicarboxylate.*¥ The monolayer of Cardax™ 3
on the interface is estimated to be very thin, Fig, 2.

Comparison with similar compounds

For a saturated C6-disulfate a molecule area of 460 A? has been reported, Tab. 1,
eniry 10. The molecule areas of saturated C10)- and C12-disulfates are still higher,
Tab. 1, entries 11, 12, These elevated molecule areas are, at least in part, the result of
Ca hcasurements at high temperatures due to an elevated Krafft point. 4% The
natural carotenoid trans-isobixin, a monomethylester, absorbs in Langmuir films with
erected molecules at the air/water interface ) The surface tension ¥ of Cardax™ 3
has about the same value as astaxanthin (1) and succinic acid, "™ whereas the
surface concentration 7 of Cardax™ is four times lower, and the molecular area 4,
four times higher than that reported for astaxanthin (1), Table 1, entries 1, 4, 13. In
contrast to ionic Cardax™ 3 neutral astaxanthin (1) appears to adopt a vertical
position at the water surface, [*7)

Aggregate behavior

Within a series of homologues, ¢, depends predominantly on the chain length of the
hydrophobic group,’ and double bonds reduce the effective chain length for
monopolar surfactants.”!! A plot of AG,;, versus the chain carbon number of the
potassium salts of saturated C16:0- and C18:0-diacids,*" places the aggregation
properties of Cardax™ 3 similar to C22:0-dicarboxylate, F ig. 4. The resemblance of
the molecular dimensions of Cardax™ 3 with docosanoate suggests that in the
aggregates the B-rings of Cardax™ 3 are partly participating in the hydrophilic
group. The membranes of both the saturated and unsaturated bolaamphiphile
aggregates should consist of stretched carbon chains of /= 28 A %

Compared with the UV/VIS spectrum of Cardax™ 3 in acetonitrile (Aoex =490 nm)
the absorption of aggregated Cardax™ 3 in waler was shifted to 4__ =440 nm,
indicating the formation of H-aggregates, Fig. 5.5 Astaxanthin (1) and the free acid
2 absorb in acetonitrile at A =472 nm. The supramolecular assembly of
astaxanthin (1) and other carotenoid derivatives has been reported using CD
spectroscopy. i 8 These aqueous supramolecular assemblies are sensitive to the

addition of organic (i.e. less polar) solvents, and each drop of solvent gives rise to a
steady change of the aggregate absorption, until only monomers prevaii, 167)



The rigid spacer and the charge of the polar groups in Cardax'™ 3 do not favor the
formation of small, curved aggregates. Therefore, aggregation of Cardax ™ 3 s
expected to be dominated by the formation of large, extended monolayer
structures.**®! Dynamic light scattering (DLS)® 65} measurements revealed that the
intensity of the scattered light from Cardax™ 3 aggregates in water, in 0.155 M NaCl
and (.5 M NaCl did not change during the experiments. In these dispersions the
agpregates quickly reached an cquilibrium size. For Cardax™-aggregates in 2.0 M
Na(l the scattered intensity increased slowly during the experiment, suggesting a
slow association process to larger aggregates. After several hours the aggregates
became very large and precipitated from the solution. A small decrease in the decay
time of the aggregates in 0.155 M NaCl is observed compared to the decay time of the
aggregates in water, Fig. 6. This may be caused by osmotic shrinkage of the
aggregate. The volume of the interior of the aggregate decreases by the egress of
water molecules across the aggregate membrane to the outer environment. At higher
salt concentrations fusion of the initial aggregates to overall larger association
prevails. The intensity correlation function, Fig. 6, shows a significant increase in the
decay time for Cardax™ 3 aggregates in 0.5 M and 2.0 M NaCl compared to the
decay time of the aggregates in water. Screening of charges and binding of counter
ions, i.e. reduction in the repulsion between particles, favor aggregation. The
intensity-weighted distribution functions for Cardax™"-aggregates are shown in Fig.
7. The aggregates appeared non-spherical in shape under light microscopy. The
distribution exhibits several peaks as expected for large non-spherical particles. The
main peak expresses aggregate translation (slow decay time). The shoulder of the
main peak and the smaller peaks in the left side of the Figure express aggregate
rotation (fast decay times). The equivalent hydrodynamic radii for the slow decay
times are given in Fig. 8. In water and 0.155 NaCl Cardax™-aggregates have a
hydrodynamic radius », ~1 um. The aggregates increase in size to #; = 3 pym and

ry =10 pm in 0.5 M and 2.0 M NaCl, respectively.

Conclusion

The water dispersible carotenoid derivative Cardax™ 3 behaves in water as a
bolaamphiphile with a low carand a high surface tension. The derivative forms a
horizontal layer at the air/water interface with an elevated molecule area. Cardax™ 3
also forms supramolecular assemblies in water consisting of non-spherical pym-sized
aggregates that increase significantly in size in salt solutions of higher osmolarity.
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Experimental

Surface tension y and critical micelle (aggregate) concentration c,, were determined
at 22 °C with a Wilhelmy plate tensiometer (Kriiss K10 T digital tensiometer). A
stock solution of Cardax’™ 3 was prepared with distilled, filtered (0.22 pum) water by
stirring overnight, The stock solution was then diluted with distilled, filtered water to

the solution with the required concentrations for the measurements. The values were
recorded immediately after the initial equilibrium was obtained.

Surface pressure (change of tension caused by the substrate) 7 = y° -y, , ° =73
mN m (H,0).

Surface concentration I = m dy = - (cd—y} , n=1-3, When y is
' nRT | d(Inc} . ART dej,.
A

measured in Nm™ =102Im™, Rin Jmol" K™, and T in K (in our case 294 K),
I" comes out in mol m™. For determining /™, the surface tension data were fitted
(with ¢ £5x10™ M) to the Szyszkowski equation,”™ y = y* ~alog(1+be),

we found ¢, =(4.5£0.5}x107" M,

Area per molecule a_+ 10° ' A7 [AY] where N, is the Avogadro constant.

Eguilibrium constants
aggregated molecules/monomer in bulk X

mic

= exp(~AG°mic/nRT), molecules at
surface/monomer in bulk X, = BXP(“AG;d mRT ),
molecules at surface/aggregated molecules K, ;. = exp(— AGy - AGL./ nRT)

DLS measurements

Cardax™ 3 was dissolved in deionized water (Milli-Q). The stock-solution of 0.6
mg/ml Cardax '™ 3 was stirred overnight and then diluted to approximately 1:10 in
water and salt solutions of different osmolarity to give the final concentration

(¢ > ¢, ). The water and the salt solutions were carefully filtered through 0.22 um

filters. The measurements were performed using an ALV DLS/SLS-5022F compact
goniometer system and an ALV-5000/E multiple ¢ -digital correlator {(ALV, Langen,
Germany). The light source was a 22 mW He-Ne laser (Uniphase, Witney Oxon,
U.K.). The temperature of the sample was 21.5 °C, the scattering angle 30° and the
square of the scattering vector, q’, was 4.69 x 10" m™, The correlation functions (Fig.
7Y are fitted to a double exponential consisting of the fast decay for rotation and the
slow decay for translation. In order to obtain reliable decay time distributions
functions, data from 13 successive 5-min measurements were averaged and then
analyzed with the CONTIN-method.*")
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Rac. astaxanthin (1), rac. astaxanthin-3,3’-disuccinic acid (2), and rac. disodium
astaxanthin-3,3'-disuccinate (Cardax ™) (3)



12

704

-1

v/ mNm

60

Fig. 1
The measured values of the surface tension plotted against the concentration of the
surfactant. The solid curve is derived by fitting the data for ¢ < 0.5 mM to the

Szyszkowsi equation (with ¥* =726 mNm', =317 mNm', and
b=46x10°Lm™).
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Hypothetical, horizontal adsorption of Cardax™ 3 at the air/water interface with the
hydrophilic succinate moieties anchored in water.
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Fig. 3
Adsorption and aggregation energy 4G, AGu. and equilibrium constants X of
Cardax™ 3 for surface monolayer and aggregate formation.
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Fig. 4

Chain carbon number of C16:0 and C18:0 dicarboxylates versus AGni. O [calculated
from reported ¢ values at 25 °C [571d} with equation (1)] for K-C16-K AGh.= -4.2
kI mol! O, K-C18-K AGsi= -21.3 kJ mol™ O), extrapolating these values for C22-
and C23-diacid salts *. The measured AGri-value (20 °C) of the disodium salt
Cardax ™3 @ is similar to the value of a stretched, saturated chain in an aggregate of
C22-dicarboxylate (docosanoate).
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Fig. 5

UV/Vis absorption of monomeric Cardax ™ (4, =490 nm, acetonitrile) and

Ax

supramolecular assemblies (1-type aggregates) (A, = 440, water). The aggregates

in the aqueous dispersion are stable until the solution reaches a concentration of 20%
acetonitrile, at which point the aggregates begin to disintegrate to monomers.
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Fig. 6

Intensity autocorrelation functions, g(” (r) , for Cardax dissolved in water (solid black
line), 0.155 M NaCl (dashed line), 0.5 M NaCl (dash-dotted line) and 2.0 M NaCl
(dotted line) plotted versus the lag time, 7. The measuring angle is 30°, and the square
of the scattering vector, ¢°, is 4.69x10” m™.
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Fig. 7
Intensity-weighted distribution function for Cardax™ 3 dissolved in water (solid
black line), 0.155 M NaCl {(dashed lin¢), 0.5 M NaCl (dash-dotted linc} and 2 OM

NaCl (dotted line) plotted versus the decay time. The measuring angle and q* are as in
Fig. 6.
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The correlation functions of Figure 7 are fitted to a double exponential consisting of a
fast decay time (rotation) and a slow decay time (translation). The equivalent
hydrodynamic radii 7y for the slow decays are given. Cardax™ 3 forms non-spherical
aggregates with an equivalent hydrodynamic radius ry = 1.3 pm (water), r, = [.2 um
(0.155 M NaCl) (believed to osmotic shrinkage), iy = 3 um (0.5 M NaCl) and 1y = 10
pm (2.0 M NaCl).
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Abstract

The surface and aggregation properties of the naturally occurring pigment crocin have
been examined through measurements of surface tension and optical absorption, and
the following parameters have been determined: critical aggregate concentration,
surface concentration, molecular area, free energy of adsorption- and micellation,
adsorption-micellar energy relationship, equilibrium constants, and aggregate size. On
structural grounds, the molecule should be classified as a bolaamphiphile, since it is
the di-gentiobiose ester of the conjugated highly unsatured diacid C20:7 carotenoid
crocetin. However, our analysis of the data indicates that crocin does not behave like a
typical bolaamphiphile: it adsorbs at the water surface with only one polar group; it
aggregates only at rather high concentration, and it does not form vesicle-like
aggregates.



Introduction

The highly unsaturated, conjugated polyenic carotenoids are biosynthesized in all
plants. Although they appear only as minor constituents, the annual bioproduction of
carotenoids is estimated to reach thousands of tons. Of about 750 different naturally
occurring carotenoids so far been characterized, nearly all are hydrophobic, with the
notable exception of a few diacids, sugaresters and sulfates.[1] Whereas the solubility
of carotenoid sulfates is below the level (ca. 0.4 mg/ml) [2] of practical interest, the
diacid norbixin affords solutions up to 5%,[3] and the sugarester crocin (1) has no
saturation point in water.[4] The mentioned compounds possess hydrophilic and -
phobic parts, which confer an amphiphilic character, accompanied with surfactant
activity and aggregate formation. The surfactant properties of crocin (1), bixin and
carotenoid sulfates have not yet been determined. Surprisingly, the aggregation
behavior of other carotenoids with near zero aqueous affinity has found early
interest.[5- 7] This academic curiosity was later merged with an important
commercial perspective, when the few commercialized hydrophobic carotenoids were
introduced as safe food colors for soft drinks.[8-10]

We report here on the surface activity and aggregate properties of crocin, B,3-
digentobiosyl 8,8’-diapocarotene-8,8’-dioate (1), the disugar ester of the highly
unsaturated diacid crocetin C20:7,[11] Scheme 1. Crocin (1), a stable ingredient
found to about 25% in saffron,[12-14] is actually the only really highly water-soluble
natural carotenoid and the only highly unsaturated, conjugated sugar surfactant.[15]
Crocin has antioxidant activities,[16] radical scavenging properties[17], acts as '0,-
oxygen quencher,[18, 19] inhibits human cancer cell growth,[20] arthritis[21] and
prevents neurodegenerative disorders.[22] Other crocetin sugar esters are less
biologically active.[23]

The presented results are part of investigations on synthetic water-soluble carotenoids
and their biological and (photo)physical properties.[24-34].

Surface tension and critical micelle concentration

Crocin dissolves in water to clear, yellow liquids. We did not found a saturation point
up to 150 mg/ml. The surface tension y of various concentrations of crocin (1) in
water was determined with the Wilhelmy plate method.[35] By using the
Szyszkowksi equation[36]) for fitting the plot y vs. Inc and yvs. ¢ we obtained at the
point of discontinuity for the critical micelle concentration ¢y = 0.9 + 0.1 mM and y=
50 mN/m, Fig. 1. The concentration of crocin molecules, completely covering the
surface, was calculated to be 7'=(2.7+0.1)x 107 mol m™, which corresponds to a

molecular area at the interface a,, = 62 + 2 A%, Other thermodynamic data are listed in
Table 1.

The surface area a,, of crocin suggests an erected or oblique orientation at the
air/water interface, with only one polar group anchored in water, the other sugar
group pointing outside, Fig. 2, Crocin does not, therefore, behave as a bolaamphiphile
in the way forming horizontally oriented molecules on water surface. With c;, ¢a and
¢ denoting the concentration at surface, in the aggregated form and in bulk,
respectively, the equilibrium constants ¢s/cy = K = 3500 and c./cy, = Kap = 100 point
to a high preference of crocin for surface absorption relative to aggregate formation.
In addition, the relatively high equilibrium constant ¢g/c, = Ks.o = 35 (the




concentration ratio of molecules at the surface and in micelles) demonstrates a low
aggregation preference, Fig. 3. The micellar energy ratio (AMER) [37]

AGia [ AG'wic has been proposed as a surfactant performance indicator, AMER values
close to unity imply dense monolayer formation, enhanced micelle concentration and
high ability in flotation, cleaning and wetting.[25] Compared with other carotenoid
surfactants, the AMER value of crocin indicates lower surfactant propertics, Table 1.
It has been found that small branching of the polyene chain has negligible influence
on surface properties, Crocin C20:7 could therefore be regarded as C16:7 fatty diacid
ester concerning surfactant and aggregation behavior. It has further been observed
that double bonds with their small hydrophilic character reduce the effective chain
length by pulling the polyene chain into the water. In a carotenoid
lysophosphocholine one #rans double bond was equivalent to the removal of about 0.8
carbon atoms,[25] which, if applicable to crocin, would reduce the polyene chain to
C10:0. On the other hand, the free energy of surface absorption for crocin is 4G = -
20 kl/mol. This is similar to the C8:0 monoester of the disaccharide maltose AGa = -
19.8 kJ/mol,[38] suggesting a reduction of the effective chain length in crocin from
C16:7 to C8:0. The lack of data on sugar esters of saturated dicarboxylic acids did not
allow verifying such a consideration.

The molecular area of crocin at the interface a,, = 62 A” is comparable to the area of
sucrose-C12:0 monoester a,= 56 A, Table 1,[39] and maltose-6-palmitate a,= 66
A? and —6-oleate a,= 61 Ax [40] In sugar esters with saturated fatty acids one —CHs-
group of the carbon chain is part of the hydrophilic group.[41] If the acid is
unsaturated, the chain part of the hydrophilic group is increasing.[25] The molecule
area of crocin should therefore principally be determined by the diameter of the
polyene chain, enlarged by a hydration layer.[41] On the other hand, it is known that
the molecule area of sugar esters expand with the sugar size, from a,= 40 A* fora
C12:0 monosaccharide to a,, = 70 A* for a C12:0 tetrasaccharide.[39] The molecular

area at the interface is also dependent on the length of the fatty acid, e.g. lactose
esterified with C14:0 has a_= 60 A?, esterified with C16:0 a,= 68A%[42] In
opposition, the molecular area of maltose with a short acid is highest, with a long acid
lowest: @, =39 A (C18:0), a,= 66 A? (C16:0), a,= A* (C14:0).[40] The reported
data do not allow to locate exactly the hydrophilic-hydrophobic boundary of a sugar
fatty ester molecule. The molecular area of crocin (1) at the interface is therefore
arbitrarily positioned in Fig. 2.

Aggregation

The UV-VIS spectra of crocin in water at ¢ < ¢, displays the monomer absorption
(Amax = 440 nm), similar to the spectrum of crocin in organic solvents, Fig. 4.
Likewise, dynamic light scattering (DLS)-measurements show virtually only
monomers at ¢ < ¢, Fig. 5. Optical rotation slightly above ¢, was similar to the
value below ¢ [a]ig=—55 and [a]3,= - 53, respectively, signifying the presence
of monomers, since [a: ﬁf = -55 was measured for tetradecaacetylcrocin in
chloroform.[40] We were not able to determine optical rotations at ¢ >>¢,, because
of too strong absorption. High optical rotation [¢]2,= —1760° has been reported for
¢ < ¢y, which would imply aggregation prior reaching c,,.[43]

At c2c,, DLS detected aggregates, whereas UV-VIS spectra showed aggregate
absorption bands only at high concentrations ¢ >> ¢,,. The absorption at Anex = 420



nm indicates H-type and the small shoulder around 480 nm J-type arrangements of the
monomers in the aggregates, Fig. 4. In order to assure that the absorption at 420 nm is
not due to concentration effects, high concentrated crocin solutions in methanol
(100mg/ml) were measured. These spectra did not show absorption shifts as observed
in water, they were identical to the monomer spectra of crocin recorded at lower
concentration. The detection of aggregates only after reaching the surface saturation
concentration 7~ and the critical micelle concentration ¢y indicate that, for crocin,
surface population and aggregation are consecutive processes. In contrast,
carotenophospholipid molecules aggregate already at a very low concentration
c<5%10™ M, [25] and aggregation and surface filling are thus immediate and
parallel actions. Likewise, the anionic carotenoid bolaamphiphile (Cardax™)
aggregated and filled the surface simultaneously.[26] The different behavior of crocin,
compared with the two other carotenoid surfactants, is reflected by the equilibrium
constants, Table 1. Crocin molecules aggregate less easily than carotenophospholipid
and Cardax ™ molecules. Crocin molecules leave also more casily the aggregates than
do molecules from aggregates of the two other surfactants, Fig. 3.

The intensity- and number weighted-distribution function from DLS for crocin plotted
versus the equivalent hydrodynamic radius, 7, is presented in Fig. 5. For ¢ = 0.6
mg/ml crocin (¢ < ¢,,) most monomers of number-averaged r;, = 0.7 nm are present.
Some few big aggregates in the range 7, = 6-200 nm were also detected. For ¢ = 2.0
mg/ml crocin (¢ > ¢,,) most aggregates of number-averaged 7, = 1.6 nm are present,
again accompanied with an insignificant amount of big aggregates in the range 7, =
6-200 nm.

Crocin monomers cannot appear as spheres: a prolate ellipsoid with semi axes a@ = 1.7
nm and b = 0.4 nm is an appropriate model for the crocin monomer, Fig. 6. Such an
ellipsoid has an equivalent hydrodynamic radius of 7 = 0.8 nm (equation from Ref.
[44]), which is in agreement with the measured value from DLS. The volume of the
crocin ellipsoid ¥, = 1140 A% is in accordance with the volume obtained from
molecular calculations ¥, =924 A’ taking into account the possibility of a hydrated
sphere around the molecule (11 water molecules if ¥y, =19 A ) The size of the

aggregates suggests monomer associations to a hexamere, forming an oblate ellipsoid
with 7,= 15 A, or a spherical octamere with r, = 17 A.[45] A significant amount of
aggregates with a size indicating vesicle morphology and, consecutively, with high
aggregation numbers, were not detected.

Conclusion

The natural, highly unsaturated, conjugated, surface active bolaamphiphile crocin (1)
dissolves easily in water to monomer solutions. At higher concentrations the
monomers associate to small, nanometer sized aggregates with a low aggregation
number. At the water surface, crocin is absorbed with an oblique or erected
orientation, Adsorption and aggregation behavior is at variance with typical
bolaamphiphile properties.
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Experimental

Crocin was purchased from Fluka (Fluka standard degree, Fluka AG, Buchs,
Switzerland), and purified on a neutral alumina column eluted first with
methanol/water/acetonitril 7:2:1 and then with pure water.

Surface tension yand critical aggregate concentration c¢,, were determined with a
Wilhelmy plate tensiometer (Kriiss K10 T-digital tensiometer) A stock solution of 1
was prepared with distilled, filtered (0.22 pm) water by stirring overnight. The stock
solution was then diluted with distilled, filtered water to the solution with the required
concentrations for the measurements. The values were recorded immediately after the
initial equilibrium was obtained.

Optical rotation were measured in water with a Perkin-Elmer 243B polarimeter in a
10 em cell. [a]%= - 53 (¢=0.38mg/ml H,0) < ¢,,= 0.88 mg/ml, [a]§,=—55
(c=1.1g/ml Hy0 > ¢,,). [, -values at c=2.2 mg/ml were not reproducible.
Reference 41 reports [a]2},= —1760° (c = 1.06 mg/ml H,0 < ¢,).

UV-VIS spectra of the highly concentrated crocin solutions in water and MeOH (100
mg/ml) were recorded in a quartz cell with d = 0.1 cm and as films between quartz
plates, path lengths 0.08 to 0.2 mm. '

Determination of particle size by Dynamic Light Scattering (DLS)

DLS measurements were performed using an ALV DLS/SLS-5022F compact
goniometer system and an ALV-5000/E multiple 7-digital correlator (ALV, Langen,
Germany). The light source was a 22 mW He-Ne laser (Uniphase, Witney Oxon,
U.K.). Crocin was carefully filtered with 0.22 um filters. The temperature of the
sample was 21 °C and the scattering angle was 90°. Data analysis was performed
using the CONTIN method available in the ALV software package.[46swp] In order
to obtain reliable vesicle size distributions, long data acquisition times were required.
This was achieved by averaging data from several runs. The measuring time was at
least 30 minutes.

Calculation of thermodynamic data
Surface pressure (change of tension caused by the substrate) 7=y -y, , " =73 mN
m” (H0).

. -1 d}/ -1 d}/ Tl 3
Surface concentration I" :ﬁ(_d_fﬁ;l” = E[CEJ% [m mol™). When yis
measured inmN m” =Jm? R inJmol! K, and T in K (in our case 294 K), I
comes out in mol m™. For determining I the surface tension data were fitted with
the Szyszkowsky equation[30bvs] y= " —alog(l+bc), we found

¢y =(0.9£0.1)x10™ mM.

Area per molecule in a filled monolayera, =10°7"'N;" [A%], where N, is the
Avogadro constant,

Free energy of micellation (energy change for a molecule from the monomer to the
micelle state) AGmic=RT Inc,, [J mol™].




Free energy of adsorption (energy change of a molecule in the bulk and at the
surface) AGia = AGmic—6.023x 107 za_ [J mol™].

m

Equilibrium constants
aggregated molecules/monomer bulk K, = exp(—AG}’m ik RT),

molecules at surface/monomer bulk X, = exp(—AGLr:/ RT ),

molecules at surface/aggregated molecules X = exp(—AGLd-m;c/ RT).

ad—-mic
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Fig. 1

Cr?tical micelle concentration ( ¢,,) of crocin by measuring surface tension. The solid
curve is derived by fitting the data below 1 mM to the Szyszkowski equation with
»=73mNm', a=174mNm’ and b=2.5x10"" L m". The intersection of the
lines determines ¢, = (0.9£0.1)x 107 at y =50 mN m’",




Fig. 2

Hypothetical orientation of crocin (1) at the water surface supposing part of the
polyene chain participating in the hydrophilic group. [25]lyso] The boundary or the
interface is arbitrarily placed at C10.
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Adsorption and micellation energy AGai, AGuic, and equilibrium constants K of
crocin (1) for surface monolayer and aggregate formation.

1 Owwanwn

12



0.9
mg Crocin/ml H,0
© —10
5] eesns 4]
= —2
O —
o
2 ~—05
K] —0.2
< 0.02
0.0 . . . : T . o
300 400 500 600
Wavelength,nm
Fig. 4

UV-VIS spectra of crocin monomers (low concentration of crocin in water) and
crocin aggregates (high concentration of crocin in water). The spectra of high
concentrated crocin solutions in MeOH correspond to the water spectrum at low
concentrations. The highly colored solutions were measured with path lengths
between 0.08 to 0.2 mm.
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distribution function

equivalent hydrodynamic radius [nm]

Fig. 5

Typical intensity-weighted distribution function for 0.6 mg/ml (short dashed line) and
2.0 mg/ml crocin (solid line) plotted versus the equivalent hydrodynamic radius.
Typical number-weighted distribution function for 0.6 mg/ml (dash-dot-dot line) and
2.0 mg/ml crocin (dash-dot line) plotted versus the equivalent hydrodynamic radius.
For 0.6 mg/ml crocin ( ¢ < ¢,) mostly monomers of »,= 0.7 nm occur, besides small
amounts of aggregates in the range r, = 6-200 nm. For 2.0 mg/ml crocin (¢ >c¢y)
small aggregates of 7, =2.1 nm dominated, again accompanied with small amounts
of larger aggregates in the range r,, = 6-200 nm.




Fig. 6

A prolate ellipsoid with semi axes d= 1.7 nm and b= 0.4 nm is an appropriate
model for crocetin monomers. Such an ellipsoid has r,= 0.8 nm, in agreement with
the measured value from DLS.
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Abstract—Synthetic carotenoid analogs, with increased utility for biological applications, are sparingly reported in the literature.
Synthetic modification, which may increase the water solubility and/or water dispersibility of lipophilic carotenoids, allows their use
in aqueous environments as potent antioxidants against potentially deleterious reactive oxygen species (ROS) that can be generated
in vivo. Superoxide anion, produced by activated human neutrophils, can be a source ol additional harmful ROS and nonradical
species such as singlet oxygen in vivo. In the current study, direct scavenging of superoxide anion by a well-characterized C30
carotenoid phospholipid mixture was evaluated in a standard in vitro isolated human neutrophil assay by electron paramagnetic
resonance (EPR) spectroscopy, employing the spin-trap DEPMPO. The carotenoid phospholipid was tested in aqueous formulation
(aqueous dispersibility >60mg/mL), in which supramolecular assembly takes place, as well as in ethanolic formulation as a
monomeric solution of the carotenoid phospholipids. The carotenoid phospholipid (a highly unsaturated zwitterionic surfactant)
was compared with a previously characterized rigid, long-chain, highly unsaturated dianionic bolaamphiphile, which contains an
additional three conjugated double bonds in its extended conjugated system. As previously reported, direct scavenging by the
carotenoid phospholipid derivatives in monomeric ethanolic formulation was superior at each tested concentration to aqueous,
aggregated formulations of the compounds. Additionally, the percent inhibition of superoxide signal was related to the apparent or
effective length of the conjugated chromophore, consistent with previous reports of radical inhibition and singlet oxygen quenching
by polyene carotenoids of differing length.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction on the nature of the model used (solvent system), and
the radical species involved.>® As nearly all of the 700
natural carotenoids are lipophilic,’ diverse strategies

must be utilized to increase the water solubility of these

The conjugated double bond structure of the polyene
chain of carotenoids is responsible for the characteristic

color of the chromophore for particular carotenoids.
Antioxidant capacity is related to effective or apparent
polyene chain length, and to the number of conjugated
double bonds.! As scavengers of oxygen radicals, car-
otenoids are particularly potent. The reaction kinetics
depend not only on the individual carotenoid, but also
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xanthin derivatives; Carotenoid esters; Electron paramagnetic reso-
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compounds for introduction into aqueous test sys-
tems.>® Synthetic carotenoids with increased water sol-
ubility and/or water dispersibility have been sparingly
reported in the literature.”® Supramolecular assembly in
aqueous solution—which protects the individual mole-
cules in the aggregated state from oxidation—limits
scavenging of radical and nonradical species generated
in or released into solution.””!® Therefore, comparisons
of the scavenging ability of these compounds must take
into consideration the behavior of the individual mole-
cules while in aqueous solution.

In the current study, electron paramagnetic resonance
(EPR) spectroscopy was used to characterize the ability
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of a well-characterized carotenoid phospholipid mix-
ture [1-(B-apo-8'-carotenoyl)-glycero-3-phosphocholine,
1-(B-apo-8'-carotenoyl)-glycero-2-phosphocholine, and
2-(B-apo-8'-carotenoyl)-glycero-3-phosphocholine in a
49:43:8 ratio (aqueous dispersibility >60 mg/mL; Fig.
D]'! to directly scavenge superoxide anion produced
from maximally-activated isolated human neutrophils.
The scavenging ability of this isomeric mixture of zwit-
terionic surfactant(s) was compared with that obtained
both concurrently and previously with a rigid, long-
chain, highly unsaturated bolaamphiphile (Cardax™).”
The assay utilized here is a standard in vitro test system,
in which the production of superoxide anion by stimu-
lated human neutrophils is quantified by EPR in the
presence of a spin trap (DEPMPO).” The results cor-
roborate carlier results obtained with synthetic carote-
noids, in which the scavenging activity of the carotenoid
derivative in aqueous solution is improved by the
addition of less polar solvent, thereby disintegrating the
aggregates into monomers. Percent inhibition (% inhi-
bition) of superoxide anion signal detected with the
DEPMPO spin trap revealed that the effective chromo-
phore length—related to both the number of conjugated
double bonds in the compound and Jn,—is one
important determinant of the ultimate antioxidant po-
tency of a particular carotenoid derivative.

2. Materials

The positional isomers of the carotenoid
lysophosphotidylcholines  [1-(B-apo-8'-carotenoyl)-gly-
cero-3-phosphocholine, 1-(B-apo-8'-carotenoyl)-glycero-
2-phosphacholine, and 2-(B-apo-8'-carotenoyl)-glycero-
3-phosphocholine] synthesized for the current study are
shown in Figure la-c. An isomeric mixture was tested,
containing compounds la-1c in the ratio 49:43:8. The
compounds were >95% pure by HPLC (as AUC). Clear
red, evenly-colored aqueous suspensions were obtained

‘\.\\

1a (49%)

lc (8%)

without heat, detergents, or additives after addition of
test compound to deionized (DI) water, as described
previously.! Aqueous formulations of the compound
mixture were evaluated at four concentrations: 0.5, 1.0,
3.0, and 10.0mM. As these compounds demonstrate
supramolecular assembly in aqueous formulation,'" the
compounds were also tested in ethanolic formulation
(41.2% final EtOH concentration in stock solution), in
which only monomers exist (UV/vis spectroscopic evi-
dence; Fig. 2). The ethanolic formulations tested were
0.1, 0.3, 0.5, 1.0, and 3.0mM (Table 1).

Cardax™ in 33% ethanol (EtOH) at 0.1 mM (100 pM),
utilized as a reference standard, was tested as previously
described.” Briefly, the disodium salt disuccinate deriv-
atives of astaxanthin [statistical mixture of stereoisomers
38,3'S, meso (3R,3'S), and 3R,3'R in a 1:2:1 ratio; Fig. 3]
were introduced into the aqueous test system as the
monomeric ethanolic solution, Cardax™ was synthe-
sized at >97% purity by HPLC (as AUC). The results of
inhibition of superoxide anion signal, as detected by the
paramagnetic spin-trap DEPMPO-OOH adduct, are
given in Table 1.

Ethanol vehicle negative controls (0.3% final EtOH
concentration in isolated neutrophil assay) were also
evaluated. Mean percent inhibition of the ethanol-only
vehicle was within the coefficient of variation of the
scavenging assay (<5%, data not shown).

3. Leukocyte isolation and preparation

Human polymorphonuclear leukocytes (PMNs) were
isolated from freshly sampled venous blood of a single
volunteer (S.F.L.) by Percoll density gradient centrifu-
gation as described previously.™'? Briefly, each 10mL of
whole blood was mixed with 0.8 mL of 0.1 M EDTA and
25 mL of saline. The diluted blood was then layered over

o

1
o0-P-0 o
1 e
OH 0e

Figure 1. The positional isomers of the carotenoid lysophosphotidylcholines [1-(B-apo-8'-carotenoyl)-glycero-3-phosphocholine (1a); 1-(B-apo-8'-
carotenoyl)-glycero-2-phosphocholine (1b); 2-(f-apo-8'-carotenoyl)-glycero-3-phosphocheline (1¢)] synthesized for the current study. The com-
pounds were tested as a mixture of the positional isomers in the ratio of compounds 1a-lc of 49:43:8. The compounds were >95% pure by HPLC (as
AUC). The isomer mixture was lested in aqueous formulation, in which supramolecular assembly takes place, as a well as in cthanolic formulation
(41.2% final ELOH concentration in stock solution), which maintains the compounds in monomeric solution.
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0.8

A (nm)

UV (100% DI H>0) = 400 nm
UVpey (9.1% EIOH) =402 nm
UV (16.7% EIOH) =402 nm
UV (23.1% EIOH) =403 nm
UV (28.6% EIOH) =406 nm
UV (33.0% EIOH) =421 nm
UV (37.5% EIOH) =444 nm
UV (39.4% EIOH) = 445 nm
UV (41.2% EIOH) =446 nm
UV (100% EIOH) = 446 nm

Figure 2, UV/vis absorption spectra of la-c¢ aggregates in water
(440 nm) with increasing amounts of EtOH (Fig. I). The Ana, increases
to 446nm at an ELOH concentration of 41.2%, at which point no
further shift of the absorption maximum occurs (i.c., a molecular
solution is reached). The Anay in ELOH of 446 nm reflects the eflfective
chromophore length of this compound mixture; for comparison, the
Jax OF Cardax™ in EtOH is 481.5nm.? Blue-shifting of the absorp-
tion maximum in water versus the less polar solvent reflects supra-
molecular assembly (aggregation).

9 mL of Percoll at a specific density of 1.080 g/mL. After
centrifugation at 400g for 20min at 20°C, the plasma,
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mononuclear cell, and Percoll layers were removed.
Erythrocytes were subsequently lysed by addition of
18 mL of ice-cold water for 30s, followed by 2mL of
10x PIPES buffer (25mM PIPES, 110mM NaCl, and
SmM K|, titrated to pH 7.4 with NaOH). Cells were
then pelleted at 4 °C, the supernatant was decanted, and
the procedure was repeated. After the second hypotonic
cell lysis, cells were washed twice with PAG buffer
[PIPES buffer containing 0.003% human serum albumin
(HSA) and 0.1% glucose]. Afterward, PMNs were
counted by light microscopy on a hemocytometer. The
isolation yielded PMNs with a purity of >95%. The final
pellet was then suspended in PAG-CM buffer (PAG
buffer with 1 mM CaCl, and 1 mM MgCl,).

4. EPR measurements

All EPR measurements were performed using a Bruker
ER 300 EPR spectrometer operating at X-band with a
TM 1 cavity as previously described.”"? The microwave
frequency was measured with a Model 575 microwave
counter (EIP Microwave, Inc., San Jose, CA). To
measure superoxide anion (0,™) generation from
phorbol-ester (PMA)-stimulated PMNs, EPR spin-
trapping studies were performed using the spin-trap
DEPMPO (Oxis, Portland, OR) at 10mM. PMNs
(1% 10°) were stimulated with PMA (I ng/mL) and loa-
ded into capillary tubes for EPR measurements. To
determine the radical scavenging ability of Cardax™ in
ethanolic formulation at 100pM as a reference stan-
dard, as well as the aqueous and ethanolic formulations
of the carotenoid phospholipid mixture, PMNs were

Table 1. Descriptive statistics for mean percent (%) inhibition of agueous superoxide anion production for increasing concentrations ol agucous and
ethanolic (concentration of EtOH in stock solution 41.2%) formulations of the C30 carotenoid phospholipid positional isomer mixture tested in the
current study, as well as Cardax™ in 33% ethanol (EtOH) at 0.1 mM (100 pM)

Sample Solvent Concentra- N Mean %  SD SEM Min Max Range
tion (mM) inhibition

C30 carotenoid Water 0.5 5 18.2 16.1 1.2 1 43 42
phospholipid mixture

C30 carotenoid Water 1.0 4 24.6 20.5 9.2 4 54 50
phospholipid mixture

C30 carotenoid Water 3.0 4 51.8 12.4 6.2 35 63 28
phospholipid mixturc

C30 carotenoid Water 10.0 3 94.3 2.1 1.2 92 96 4
phospholipid mixture

C30 carotenoid EtOH 0.1 3 13.3 1.0 4.1 6 20 14
phospholipid mixture

C30 carotenoid EtOH 0.3 3 313 1.5 0.9 30 33 3
phospholipid mixture

C30 carotenoid E{OH 0.5 3 61.7 14.0 8.1 46 13 27
phospholipid mixture

C30 carotenoid EtOH 1.0 3 79.3 3l 1.8 76 82 [3
phospholipid mixture

C30 carotenoid EtOH 3.0 3 98.7 0.6 0.3 98 99 1
phospholipid mixture

Cardax™ EtOH 0.1 3 38.0 8.7 5.0 32 48 16

Sample sizes of 3 or greater were evaluated for each formulation. Dose-dependent increases in superoxide anion scavenging were observed for the
C30 isomer mixture in both formulations; the aggregated aqueous formulation was less efficacious, and more highly variable, than the monomeric
solution in EtOH. Mean % inhibition of 13.3% by the C30 positional isomer mixture at 0.1 mM (with 10 conjugated double bonds in the
chromophore) was less than that observed with Cardax™ (38.0%; 13 conjugated double bonds in the extended conjugated system); the result was

statistically significant (unpaired Student’s t-test, 1 = 3.82, p = 0.019).
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Figure 3. The three stercoisomers comprising the statistical mixture of stercoisomers of the disodium salt disuccinate diester of astaxanthin (Car-
dax™) synthesized for the current study (shown as the all-E geometric isomers). Cardax™ was >97% pure by HPLC (as AUC). The mixture of
stercoisomers contains 38,3'S, meso (3R,3'S), and 3R, 3R in a 1:2:1 ratio. Cardax™ was tested in cthanolic formulation (33% E(OH final con-

centration in stock solution) at 100 pM.

pre-incubated for 5min with test compound, followed
by PMA stimulation.

Instrument settings used in the spin-trapping experi-
ments were as follows: modulation amplitude, 0.32G;
time constant, 0.16s; scan time, 60s; modulation fre-
quency, 100kHz; microwave power, 20mW; and
microwave frequency, 9.76 GHz. The samples were
placed in a quartz EPR flat cell, and spectra were re-
corded. The component signals in the spectra were
identified and quantified as reported previously.'*!®

5. Statistical analysis

Statistical analyses were performed with the NCSS sta-
tistical software package (NCSS 2001 and PASS 2002,
Kaysville, UT). All statistical tests were performed at a
type I error rate (&) = 0.05.

Figure 4 and Table 1 show the mean relative scavenging
abilities, with accompanying EPR spectra, of each of the
four aqueous formulations of the positional isomer
mixture (concentrations 0.5-10.0mM). The mean %

100 . COWMJLA' m
- A
-
. i I
0 2 ; &y : 10.0

0.5 1.0 3.0 10.0

C30 Carotenoid Phospholipid | | | | |
Positional Isomer Mixture (mM in water) 3428 3488 3548

Magnetic Field (Gauss)

Figure 4. Mcan percent inhibition of superoxide anion signal as detected by DEPMPO spin trap by the carotenoid phospholipid isomer mixture la-c¢
(49:43:8 ratio; Fig. 1) in aqueous formulation. Each derivative in aqueous formulation was standardized to control EPR signal detected without
addition of compound (set at 0% inhibition by convention). Dose-dependent, nonlinear increase in scavenging efficiency is seen. In cach case, the
aqueous formulation is less efficacious than the corresponding formulation in EtOH (Fig. 5).
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inhibition increased in a nonlinear, dose-dependent
fashion (from 18.2% to 94.3%); an approximate 20-fold
increase in concentration was necessary to effect slightly
greater than a 5-fold increase in scavenging efficiency.
This phenomenon was reported for the first time for
Cardax™ in water, a statistical mixture of stereoisomers
that also demonstrates supramolecular assembly in pure
aqueous formulation.”

Figure 5 and Table 1 show the mean relative scavenging
abilities, with accompanying EPR spectra, of each of the
five ethanolic formulations of the positional isomer
mixture. The scavenging efficiency was nearly linear
below 0.5 mM. The concentrations tested increased from
0.1 to 3.0mM, a 30-fold increase in absolute concen-
tration. The mean % inhibition of superoxide anion
signal increased from 13.3% at the lowest concentration
tested, to 98.7% (near complete inhibition) at 3.0mM,
the highest concentration evaluated in ethanolic for-
mulation. At each identical concentration (0.5, 1.0, and
3.0mM), the ethanolic formulation demonstrated
increased scavenging ability over the aqueous formula-
tion, a phenomenon described previously.’

A comparison of the direct superoxide anion scavenging
efficiency between Cardax™ at 100pM in ethanolic
formulation (38.0%) and the positional isomer mixture
of the carotenoid phospholipid at 100puM in ethan-
olic formulation (13.3%) demonstrates significantly
increased scavenging by the C40 carotenoid derivative
(Student’s unpaired ¢-test, ¢ = 3.82, p = 0.019), with 13
conjugated double bonds in the extended conjugated
system, versus the 10 conjugated double bonds in the
carotenoid phospholipid chromophores. The eflective
chromophore of the astaxanthin derivative can be esti-
mated from the A,y in ethanol of 481 nm;’ similarly, the

100 i
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Z 60
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£
2 404
20 I ’
0 - et
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05 10 30

€30 Carotenoid Phospholipid

Positional Isomer Mixture (mM in EtOH)

effective chromophore of the carotenoid phospholipids
by the Apax in EtOH of 446 nm (Fig. 2).

Carotenoids are typically potent lipophilic antioxidants.
They have been traditionally evaluated as antioxidants
in model systems operating with organic solvents due to
their hydrophobic nature.'s These compounds normally
exert their antioxidant properties in cell membranes,
lipoproteins, and the lipid compartments of other tissues
in vivo."'7 The present study evaluated the utility of a
highly water-dispersible, highly unsaturated carotenoid
phospholipid mixture—with aqueous dispersibility
>60mg/mL—to  directly scavenge aqueous-phase
superoxide anion produced by maximally-stimulated
isolated human neutrophils. The ability of this zwitter-
ionic carotenoid phospholipid surfactant mixture to
scavenge superoxide anion in the aqueous phase in vitro
was compared with the scavenging ability of the rigid,
long-chain, highly unsaturated carotenoid bolaamphi-
phile Cardax™ (maximum dispersibility 8.64 mg/mL).
The characterization of the scavenging ability of Car-
dax™ in the identical test system, repeated here, has
been described previously.’

In the current study, dose-dependent increases in mean
scavenging ability were identified for both the aqueous
and ethanolic formulations of the carotenoid phospho-
lipid mixture (Table 1; Figs. 4 and 5). Nonlinear
increases in scavenging ability were seen for both for-
mulations, a phenomenon related to the supramolecular
assembly which occurs in aqueous formulation.”® At
concentrations <0.5mM in ethanol, the mean scav-
enging ability of the carotenoid phospholipid mixture
was nearly linear, suggesting a stoichiometric relation-
ship between the scavenging ability of the carotenoid
phospholipids while in monomeric solution, and the
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Figure 5. Mean percent inhibition of superoxide anion signal as detected by DEPMPO spin trap by the carotenoid phospholipid isomer mixture la-c
(49:43:8 ratio; Fig. 1) in ethanolic formulation (final EtOH concentration in isolated neutrophil assay 0.4%). Each derivative in ethanolic formulation
was standardized to control EPR signal detected without addition of compound (set at 0% inhibition by convention). Dose-dependent, nearly linear
increases in scavenging efficiency are seen at concentrations < 0.5mM. At 3mM, near-complete inhibition of superoxide anion signal was observed
(98.7% inhibition). At each identical concentration tested, the ethanolic (i.e., monomeric) formulation is more efficacious than the corresponding

formulation in deionized (DI) water (Fig. 4).
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concentration of superoxide generated after maximal
stimulation. The surfactant and aggregation properties
of the positional isomers were expected to be virtually
identical, as each contains the same polar head group
and the same hydrophobic chain (Fig. la—c). The iso-
mers in aqueous solution predominately form aggre-
gates with an average hydrodynamic radius 7y = 8nm; a
few larger aggregates of sizes between ry = 40-600 nm
have also been detected by dynamic light scattering
(DLS)."" As has been suggested for Cardax™, aggre-
gation in solution is dependent upon both the concen-
tration of the target compound, and the ionic strength of
the diluent (Foss et al., unpublished results). This may
form one explanation for the loss of linearity at higher
concentrations in ethanolic solution, after introduction
into the buffered test assay.

Comparison of the mean scavenging efficiency of the
positional isomer mixture in ethanol at 100 uM (13.3%)
with the mean scavenging efficiency of Cardax™ in
EtOH at 100 pM (38.0%) could reflect the contributions
of the effective chromophores of each of these com-
pounds to the overall antioxidant potential. As has been
demonstrated previously for lycopene (Anax in acetone
505nm)'® and nonesterified, free astaxanthin (A, in
acetone 480nm)'® in model systems with regard to sin-
glet oxygen quenching ability, it is the effective chro-
mophore, and not the absolute number of conjugated
double bonds, that determines quenching efficiency.'® In
this case, the number of conjugated double bonds par-
allels the mean scavenging efficiency (13 vs 10), and is
also indicative of the effective chromophore (/. of the
positional isomers in EtOH =446 nm, Fig. 2; and A, of
Cardax™ in EtOH =481.5nm).° The relative decrease
in mean scavenging efficiency can be completely com-
pensated for by the absolute differences in water dis-
persibility between the two compounds (>60 vs 8.64 mg/
mL for the carotencid phospholipids and Cardax™,
respectively).

In summary, the current study corroborates earlier
investigations on the utility of novel carotenoid deriva-
tives with increased water dispersibility for aqueous-
phase scavenging of biologically relevant reactive oxygen
species (ROS). Dose-dependent increases in scavenging
of superoxide anion produced by maximally-stimulated
human neutrophils were detected by EPR spectroscopy
with spin trapping. In every case, monomeric solutions
of the test compounds in ethanol were more efficacious
than the aggregated aqueous formulations of the test
compound at the same concentration. Dose-ranging
studies revealed that the concentration of the carotenoid
phospholipid mixture could be increased to near-com-
plete suppression of the induced superoxide anion sig-
nal. On a molar basis, the carotenoid phospholipids

were slightly less potent direct radical scavengers than
the previously evaluated astaxanthin derivative Car-
dax™, an observation attributed to the difference in
effective chromophore length between the two com-
pound mixtures. This difference may be overcome by
increasing the dose of the carotenoid phospholipid
mixture in vivo (Lockwood, unpublished results). These
compounds may have significant potential as aqueous-
phase direct scavengers of ROS and other nonradical
species such as singlet oxygen, which can be particularly
destructive in biological systems.
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Summary

The antioxidation properties of two newly syntesized micelle forming carotenoids, disodium
astaxanthin-3,3 -disuccinate (Cardax™) and carotenoid lysophosphocholine, and the naturally
occurring, water-soluble crocin, have been investigated. 1-nitronaphtalene (NN) was used as a
sensitizer in flash photolysis experiments, and the transfer rate of triplet NN energy to the
carotenoid is close to beeing diffusion limited in all cases. The outcome of a collision
encounter between NN and the carotenoids may either be energy- or electron transfer, and the
ratio of the energy to electron tansfer change with solvent polarity, ranging from 4 in
acetonitrile to 0.3 water in all cases. In the case of crocin, the decay of triplet sensitizer seems
also associated with a growth of product with a peak absorption at 362 nm, probably due to
the sugar part of the crocin molecule.

Keywords: carotenoids, surfactants, aggregates, triplet transient state, carotenoid radical
cation.



Introduction

Carotenoids are lipid soluble molecules, and one of the most important function of these
molecules is their antioxidant activity. It means that carotenoids are electron donors to many
biomolecules, which turns them into carotenoid cation radicals. For this vital event to happen
in aqueous phase too, the carotenoids must be water soluble. Crocin (Scheme 1) is water
soluble, and is composed of a carotenoid part linked to a sugar molecule. A few micelle
forming carotenoids have been synthetized, which break up into monomers by adding minute
amounts of organic liquids to the water solution.

In addition to beeing an electron donor, a carotenoid can also act as an acceptor of triplet
energy. Hence the carotenoid quenches formation of singlet oxygen, which might happen by
photoexcitation of a photosentizing molecule. The triplet level of a carotenoid molecule is
lower than that of the 'A level in O, so singlet oxygen is not formed from a triplet carotenoid.
1-nitronaphtalene (NN) in the triplet state has the special property of, on a collisional
encounter with a carotenoid, either to donate the triplet energy to a Car, or to accept an
electron from Car. The ratio of the probabilities for energy— or electron transfer is called the
bifurcation ratio, which depends upon the polarity of the solvent. By using NN as a sensitizer,
both these antioxidation channels of a carotenoid may be investigated in the same experiment.
These reactions are written as follows:

'S* + Car—*e— §+*Car" (energy transfer, eq.1)
and

'S* + Car—t+5 8" +Car"*  (electron tranfer, eq.2)

The outcome of a collision between the sensitizer (NN is hereafter called the sensitizer,
abbreviated S) and a Car molecule may be one of the two possibilities listed above, either
energy or electron transfer. The ratio of the probabilities for making an energy- or electron-
transfer reaction is called the bifurcation ratio, which among other factors, will depend upon
the solvent polarity. This special property of NN has been used earlier in similar
investigations.

Three different carotenoids will be investigated using NN as a sensitizer in this paper. Firstly,
crocin, which is water soluble and exist as monomers in water. Crocin is electrically neutral,
while the second molecule to be investigated, disodium astaxanthin-3,3"-disuccinate
(CardaxTM) (Scheme 1), is anionic. Cardax™ is synthetized from astaxanthine, by linking a
small organic acid to both ends of the carotenoid. In pure water, Cardax form large
aggregates, which dissolves into monomers by minute additions of acetonitrile, herafter
denoted MeCN. Thirdly, the zwitterionic carotenoid lysophosphocholine, called PhosCar
(Scheme 1), will be investigated as the micture of its three positional isomers. PhosCar is
composed of a carotenoid, which exhibit a highly unsaurated fatty acid part, and a phosphate
group, linked together by a glycerol residue. PhosCar forms small aggregates in water,
however, in a water/MeCN mixture the aggregates will be broken up into monomers, when
the MeCN/water ratio exceeds 0.2.

It has been shown that aggregates of PhosCar and Cardax™ are not acceptors of sensitizer
triplet energy. In this paper it is the triplet- and electron-transfer efficiencies of these
carotenoids as monomers that will be investigated, in solvents of different dielectric constant.




As one extreme, MeCN with a dielectric constant of 36 is used, as the other extreme
water/MeCN =5:1, under which conditions the three carotenoids are monomeric, which has an
estimated dielectric constant of 75.

Experiments

In Figure | is shown the transient absorption spectra of PhosCar and the sensitizer, NN, in
pure MeCN. The triplet minus singlet (TmS) spectrum of NN alone has a peak at 625 nm and
is also shown in the Figure. Its absorption band is present in the spectra from the mixture for
the smallest delays. The peak at 505 nm is due to the Triplet-Triplet absorption in PhosCar.
The triplet level of PhosCar is populated by energy transfer from NN, as described in
equation 1 above. The peak at 820 nm is due to Car®*, formed by electron transfer from Car to
triplet NN, by which the nitronaphtalene anion is formed, decribed in eq.2. In the inset of
Figure 1 is shown the absorbances at selected wavelengths; 505 nm, which is at the maximum
of the *Car’, at 610 nm, where the *S" absorption is dominating, and finally at 820 nm, which
is at the peak of Car"*, as a function of the delay between the pump- and the probe pulse. The
absorbances of *S" and Car** are multiplied by a factor so that all absorbances are equal for
the initial delay. It is seen that °S" decay fastest, according to the reactions shown above, and
that both *Car” and Car*" are produced from >S” in a bifurcation reaction. The lifetime of *S" is
short, only a few ps. In Table 1 is shown the ratio between the transient absorption at 505 and
820 nm for the initial delay, which is an indicator of the bifurcation ratio. In this case, it is
clearly shifted towards energy transfer.

In order to determine the bifurcation ratio, the extinction coefficients of the T-T absorption as
well as that of the carotenoid cation must be established. In doing so, the transient absorption
spectrum, AA(A,t), is a starting point;

AA(A, )= A(A, ) — A(A) = (&, -cp + &5 (c—cp ) l—&5c l=(6, —&5) ¢+ 1, eq.3

where A(L,t) and A(L) are the absorbances of the sample at time 7 after and before the flash,
respectively. er and gg are the extinction coefficients of the triplet and the ground state
molecules. The pump flash causes a certain fraction () of the sensitizer molecules (S) to
leave the ground state, and hence the concentration of triplets is; ¢, = & -c¢. From this one

sees that the T-T absorption spectrum is; A44(4,1) +aA(2), where aA(2) is called the ground
state depletion. The o factor is found by addition a certain fraction of the ground state- to the
transient absorption spectrum so that its ground state character is vanishing. When ¢ is found,
the extinction coefficients for the triplet state can be found by comparing the a4 spectrum
with that of A4+ aA, since they originate from equal concentrations. Triplet state sensitizer
molecules causes, by the reactions introduced above, new species to be formed in the solution.
Their contribution to the transient absorption spectrum will have a similar expression as
introduced above, containing a contribution due products and the corresponding ground state
depletion. From this one sees that the bifurcation ratio is found by measuring the absorbances
at the triplet and cation peak, divided by the corresponding extinction coefficients. The ratios
of the extinction coefficients and the obtained bifurcation ratios are given below.




Table 1

r/ % i i io
Car/Solvent &1 . s + [Sca Bifurcation rat
Phos/MeCN 1.5 2.8 7.6 _(3:33)
Phos/Aqua 1.2 2.2 0.6 (0.41)
Cardax/MeCN 1.9 2.4 27 (2.2)
Cardax/Aqua 1.2 1.5 (0.40)
Crocin in MeCN 1.7

Crocin/Aqua 2.1 3.0 (0.61)

In Figure 2 is shown similar spectra as those in Figure 1, when S and PhosCar are in
water/MeCN solution. In this case, the bifurcation ratio is shifted towards electron transfer, as
to expected for a solvent of higher dielectric constant. Again, one sees that the decay of 39" is
matched by an increase in both 3Car” and Car”", however, since the lifetime of 3Car* is quite
small, it is the growth of Car*" that matches the decay of 38", The lifetime of °S” is slightly
longer, about 15 ps, in the mixed solvent, in comparison to MeCN, where it is about 7 ps.
According to eq. 2, NN anion radicals are formed in this reaction. In order to establish their
identity, NO,"~ was added to NN in solution. It is then expected that NN~ anions are formed
from *NN, according to the reaction;

SNN + NO,” — NN* + NO,’ eq.4

The spectrum of the NN anion radicals, NN", is shown in Figure 2. It has a peak at 380 nm,
and the contribution of this spectrum to the transient absorption is larger in this case, as
compared to pure MeCN, which is to be expected for a bifurcation ratio shifted in favour of
electron transfer.

In Figure 3 is shown the transient absorption spectra for Cardax™ in MeCN. The Cardax
triplet peak is broader and peaking at 550 nm, and the cation radical peak is shifted to 850 nm.
As for Phoscar in MeCN, the bifurcation ratio is shifted towards energy transfer, and as usual,
the lifetime of the Car triplet is quite small, while Car'" is more longlived. In this case the
’NN'-and the *Car* absorption bands are more overlapping in the 550-600 nm region than in
the previous case. It can be subtracted from the measured transient absorption so that its
contribution is vanishing, seen by the absence of its characteristic peak in the UV region. By
doing so, one can plot the absorbances at 550 nm, only due to *Car* , and at 850 nm, only due
to Car"". In the inset of the Figure is shown the time dependence of these absorbances, as well
as that of NN’. Again, the same picture emerges, that a collision of ’NN" and Car either
leads to energy-or electron transfer, and in MeCN, energy transfer is favoured. The ratio
between the peak heights are in Table 1. Extinction coefficients are determined according to
the procedure described above, and the bifurcation ratio was found not very different from
that of PhosCar.

The same procedure was used for Cardax™ in H,O/MeCN = 5:1 solution, and the observed
spectra are shown in Figure 4. Except for the differences to be expected from that of a longer
Car, giving the *Car* and the Car’* peaks to be displaced towards longer wavelengths, the
results are very similar to that of PhosCar.




In Figure 5 and 6 are given the same spectra for Crocin in MeCN and pure water, as those of
PhosCar and Cardax. In order to simplify presentation, the spectra of *NN" have been
subtracted. The spectra are quite similar to the two previous compounds, and are essentially a
sum of the TmS spectra of *Car* and the Car cation minus its corresponding ground state
depletion, Of the three carotenoids under investigation, the length of the carotenoid part of
Crocin shortest, as seen by the most blueshifted *Car* and Car** peaks. In MeCN, the
bifurcation ratio is strongly shifted towards energy transfer. In the case of Crocin, not seen in
the other carotenoids, the decay of the carotenoid radical seems accompanied by the growth in
a signal at 380 nm.

Discussion

In aromatic nitrocompounds intersystem crossing from 'S” is very large compared to the other
compeating processes, such as radiative- and nonradiative emission, due to the proximity of
nn’ and nn” states and charge transfer (CT) mediated internal conversion. These interactions
not only shortens the fluorescence lifetime considerably, but also the triplet lifetime.
However, in nitronapthalenes the triplet lifetime is considerably longer, particularly in polar
solvents where the triplet state is better described as a CT state than a nr” state. In line with
this, in our experiments there is no detectable fluorescence from the pump flash.

From the triplet state there can either be energy- or electron transfer, which according to
Marcus-Hush theory is given by the expresssion:

2 0N2
]cerzE.#.exp(_(i+AG )
ho\JAmd-k,T 44-k,T

)

where Vpy is the interaction energy between donor and acceptor and A is the reorganization
energy, which according to the Onsager model is;

oL 1 1 [e0-1 se)-1
4me,| 2R, 2R, R, ||2(0)+1 2e(c0)+1

where R is the molcular radii of the donor, acceptor and ions, respectively. ¢ is the dielectric
constant of the solvent at static and very high frequencies, respectively. The static dielectric
constant vary linearly with the mixing ratio of H,O to MeCN, which have static dielectric
constants of 80 and 38. Under these conditions, the electron transfer rate can be calculated as
a function of the mixing rate and compared to actual measurements. When Rp is taken to be 3
A,Rx=4 A and Rpa =5 A, the relative changes in k¢ can be calculated and compared to
measurements, shown in Figure 7.

The measurements indicates that the measured rates changes with water content in a biphasic
way, first there is a rather steep increase followed by a rather linear change, as to be expected
from changes in the overall dielectric constant of the solvent. The initial step increase in
electron transfer rate may originate from a change in the reorganization energy, due to a
change in the molecular radii.

The rate constant of energy transfer from the sensitizer (S) to the Car seem to be quite similar
for the Car under investigation. The concentration of Car is approximately 10° M in all




cases, and when At, the lifetime of the sensitizer triplet, is taken to be 107 s (se the Figures),
one gets the rate constant of energy transfer to be:

AP S)/
AL =037-10°M"s™,
" s car] [Car] At

which is close to beeing diffusion limited. The expected rate constant for a diffusion limited
reaction is;

k,=4mnD-R=4r - KT R=0.66-10°M"s *
67m]

where R is the closest distance between the reaction molecules and D the diffusion
coefficient, which is determined by the viscosity of the solvent and the radius of the dlffusmg
pamcle In the expression above, 7 is taken to be the viscosity of water at 25 °c 1.0-10°

Nsm’ ) and R, as an estimate, is taken to be 20 A. The ratio of the viscosity of MeCN to H,O
is 0.6, so the energy transfer rate is expected to be reduced by this factor in MeCN compared
to H,O. However, in all case the lifetime of the 38" is about 7 us in MeCN and 15 ps in H,O,
so another factor, the dielectric constant, is more crucial to energy transfer. The longest
lifetime of *S is seen for Phoscar in H0, as to be expected since PhosCar is the largest
molecule of the three Car under investigation.
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Adsorption of Ol-[6-(methylselanyl)hexanoyl]glycero! (SeOG) on the gold surface was inves-
tigated by cyclic voltammetry, phase-sensitive AC voltammetry, electrochemical impedance
spectroscopy and piezoelectric microgravimetry. SeOG adsorption results in a stable and
compact surface layer with the coverage degree close to unity for an adsorption time of 30
to 80 min and 4.6 mmM SeOG acetonitrile solution. Such a layer displays minute defects (pin-
holes) with the radius of ca. 1-3 pm, separated by 6-50 pm intervals (depending on the ad-
sorption time). The adsorbed compound undergoes anodic desorption in the gold oxide re-
gion and also undergoes a cathodic process leading to the removal of the surface layer. Both
these processes are similar to those demonstrated by short-chain alkanethiols and have been
interpreted as a indication for the conversion of the selena to selenol function as a result of
a dissociative adsorption process. Apparently, the main component of the surface layer is
Ol-(6-selanylhexanoyl)glycerol that results by the cleavage of the C6-Se bond in SeOG. The
two free hydroxy groups in SeOG allow to use it as a bridge for binding other compounds to
the gold surface. This possibility was illustrated by building up surface layers of a carotenoid
derivative (O'~(8’vapoﬁBvapo—caroten-S’—oyl)»OaA[6~(methylselanyl)hexanoyl]glycerol, 1) or
carotenoid- and phosphocholine-derivatized SeOG (O’~(8'~apo‘B~caroten~8'~oyI)-02~
Iﬁv(methylselanyl}hexanoyl]-03-{[2-(trimethylammonio)ethoxy]phosphoryl}glycerol. III). The
compound III generates a less densely packed layer due to the constraints induced by the
phosphocholine substituent. Each of these compounds undergoes anodic reactions that are
typical of carotenoids in the adsorbed state. However, the polar and hydrophilic phospho-
choline residue in III shifts the anodic peak to a less pozitive potential. SeOG allows there-
fore to tune the molecular environment of a surface attached compound by means of a suit-
able co-substituent.

Keywords: Carotenoids; Glycerol; Selenides; Self-assembled monolayers; Electrochemistry.
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1972 Foss, lon, Partali, Sliwka, Banica:

Self-assembly of organic compounds at solid surfaces is a convenient
method for preparing surfaces with well defined characteristics'™. A
straightforward method for preparing self-assembled monolayer (SAM) con-
sists of chemisorption of thiols or disulfides to metals like gold or silver.
Disulfide adsorption results in S-S bond cleavage and the ensuing SAM is
identical to that generated by the relevant thiol, with the sulfur head
strongly attached to the metal surface. The high degree of organization is
the result of two combined effects. First, the metal lattice may provide a
suitable template. Second, intramolecular interactions within the surface
layer stimulate the formation of an orderly network.

The SAM research represents a very active field with promising applica-
tions in various areas such as sensor technology®~’, electroanalytical chem-
istry8® and microfabrication!®. In addition to physical methods of surface
investigation, electrochemistry provides techniques for exploring properties
of SAMs on metal surface, as demonstrates the comprehensive review by
Finklea!!.

Although the investigation of organosulfur self-assembled monolayers
has been the subject of many publications, selenium derivatives attracted a
limited attention. The interest in organoselenium SAMs was initially stimu-
lated by attempts to overcome problems with sulfur as a functional
headgroup!?. Subsequently, the selenium headgroup became attractive
from the viewpoint of the conductance of molecular wires, because it en-
ables higher electronic coupling efficiency compared with sulfur'®'%. This
is in accord with the theoretically derived rule stating that the conductance
close to the quantum unit can be obtained with a given molecular structure
by increasing the atomic number of the anchoring group®.

Detailed studies on SAM formation at metal surface by alkaneselen-
0ls'217.18 aromatic selenols!®2!, aromatic diselenides??2* and monoselen-
ides?5-27 are available. Due to the relatively weak interaction between gold
and selenium, alkaneselenols form incommensurate structures at the gold
surface'?, in contrast to alkanethiols which give rise to commensurate sur-
face structures.

Scanning tunneling microscopy (STM) proved that benzeneselenol forms
ordered structure upon chemisorption at a gold surface!®. In contrast,
benzenethiolate cannot form organized structures under similar conditions.
This behavior was interpreted as a proof for a stronger Au-Se interaction'?,
in accord with further investigations by surface-enhanced Raman spectrom-
etry?9 (SERS).
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Diselenides undergo Se-Se bond cleavage during adsorption and the re-
sulting SAM is similar to that generated by analogous selenols in accord
with the behavior of disulfides??-24.

In the case of monoselenide adsorption on the gold surface, the state of
the adsorbate seems to depend strongly on the structure of the precursor
and the SAM preparation procedure. Thus, selenophene undergoes non-
dissociative chemisorption under atmospheric vapor deposition, whereas
the dissociative mechanism takes place upon ultrahigh vacuum deposi-
tion?®. As a rule, the interaction between chalcogenophene analogues and
the gold surface is stronger when the atomic number of chalcogen is
higher?S,

On the other hand, the aromatic benzyl phenyl selenide is adsorbed in
intact form, as proved by SERS investigations?’. No relevant data in this re-
spect are yet available for dialkyl selenides, but an STM examination dem-
onstrated that dibutyl selenide forms ordered structures at the gold sur-
face?s.

For comparison, it is interesting to note that organic sulfides preserve the
structure when adsorbing on the gold surface?®-36. Some exceptions are still
possible®®, Thus, an X-ray photoelectron spectrometry (XPS) investigation
demonstrates that dioctadecyl sulfide is physically adsorbed from a 1 mm
CH,Cl, solution, with no C-S bond cleavage®*®, However, the C-S bond
cleavage seems to occur when a monosulfide SAM was formed during long
time immersion at high temperature, or using CHCI; as a solvent302,

We report here the results of an investigation by electrochemical meth-
ods and piezoelectric microgravimetry of the adsorption of O'-[6-(methyl-
selanyl) hexanoyl]glycerol (SeOG; Table I, formula I) on the polycrystalline
gold surface. SeOG is a suitable anchor for binding other molecules to the
surface via the free hydroxy groups in the glycerol residue. As an example,
the binding of a carotenoid (0'-(8’-apo-B-apo-caroten-8’-oyl)- 0?-[6-(methyl-
selanyl) hexanoyllglycerol; Table I, formula II) and both a carotenoid and a
phosphocholine fragment (0O!-(8’-apo-B-caroten-8'-oyl)-0?-[6-(methyl-
selanyl) hexanoyl]-0®-{[2- (trimethylammonio)ethoxy]phosphoryl}glycerol;
Table I, formula III) is presented. Carotenoids are of outstanding biological
importance, playing a key role in photosynthesis?’. On the other hand,
synthetic supramolecular systems including carotenoids are actively investi-
gated for the purpose of mimicking photosynthetic solar energy conver-
sion®. Another stimulus to the study of carotenoids assemblies emerges
from the field of molecular electronics, particularly after an evidence of
good conductivity of an individual carotenoid molecules has been pub-
lished®?. In this context, immobilization of carotenoids to metal surfaces is
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an important issue. The thione!0-3, selena’?44, or thiol function®4 has
been used to attach carotenoids to the gold surface.

Investigation of SeOG adsorption is an important step before proceeding
to the study of the surface behavior of some complex assemblies including
SeOG as a bridge. In addition, this investigation allows to acquire more in-
sight into adsorption of organic selenides on the gold surface.

TaBLE 1
Chemical compounds used as electrode surface modifiers
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SeOG has been synthesized and purified according to the published procedure546'47. Com-
pound II was synthesized and purified according to the published procedures‘w. and IIT was
synthesized by an original method?®. The three compounds have been prepared by specific
synthesis, avoiding isomerisation, and have been characterized by common spectroscopic
methods (mass spectrometry, nuclear magnetic resonance spectrometry, absorption spec-
trometry in the visible range). The given structures in Table I are consistent with the spec-
tral data.

Electrolyte solutions were prepared with fresh ultra-pure water (Millipore, resistivity
18 MQ cm). All the reagents were of analytical grade, except the organic solvents that were
of HPLC grade.

A polycrystalline gold disk electrode was prepared from a gold wire (Aldrich 99.99%,
1 mm diameter) sealed by epoxy resin in a glass tube (electrode No. 1). Alternatively,
a Metrohm gold disk electrode of 2 mm diameter (electrode No. 2) was used in some experi-
ments. The electrode surface was conditioned by mechanical polishing followed by pro-
longed cyclic voltammetry scanning in 0.01 M HCIO, in the potential region from 0.00 to
1.45 V. An Ag|AgCl (1 M KCI) reference electrode was connected with the test solution using
an 1 M KNO, electrolyte bridge; the auxiliary electrode consisted of a platinum plate. Other

details are available in’3,
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The SeOG adsorption was achieved by immersing the gold substrate in a 4.6 mm SeOG so-
lution in acetonitrile in the dark, at room temperature (20 = 1 °C), under nitrogen atmo-
sphere. The same procedure was followed with compounds IT and III, except for the compo-
sition of the adsorbate solution (4 mM solution of 11 in acetonitrile and 3.9 mm solution of
111 in methanol). After a suitable time period, the electrode was rinsed with the pure solvent
and pure water. The modified electrode was then transferred to an aqueous solution con-
taining an appropriate electrolyte, for performing electrochemical investigations.

Staircase cyclic voltammetry (CV), phase-sensitive alternating current voltammetry (ACV)
and electrochemical impedance spectroscopy (EIS) experiments have been performed at
room temperature (20 = 1 °C) with Autolab PGSTAT 30 (Eco Chemie). Whenever the electri-
cal charge had to be assessed, CV was run in the “integration” mode, i.e. the output was re-
corded as the average current over each potential step. Dissolved oxygen was removed from
the test solution by bubbling with pure nitrogen. During experiments, nitrogen stream was
directed above the solution. The EIS measurements have been performed in 0.1 M KNO,
containing 5 mm !Fe(CN)6]3' and [Fe(CN)G]"' at the equilibrium potential (determined by
potentiometry under open circuit conditions) and with a superimposed sine wave voltage
of 10 mV.

Fitting and simulation of the electrochemical data was done with Autolab GPES 4.8 and
FRA 4.8 software. Additional data reduction operations have been carried out with Origin®
6.1 software (OriginLab Corporation).

An electrochemical quartz crystal microbalance (EQCM) model 5510 (Institute of Physical
Chemistry, Warsaw, Poland)®® was connected to the auxiliary analog input of the PGSTAT 30
instrument to record simultaneously the electrolytic current and the EQCM frequency.
A 10 MHz piezoelectric crystal with Ti-backed gold electrodes (5.0 mm diameter) has been
mounted in vertical position. The Ti underlayer was selected to prevent problems at extreme
anodic potemia!ss‘. The piezoelectrode had an electrochemically active area of 23.6 mm?
and a roughness factor of 1.54 (determined according t0°?#"). The calibration of the EQCM
was performed with the anodic stripping peak of silver®, Prior to SeOG adsorption, the
piezoelectrode surface was conditioned by three CV scans under the same conditions as with
the polycrystalline gold electrodes.

RESULTS AND DISCUSSION

Anodic Behavior of Adsorbed SeOG Layer

An evidence of SeOG adsorption is provided by the anodic behavior of the
modified electrode (Fig. 1a). The first scan (curve 7 in Fig. 1a) displays the
anodic peak A, which is lower in the second scan (curve 2). The 3rd and 4th
scans are identical and differ very few from the second one. It is clear that a
steady state was already attained during the 3rd scan. The above finding
demonstrates that SeOG adsorbs irreversibly during the electrode contact
with the SeOG solution in acetonitrile. The peak A, which is similar to that
induced by a short-chain alkanethiol SAM !}, can be assigned to the oxida-
tive desorption of the organic surface layer. The anodic desorption occurs
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almost completely during the first scan, as proved by a comparison of
curves 2 and 4 in Fig. la. Simultaneously gold oxidation takes place. Gold
oxide reduction occurs in the region of the cathodic peak B. Peak B current
after desorption (Fig. 1a, curves 2-4) is higher than that recorded with the
clean gold electrode (curve 5). This trend was detected with all gold elec-
trodes used in this work and point to an increase in the real surface by cor-

I, uA
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Fic. 1
a Electrochemical behavior of the SeOG-modified gold electrode (No. 1) in the anodic poten-
tial region, 0.01 M HCIO,. Adsorption time 60 min, scan speed 20 mV s, 1 1st scan; 2-4 sub-
sequent scans; 5 plain gold electrode, Peak A: anodic desorption and gold oxidation; peak B:
gold oxide reduction. Inset: enlarged view of the CV curves in the potential region from 0.0 to
0.9 V. b Background corrected voltammograms showing the anodic desorption current in the
region of peak A. Adsorption time (in min): 7 1; 2 6; 3 60. For other conditions see Fig. 1a
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rosion during the formation of the adsorbed layer. Such a process was in-
vestigated in details in connection to adsorption of alkanethiols®?®, As in
that case, the corrosion degree increases with the adsorption time. Thus,
the peak B current remained almost unchanged after desorption when the
adsorption time was 1 min but increased with this parameter. Moreover,
1it.52? demonstrates that polar solvents like acetonitrile (which has been
used in this work) favor the corrosion. A direct proof for an increase in the
real surface during adsorption was provided by the alternating current (AC)
capacity recorded (i) at pure gold, before performing the adsorption, and
(ii) after performing the anodic desorption as in Fig. la. The capacity cur-
rent was always higher after desorption than before adsorption. On the
other hand, Fig. la demonstrates that the peak B appears to be unchanged
with the advance of the scan sequence. A similar behavior was also noticed
with a gold electrode modified with 4’-thioxo-B,B-caroten-4-one?3. The mo-
lecular structure of the adsorbate and its hydrophilic character allows water
molecule to approach the metal surface in order to provide the oxygen re-
quired in the anodic reaction. Consequently, maximum coverage by oxy-
gen is already attained during the first scan. This contrasts the behavior of
alkanethiol SAMs. Due to both compact structure and hydrophobic charac-
ter, an alkanethiol layer may prevent efficiently the formation of the gold
oxide layer.

Figure 1b displays several background subtracted voltammograms for the
anodic desorption process. In each case, the background was the gold oxi-
dation current measured on the steady state curve. For six different modifi-
cation times, ranging from 1 to 60 min, the corrected curve has a symmetri-
cal shape with a peak potential of 1.15 + 0.01 V and half-width of 0.132 =
0.006 V. The invariability of the peak parameters proves that the mecha-
nism of the oxidative desorption does not change with the increase in the
surface coverage degree. This behavior may be assumed as an evidence of
the absence of strong intramolecular interaction in the surface layer.

Selenium Transformations in the Anodic Potential Region

Figure la displays the cathodic peak E at 0.25 V on the first reverse scan.
This peak should be due to a reaction product of the processes that occurs
on the previous anodic scan. The anodic counterpart of E forms at 0.75 V
on the next scan (peak F); it is distorted due to the interference of gold ox-
ide formation. An enlarged view of the E/F couple is shown in the inset to
Fig. 1a. The inset demonstrates that this couple vanishes after a few scans.
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Peaks E and F may be related to electrochemical reactions involving sele-
nium, which was initially present in the adsorbed organic layer. In order to
assess their nature, cyclic voltammograms have been recorded for a
selenious acid solution in the same background electrolyte (Fig. 2). The first
anodic scan (from 0.4 to 1.45 V, curve 1 in Fig. 2) displays only the anodic
reaction of gold with minute differences from the curve recorded in the
background electrolyte alone (curve 3). However, the reverse scan displays
the cathodic peak E’ at the same potential as the peak E in Fig 1a. On the
subsequent anodic scan (curve 2), the product of peak E’ reaction is oxi-
dized in the region of the peak F which lies at the same potential as the
peak F in Fig. la. It is important to note that the peak E’ appeared even if
the previous anodic scan was limited to 0.95 V so as to prevent any anodic
reaction.

In agreement with 1it.5%, the peak E’ is ascribed to the reduction of sele-
nite ion adsorptively accumulated at the electrode surface during the previ-
ous anodic scan. Se(0) results and is further reoxidized to SeO4% in the re-
gion of the peak F’. Peak E' does not form if the first scan starting at 0.4 V
goes in the cathodic direction. In this case, SeO42" reduction involves bulk
solution ions and results in a broad peak with the half peak potential at
0.125 V. The tail of this peak is responsible for the asymmetric shape of the
peak E".
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Two cyclic voltammetric scans in the presence of 50 um H,SeO4 in 0.01 M HCIO, (curves 1
and 2) and in 0.01 m HCIO, alone (curve 3). Start at 0.40 V in the anodic direction. Scan speed
20 mV s!; electrode No. 2
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An alternative interpretation®® assumes that the peak E’ is due to the re-
duction of the selenate ion which form by the anodic reaction of selenite.
This point of view is at variance with our data that demonstrate the inde-
pendence of the peak E’ on any preliminary anodic process.

SeQ4?" adsorption in the anodic region is a reversible process. In order to
prove this assertion, Se(0) was deposited and then the electrode was sub-
jected to a series of successive CV scans in the background electrolyte
alone, from 0 to 0.95 V and back. Under these conditions, peak F" is well de-
veloped on the first anodic scan, but E’ is disproportionately smaller. Both
peaks vanished after a few scans. It is clear that adsorbed SeOz%~ which
forms under peak F’ diffuses away when the electrode is polarized at less an-
odic potentials.

By analogy with the behavior of inorganic selenium, peaks E and F in
Fig. la can be interpreted as follows. The first anodic scan (curve T in
Fig. la) results in the break of the Se-C bond in the adsorbate and Se(-2) is
oxidized to adsorbed SeO;* by the uptake of 6 electrons per molecule.
Se04% is partially desorbed during the following cathodic scan and the re-
maining adsorbed form is reduced to Se(0) in the region of peak E. Se(0) is
then oxidized to SeO4? by the peak F reaction. As long as Se is present in
the SeO42" form, it may diffuse away leading to the gradual disappearance
of both peaks E and F.

EQCM Investigation of the Anodic Processes

The anodic desorption process was monitored by EQCM during a multiscan
CV run between 0.375 and 1.450 V (Fig. 3). The cathodic limit was selected
so as to prevent SeO;%" (which form under the first anodic scan) from being
reoxidized to Se(0). Consequently SeO5? may diffuse freely away and does
not affect the mass change on the next scans.

Curve 1 in Fig. 3a shows the shift in the resonance frequency during the
first scan and displays a positive maximum in the region of peak A. The
maximum is the convolution of two processes: desorption of the adlayer
and gold surface oxidation. The first process results in a positive frequency
shift and the second induces an opposite effect. Curve 2 in Fig. 3a was re-
corded during the 4th scan and is typical of a plain gold electrode. It is al-
most indistinguishable of the 2nd and 3rd scans since the desorption goes
close to completion under the first anodic scan. The frequency shift on
curve 2 results only from gold oxidation and gold oxide reduction. By sub-
tracting curve 2 from curve T in Fig. 3a, curve 3 results, which represents
the remaining effect of the desorption process only. It is clear from this
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curve that the negative mass variation is an effect of an irreversible
desorption process that occurs under the direct scan. The horizontal posi-
tion of the reverse branch of curve 3 demonstrates that no readsorption oc-
curs during the reverse potential sweep. The absence of the readsorption
may be due to the oxidative transformation of the Se head into SeO4%"
which at least partially remains in the adsorbed state and may diffuses away
during an anodic scan, in accordance with the conclusion of the previous
section.

The mass change corresponding to the desorption process was 39.6 ng for
a modification time of 17 min (Fig. 3) and of 50.6 ng for a modification
time of 30 min. The electrical charge corresponding to the desorption pro-
cess was of 164 and 188 uC, respectively. Accordingly, 23 and 25.8 g, re-
spectively, correspond to the transfer of 1 mol of electrons.

If we accept that SeO42- forms, 6 electrons per molecule are expected to
be transferred. A mass-charge correlation leads to 11 electrons per molecule
if SeOG was adsorbed in unaltered form and desorbs in the anodic region. If
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The EQCM (a) and CV data (b) for the anodic desorption at a SeOG-modified gold
piezoelectrode, 0.1 M HCIO,. Adsorption time 17 min, scan speed 50 mV s1. 7 Ist scan; 2 4th
scan; 3 the result of subtracting curve 2 from curve 7 in a
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we infer that SeOG splits under adsorption and the product (O'-(6-selanyl-
hexanoyl)glycerol, SeHG) desorbs, this ratio is 10.4. Both figures are non re-
alistically high. These ones have been calculated under the hypotheses that
selenium also leaves the surface during the anodic process of peak A. On
the contrary, if it is assumed that SeO4?~ remains in the adsorbed state and
only the hydrocarbon fragment is removed, a ratio of about 6 electrons per
molecule results, in accordance with the oxidation of Se(-2) to Se(+4). How-
ever, the irreversible adsorption of SeO,?" is a limiting case, which is at vari-
ance with the results in the previous section.

It is likely that, in addition to removal of organic adlayer, the shift in fre-
quency is partially determined by other factors, like insertion of water into
irregularities of the gold surface. At the same time, SeO3*" contribution to
the mass shift cannot be assessed because it desorbs partially and diffuses
away gradually during the first potential scan. On the other hand, the re-
distribution of electric charges at the interface after removing the organic
layer may contribute substantially to the overall current, leading to an
overestimation of the charge for the anodic desorption. Data in Fig. 1b also
lead to anomalous charge values (1.04 mC per cm? of geometric area, for
curve 3). In this case, the high rugosity of the mechanically polished elec-
trode may contribute to the high charge value, in addition to the non-
Faradaic process.

It is clear that the complexity of the anodic reaction and the intercourse
of Faradaic and non-Faradaic processes prevent a reliable interpretation of
the EQCM data. Despite these limitations, data in Fig. 3 demonstrate that
the SeOG-generated SAM is relatively stable in the anodic region up to the
onset of gold oxide formation.

Kinetics of SeOG Adsorption

The capacity current recorded by ACV (Fig. 4, curve 1) enabled assessing the
changes in the surface state as a function of SeOG adsorption time. The ca-
pacity current decreases with the increase in the modification time and be-
comes almost independent of the electrode potential. This behavior is simi-
lar to that demonstrated by alkanethiol SAMs !!. In terms of the Helmholtz
model, this behavior proves that adsorption leads to an increase in thick-
ness of the Helmholtz layer and a decrease in the dielectric constant as a re-
sult of water substitution by the organic absorbate. No indication of multi-
layer formation was noticeable.

The electric charge passed during the anodic desorption allows, in princi-
ple, to calculate the amount of adsorbed compound, provided the stoichio-
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metry of the electrochemical reaction is exactly known. As far as such infor-
mation is not yet available, the charge itself may be used as a variable in
the adsorption kinetic equation instead of the surface concentration of the
adsorbate. This procedure was adopted in this work with some additional
precautions. Thus, in order to make sure that the desorption is completed,
three successive CV scans as in Fig. 1a have been performed in each case.
The total charge (Q) for the anodic process occurring from 1.00 to 1.45 V
was calculated for each of the three scans. It was assumed that it represents
the sum of three components corresponding to adsorbate anodic desorption
(Qy), gold oxide formation (Q,,) and oxygen evolution (95

Q= Qi+ Qayi + Uox,i- (1)

The subscript i stands for the scan number (i = 1-3). As a rule, the de-
sorption is complete after the second scan and the total charge for the third
scan (Q,3) results from the contribution of the last two terms in Eq. (I).
Therefore, the overall charge for the anodic desorption (Qy = Qq; + Qg2
was calculated as follows:

Qi=0Q + Qz-2Q3, (2
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FiG. 4
Effect of the adsorption time on the AC capacity current at 0.00 V (7) and on the normalized
desorption charge for the anodic desorption under the conditions of Fig. la (2). Electrode
No. 1. Curve 7 conditions: 0.01 M HCIO,, frequency 200 Hz, amplitude 5 mV, phase angle
-90°. To account for the variability in the surface area, the AC for the covered electrode (igapy)
was normalized to the AC measured after performing the anodic desorption (iy,)
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where Q, | and Q, , denote the total charge for the first and second scan, re-
spectively.

In order to remove the effect of random variations in the electrode sur-
face area, Q4 was normalized to the electric charge for peak B (Fig. 1a). This
charge (Qp) was assumed to be proportional to the real electrode area and
was calculated as the average of three succesive scans. Therefore, the nor-
malized desorption charge (Q,) was calculated as follows:

Qn = Qu/Cs - 3)

With the aim of investigating the kinetics of the adsorption, Q, was mea-
sured after performing the modification for various time intervals, t (Fig. 4,
curve 2) and the Q,-t curve was checked by various kinetic models. The
best fit resulted when using the diffusion-controlled Langmuir kinetic
model®*5, formulated as follows:

Qy = Quill - exp (-Kpct'?)] , (4)

where @, is the limiting value of the normalized charge and c stands for
the solution concentration of the adsorbing species. The constant Kp; de-
pends on the adsorbate diffusion coefficient (D) and surface concentration
at equilibrium®* (")

2 D 1/2
KDLzr—(;) . ©

e

The effect of the adsorption time on @, is shown in Fig. 4, curve 2, which
demonstrates that Q, attains a limiting value for adsorption time over
30 min. The limiting specific charge is of 13.6 mC cm?, in a reasonable
agreement with data in Fig. 1b, curve 3. The difference is a consequence of
the variability in the electrode real surface. Under the conditions of Fig. 4,
curve 2, the fitting by Eq. (4) results in Kp; = 18 I mol™! 572 and Q,; =
0.784. The validity of the diffusion-controlled Langmuir model demon-
strates that the adsorption itself is a fast process and the mass transfer of
the adsorbate determines the overall rate. This conclusion remains valid de-
spite the approximated character of Eq. (2) and is in a fair agreement with
curve 1 in Fig. 4.

It is interesting at this point to mention the kinetic features of dialkyl sul-
fide adsorption on the gold surface®®. The adsorption rate for such com-
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pounds is very low and no diffusion control of the rate-determining step
was detected. This behavior strongly contrasts with that of SeOG.

Cathodic Behavior of the SeOG Adsorbed Layer

Cathodic reactions at an organosulfur-SAM-covered electrode allows to dis-
tinguish between the thiol or thioether form of the adsorbate. As pointed
out before, thioether undergoes physical adsorption with no significant
modification in the oxidation state of the gold site. In contrast, thiol ad-
sorption is an oxidative process that was represented as follows!":

Au, + HS-R — (Au,_,Au*)"S-R + 1/2 H, . (6)

Consequently, a reduction reaction occurs when the SAM covered electrode
is polarized to a sufficiently cathodic potential'":

(Au, ,Au*)S-R + e + H* = Au, + HS-R. (7)

This reaction is accompanied by desorption. In contrast to thiols, thio-
ethers do not develop a cathodic response®!. Moreover, thioether layers are
destroyed by contact with the aqueous alkaline solution that is used as elec-
trolyte in cathodic desorption experiments?®. By analogy, a cathodic re-
sponse of the SeOG-modified electrode may be interpreted as an evidence
of the occurrence of the adsorbate in the selenol form.

Figure 5a displays successive CV scans that have been recorded in the po-
tential region from 0 to -1.5 V with a SeOG-modified electrode (the vertex
point is out of scale). On the first cathodic scan, three successive peaks, la-
beled C1, C2 and C3 appeared. Peak C1 vanished after the first scan,
whereas C2 and C3 diminished gradually and disappeared after the fourth
scan.

The state of the electrode surface after the scans in Fig. 5a was assessed by
recording the AC under the conditions of Fig. 4, curve T and by probing the
anodic behavior under the conditions of Fig. la.

The AC increased by a factor of about 3 after performing the CV scans in
Fig. 5a and reached a value that was close to that measured for the plain
gold electrode. On the other hand, an anodic CV scan following the cath-
odic polarization does not display any evidence of surface coverage (Fig. 5b,
curve 6). It is clear therefore that the peaks C1-C3 in Fig. 5a arise from a
cathodic desorption process similar to that induced by a thiol SAM (reac-
tion (7). This behavior suggests that the C-Se bonds split by adsorption
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and the actual adsorbate is a product or a mixture of SeOG molecule cleav-
age products (i.e. methaneselenol and SeHG).

The fine structure of the cathodic response may be interpreted on the ba-
sis of the results of the cathodic desorption of alkanethiol SAMs %657, Ac-
cordingly, the fine structure appears due to the desorption of thiolates from
domains with different size and organization degrees. Thus, the wave C1
may be assigned to the desorption of small ordered domains or disorga-
nized domains. A comparison of the capacitive current values in Fig. 5a,
measured on direct scans in the region between 0 and -0.4 V, shows a
marked difference between the first and the second scan, followed by mi-
nor changes on the following scans. This implies that most of the adlayer
was removed in the Cl-wave region, during the first scan. An oxidative
readsorption is hardly visible on the reverse branch of CV curve 7 in Fig. 5a
(at about -0.7 V) and is missing on the next scans. Consequently, it may be
inferred that the surface compound is rapidly lost in the bulk solution, in
accord with the fair solubility of SeOG in water. For this reason, waves C2
and C3 cannot be assigned to capacitive processes due to the rearrangement
of the desorption products inside the double layer region. These waves may
rather be ascribed to the removal of organized domains that require a
higher activation energy for desorption. Data in Fig. 5a suggest that ordered

I, pA

Fic. 5
a Cyclic voltammetry at a SeOG-modified electrode (No. 2) in the cathodic region. 7 1st scan;
2 2nd scan: 3 4th scan; 4 5th scan. Electrolyte 0.5 M KOH; scan speed 100 mV s™!, modification
time 30 min. b CV scans in the anodic region under the conditions of Fig. la. 5§ Plain gold
electrode; 6 the modified electrode, after the experiment in Fig. 5a

Collect. Czech. Chem. Commun. (Vol. 69) (2004)




1986 Foss, lon, Partali, Sliwka, Banica:

domains might form only a minor part of the adlayer, in accord with the
heterogeneous crystal structure of the gold substrate.

An alternative interpretation of the fine structure in Fig. 5a may rely on
the hypothesis of a mixed adlayer including both methaneselenol and
SeHG. However, this interpretation is at variance with the data in Fig. 1b,
which demonstrate no fine structure for the anodic desorption signal. The
high solubility and mobility of methaneselenol, as well as the competition
by SeHG may prevent it from accumulating at the gold surface.

The cathodic reaction of the SeOG-modified electrode was also investi-
gated by EQCM. The voltammogram recorded at the gold piezoelectrode
(Fig. 6, curve 1) shows the same features as those obtained with the elec-
trode 2 (Fig. 5a), i.e. at least three distinct cathodic peaks. For comparison,
the potentials of C1-C3 (Fig. 5a) have been indicated by vertical dotted
lines in Fig. 6. It is known that electrochemical experiments in alkaline so-
Jutions are sensitive to impurities, e.g. oxygen. In order to prove the ab-
sence of such problems, the voltammogram 2 in Fig. 6 was recorded at the
clean gold electrode. It is clear that no spurious electrochemical reactions
occur in the region of peaks C1-C3. Owing to the difference in substrate
crystallinity, the height of cathodic peaks in Fig. 6 differs from that in
Fig. 5a. The dominant peak in Fig. 6 is C2, previously assigned to the de-
sorption of organized domains. Such domains must be more extended at
the surface of an evaporated gold substrate like that used in the EQCM ex-

FI1G. 6
EQCM data for the cathodic reactions at a SeOG-modified gold piezoelectrode, 0.5 M KOH.
Scan speed 50 mV s”!, modification time 17 min. 1 Current-potential curve; 17" EQCM re-
sponse; 2 voltammogram recorded at the clean gold surface

Collect. Czech. Chem. Commun. (Vol. 69) (2004)




Anchor for Self-Assembly at the Gold Surface 1987

periment. In accord with the cathodic peak current, a major shift in the res-
onance frequency corresponds to the peak C2 (Fig. 6, curve 2), whereas a
minute frequency change accompanies the slight signal C1. The strong in-
crease in Af at extreme cathodic potentials is probably due to the formation
of hydrogen bubbles®®, which prevent the detection of frequency changes
associated with C3.

EQCM data confirm that the Faradaic cathodic currents at the SeOG-
modified electrode are accompanied by the removal of the adlayer, as it
happens in the case of alkanethiol SAMs 56-37%9 when the degree of organi-
zation for the SeOG-generated surface layer strongly depends on the crystal
structure of the gold substrate. On the other hand, the cathodic behavior of
the SeOG-generated layer is similar to that of a benzeneselenol SAM gener-
ated by adsorption of diphenyl diselenide?. In order to find the correlation
between the mass change and the electric charge, peak C2 in Fig. 6 was se-
lected. The electric charge calculated after performing polynomial baseline
correction was correlated with the mass change measured by EQCM. The
result (266 g/F) demonstrates that the desorbed species is SeHG (molar
weight 268) and one electron is consumed per each molecule, in accord
with the stoichiometry of alkanethiol desorption (Eq. (7)).

Coverage Degree and Surface Layer Morphology

The state of the adsorbed SeOG layer was assessed by assuming that it fol-
lows the microdisk array model!!-6%61 According to this model, the modi-
fied surface exhibits non-covered metal islets (pinholes) where the direct
contact with the solution phase is possible. Consequently, if a modified
metal surface acts as a working electrode in the presence of an electroactive
compound, the latter may react at pinhole sites only. It was assumed for
simplicity that the pinholes are disk-shaped, have a uniform size (radius r,)
and are separated by constant intervals (2r).

An analysis of the EIS data for a reversible redox system at an electrode
covered by an inert SAM makes it possible to calculate the coverage degree
(0) as well as the parameters®®®! r, and r,. This approach is valid for 1 - 6 <
0.1, where the following equation holds:

1=8=x2 /o - (8

Although the geometry of the pinhole array should be more complex,
this model offers an insight into the average pinhole parameters and pro-
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vides a basis for the interpretation of experimental conditions effects on
the coverage degree and the morphology of the adsorbed layer.

Data from EIS for the [Fe(CN)g]®/[Fe(CN)g]* couple have been collected
for several modification times (Table II). Data passed the Kroning-Kramer
test52 and fit well the Randles circuit including a constant phase element
(CPE) instead of a pure capacitor. Here, the impedance of the CPE was de-
fined as follow?32;

Zy = (joY,) ™", 9

where j = (-1)/2, © is the angular frequency, and Y, and n are the parame-
ters of the CPE (0 < n < 1). Data in Table II demonstrate that the charge
transfer resistance (R,,) increases with the modification time, pointing to a
similar variation of the coverage degree. Double-layer capacitance (C)%3"
values are significantly higher for pure gold than for the modified elec-
trode, demonstrating that the hydrophobic polymethylene moiety in SeOG
determines the charge distribution at the modified interface. This interpre-
tation is also supported by variation of the n coefficient, which approaches
the value for an ideal capacitor (n = 1) with increasing modification time.
At the same time, the Warburg impedance slope (o), Eq. 12 is, as expected,
almost insensitive to the surface modification. This proves that the mass
transport is localized in the solution phase only and the partition of the re-
dox probe between the solution phase and the adsorbed layer (as empha-
sized in%%) has no effect in this system. Small fluctuations in the solution re-
sistance (R,) are due to the uncontrolled changes in the position of the elec-
trolyte bridge tip.
TABLE 1I

Parameters of the Randles circuit for the SeOG-modified gold electrode with the estimated
percent errors in parentheses. The same experimental conditions as in Fig. 7

Modifica- CPE
tion time, ks Ra e

i " em? @ cm? y; at's"”em™? pFem
min Yo @V n g @ s em?

0 5.14(0.41)  2.16(1,93) 5.54-10-7(9.8) 0.864(1.72) 1_25,10'4(23) 29.1(0.26) 36.8(26.64)
30 2.79(0.85) 42.8(0.46) 3.92-10_8{1.23) 0.889(0.36) 3.32-10'5(5.57) 29.3(1.15) 14.6(6.04)
80 5.61(0.41) 780.3(0.26) 3.82- 10_7(1.06) 0.959(0.13) 2<23-10_5(2>l) 29.1(2.37) 18.6(2.17)

The Warburg impedance slope, o, was calculated using the fitting parameter Y|, for the War-
burg impedance as 1/(2-Yy). C was calculated as Yj(w,)™" (ref.5%®), were o, correspond to
the maximum Z” value in the Z'-Z" semicircle.
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Pinhole parameters have been determined by the method of Finklea et
al.8%, which consists of the analysis of the Faradaic impedance (Z;) depend-
ence on the frequency of the superimposed AC voltage, according to the
following relations:

, ) \1/2 1/2
7 R, o c (“’ +q ) +q
FTq 1/2 _ 2 5 (10)
1-6 o 1-6 w° +q
and L -
F (1)”2 1-0 (1)2 +qz :

where Z;, and Z} represent the in-phase and the out-of-phase components
of Z;, respectively. The amounts ¢ (Warburg impedance slope), R, (charge
transfer resistance) and g were defined as follows:

1/2
G=[£] RT/F i
D FAc
RT/F
R, ittt 13
" FAck® (13
D
. 14
T 03617 o

where D and ¢ represent the diffusion coefficient and the concentration of
the redox probe components, respectively, whereas &° is the standard rate
constant for the charge transfer reaction.

The Faradaic impedance was calculated by subtracting from the overall
value the contribution of the non-Faradaic components as determined in
the high frequency region. Typical patterns for Z; and Z; dependence on
o1/2 are presented in Fig. 7. Further, instead of performing a graphical anal-
ysis of each linear portions in the Z; vs o '/2 plot®Y, data have been sub-
jected to a non-linear curve fitting procedure, according to either Eq. (10)
or Eq. (11). R, ©, 8 and g have been the fitting parameters and  !2 the in-
dependent variable. Finally, D was calculated from Eq. (12) and introduced
into Eq. (14) to find r,; r; was determined from Eq. (8). Curves calculated by
Eqs (10) and (11) using numerical values of the fitting parameters were
plotted in Fig. 7; they matched very well the experimental values.
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Pinhole parameters are summarized in Table III, where 6 values satisfy
the condition 1 - @ < 0.1, in accord with the constraints of this model. At
the same time, the values resulting from the fitting by either Eq. (10) or
Eq. (11) are in a fair agreement, proving the validity of the model for this
system.

An inspection of the results in Table III demonstrates that both r, and ry
increase with increasing modification time, although 6 undergoes very
slight change. This effect may be interpreted as a result of pinhole coales-
cence leading to the formation of larger islets located at a larger distance

TasLE 111
Coverage degree and pinhole parameters for the SeOG-modified gold electrode

Modification

- . ' um
—— Fitting variable ~Coverage degree Iy pm Iy W

30 Zg 0.969 1.02 5.85

VAR 0.978 1.10 7.41

80 Zy 0.994 3.07 49.16

Z'; 0.996 2.88 38.46

10 -
G
(o]
=
<
N5 1
h=)
s
)
N
(V. 1
0.0 0.5 1.0
o V2 rad 12 s12
FiG. 7

Faradaic impedances (in-phase Z; () and out-of-phase Zy (A) components) recorded for the
gold electrode (No. 2) modified with SeOG. Adsorption time 30 min. Electrolyte: 0.1 M KNOs,
5 mm Ky(Fe(CN)gl, 5 mm K, [Fe(CN)gl. Frequency: from 20 kHz to 0.1 Hz (40 values equally dis-
tributed on a logarithmic scale). Lines represent the fitting curves according to Eqgs (10) and

(11

Collect. Czech. Chem. Commun. (Vol. 69) (2004)




Anchor for Self-Assembly at the Gold Surface 1991

from each other. This demonstrates that the adsorbate molecules experi-
ence some mobility, which manifests itself at longer modification times.
The coalescence of pinholes was also noticed previously for the dodecane-
1-selenol'® and benzeneselenol!® surface layers.

The good agreement with the microdisk array model implies that the
SeOG-generated SAM fulfils the restrictions of this model!!, namely rela-
tively uniform pinhole dimensions and spacing.

SeOG as an Anchor for Immobilization of Carotenoids at the Gold Surface

We present in this section two examples of SeOG applications in attaching
carotenoid derivatives (I and III) to the electrode surface. For convenience
of the synthesis, 6-(methylselanyl) hexanoyl grouping in II and III was at-
tached as the R? substituent in glycerol, in contrast to 5eOG where it ap-
pears in position 1. Experiments with 0?-(6-(methylselanyl)hexanoyl]glyc-

FiG. 8
Anodic reactions at the gold electrode No. 2 modified by compounds II (a) and III (b). The
same conditions as in Fig. la. Adsorption time 30 min. 7 Ist scan; 2 2nd scan; 3 steady state
curve
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erol in the adsorbed state at the gold surface showed that this behaves simi-
larly to SeOG. Modification of the gold electrode by compounds II and III
was performed by solution phase adsorption, as described in Experimental.
The surface was thereafter checked by CV scans in the anodic potential re-
gion as in Fig. 1a. As follows from Fig. 8, the presence of each compound at
the electrode surface is demonstrated by the anodic desorption peak A,
which is similar to that recorded with the SeOG-modified electrode (Fig. 1).
This proves that II and III have been attached to the gold surface through
the Se function. Both of them desorb during the first anodic scan (curves 7
in Fig. 8), as the second scan (curves 2) displays only the anodic wave for
gold oxide formation. In both cases, the second scan (curves 2) is close to
the steady state curve (3) proving that most of the surface layer was de-
sorbed during the first anodic scan, as it happens with SeOG itself (Fig. 1a).
The fact that peak B shows only a minute increases from the first scan to
the steady state curve points to the same conclusion.

In addition, both II and III induce the anodic peak D, which is missing in
the case of SeOG (Fig. 1a, curve 7). An anodic peak like D was previously de-
tected with 4’-thioxo-B,B-caroten-4-one chemisorbed on the gold surface
via sulfuri®43, Consequently, peak D was assigned to the anodic oxidation
of the polyene fragment R? (Table I, II and III), which is a carotenoid resi-
due. In accord with the current view, the first step in such a reaction should
be the formation of a cation-radical®®. In the absence of a nucleophile, this
may be further oxidized to a dication. However, in our experiments, the
electroactive surface layer is in contact with water that may react immedi-
ately with the primary product. Such a process is favored in the case of III
whose molecule contains the hydrophilic phosphocholine residue. Under
these circumstances, the inactivation of the primary product proceeds
faster. As a consequence, the peak D for III develops at a less positive poten-
tial as compared with II. At the same time, both peaks A and D are more in-
tensive for II (Fig. 8a) than for III (Fig. 8b), proving that the phospho-
choline substituent constrains the compound III adlayer to adopt a less
densely packed morphology.

The above results demonstrate that SeOG may act as a convenient bridge
for attaching highly-unsaturated compounds like carotenoids to the gold
surface. In addition, binding of a second moiety to glycerol allows prepar-
ing mixed surface layers. Further details will be reported in a forthcoming

paper.
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CONCLUSIONS

SeOG interaction with the gold surface leads to the formation of a rather
stable and compact adsorbed layer, which shows much of the characteris-
tics of a short-chain alkanethiol SAM. Thus, the adsorbate binds irreversibly
to the metal surface and the metal-adsorbate bond has a strongly polar
character, as demonstrated by the charge transfer process that accompanies
the cathodic desorption. Also, the anodic oxidative reaction reminds of the
behavior of adsorbed alkanethiols.

It was demonstrated that SeOG adsorption is accompanied by the cleav-
age of the C-Se bonds and that the adsorbed layer consists mostly of SeHG.
This behavior contrasts with that of dialkyl thioethers, which adsorb in the
intact form. The reason for this difference may be the difference in the
chemical bond strength for C-S and C-Se (714.1 and 590.4 k] mol™! at 298 K,
respectively), in diatomic molecules®.

SeOG may act as a convenient bridge for attaching organic compounds to
the gold surface through the ester function as evidenced in this paper for
carotenoid and phosphocholine derivatives. Further applications of SeOG
as an anchor for amine derivatives (including amino acids, peptides and
proteins) may be envisaged. In such case, cyanogen bromide or cyanuric
chloride would be suitable coupling agents®’.

SYMBOLS
A area of the electrode surface
¢ concentration
c capacitance
D diffusion coefficient
f frequency
F Faraday constant
K standard rate constant for the charge transfer reaction
K, constant in the diffusion-controlled Langmuir model (Eq. (5))
n the exponent of the CPE (0 < n< 1)
Q, total charge for the peak A on the i-th scan
(01 charge for the anodic desorption on the i-th scan
O charge for gold oxide formation on the i-th scan
(] charge for oxygen evolution plus contributions by the double layer modifica-
tions on i-th scan
Q, charge for the peak B
Q, total charge for anodic desorption
Q, normalized desorption charge (Eq. (3))
Q., the limiting value of the normalized charge
T, average radius of disk-shaped pinholes
T, average half-distance between pinholes
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—_

SO ENS LA WN =

gas constant

charge transfer resistance

ohmic resistance of the solution
time

temperature

the ideal capacitance

Faradaic impedance

the in-phase component of Z;

the out-of-phase component of Z;
impedance of the constant phase element
frequency shift

surface concentration at equilibrium
coverage degree

angular frequency

slope of the Warburg impedance
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Abstract

Enantiomers of glycerophospholipids show low or no optical activity. Accordingly,
optical activity was not observed with the (R)-enantiomer of a highly unsaturated
carotenoyl lysophospholipid in molecular solution. In spite of this, strong Cotton
effects are detected in water. The amphiphilic carotenoid-phospholipid monomers
associate to aggregates, whose optical activity is created by oligomeric entities. These
small helical assemblies cannot exist independently. Yet, the calculated octamer
represents the simplest repeating primary unit sufficiently expressing the absorption
properties and supramolecular optical activity.




Introduction

The chiroptical properties of glycerolipids are rarely investigated, while the two other
groups of vital biomolecules, carbohydrates and proteins with their well-established
exclusive building blocks of D-sugars and L-amino acids, receive a lot of attention.
Despite the fact that the biosynthesis of lipids also results in only one specific
enantiomer, a chiral, functional discrimination of enantiomeric lipids has hardly been
found. Membranes consist of pure phospholipid enantiomers, but with respect to
penetration and other physical properties, phosphocholines behave as achiral
molecules.*! It was only recently that a decisive enantiomeric interaction between
odorants and lipids was detected in the olfactoric system.' Another reason for
neglecting chiroptical investigations of glycerolipids is their invisibility.
(Phospho)lipids show notoriously low or no specific rotations, likewise, electronic
optical activity (EOA) is weak or absent due to the lack of chromophores."’

The few natural chromophoric lipids contain ajenoic acids C12:5, C14:5 in
triglycerides'® and parinaric acid C18:4 in phophatidylcholines.!” The CD, or
fluorescence detected CD (FDCD), of these lipids has not yet been measured, nor
have chiral lipids been prepared from synthetic conjugated tetraenic fatty acids.® In
any case, the acyl chains in these unsaturated lipids are only partly accessible by
EOA-spectroscopy. In various attempts to introduce chromophores, phospholipids
with stilbene, biphenyl, terphenyl and azobenzene fatty acids have been
synthesized.'"! Likewise, a glycerophosphatidylcholine enantiomer with
styrylthiophene acyl groups was synthesized, devoid of optical activity.!'?
Undoubtedly, the mentioned lipids contain rather xenobiotic acyl groups and are,
therefore, different from lipids of naturally occurring fatty acids.

For historical reasons OA is restricted to wavelengths from 200-800 nm. Although the
accessible chiroptical spectral range has successively been enlarged to both lower and
higher wavelengths, enantiomers resist being defined as “optically inactive” when no
signal in the classical wavelength scale is detected. Thus, the highly unsaturated
carotenoylphospholipid (R)-6 (in MeOH), not exhibiting EOA in the usual accessible
range of the dichrograph, (Figs. 1a, 1c), is considered optically inactive. However,
(R)-6 shows optical activity in water, Fig. 1a. The chiroptical properties of (R)-6
result from self-assembling of optically inactive monomers to supramolecular
structures.'>' By calculating the absorption and CD spectra of a manifold of
oligomeric structures we found that a helical oligomer composed of approximately
eight monomers may serve as a basic unit explaining satisfactorily the spectroscopic
properties of (R)-6 aggregates.

We report here on the synthesis of lysophospholipid (R)-6, on its chiroptical
properties and the calculation of a basic aggregation unit.

Results and discussion

Lysocarotenoylphosphatidyl choline ((R)-6) was synthesized in low yield by reacting
the natural (+)-(2R)-glycero-3-phosphocholine (3-sn-GPC) ((R)-1) with the rigid and
fully chromophoric carotenoic acid (C30-acid)">!9 2 in the presence of imidazol 3,
DCC (4) and DBU (5),'”) Scheme 1. Dissolved in methanol, carotenoid derivative
(R)-6 did not show EOA, Figs. 1a, 1¢."® A chiral perturbation of the polyene chain is
not expected to occur in (R)-6 and, in addition, Cotton effects (CE) in the absorption




region of the polyene chain above 400 nm are difficult to detect. 119200 1y some
colorless glycerides weak CE were observed around 220 nm (n-rt* transmons of the
ester group), (21241 sometimes with opposite signs for the same enantiomer.” The
measurement of the weak specific rotation of lysophospholipids requires high
compound concentrations (3-5%). (261 Such deep orange colored solutions of (R)-6 are
not transparent and, therefore, hardly detectable in the polarimeter.*”)

Optically inactive enantiomers®®*) have been, incorrectly, called “cryptochiral”,
because “chirality” frequently, but inadmissibly, is considered to be equlvalent with
EOA.B%** The more appropriate and descriptive term ¢ cryptoactwe for glyceride
enantiomers without detectable EOA has been largely ignored. 5] Nevertheless, we
will rank the carotenoylglycerophospholipid (R)-6 to the class of cryptoactwe
compounds or to compounds with accidental optical inactivity.?®
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Fig. 1. CD-spectra la, absorptions spectra 1b (300 - 600 nm) and CD- and absorption
spectra lc (200 - 400 nm) of (R)-6, path length=1 cm, ¢=2 x 10° M > critical
micelle concentration ¢,, = 1.5 x 10~ M.

In water, the amphiphilic carotenoylphospholipid (R)-6 forms clear, orange colored
dispersions, mostly of aggregates with an average size of 6 nm.["*'"" The strong
absorption band of the monomeric solution observed at 445 nm in methanol (n—n*
transitions of the polyene chain, Fig. 1b) splits in water into two exciton bands, a
prominent signal at 380 nm in the H-aggregate and a slightly visible shoulder at 510
nm in the J-aggregate region.***”! The association of monomers into aggregates
accelerated at higher temperature, the intensity of the CE increased when standing at
35 °C, Fig. 1a. While the flat line in the CD-spectrum convincingly proves the lack of
CE in the molecular solution of (R)-6 (in methanol) the CD spectrum of (R)-6 in




water showed strong CE (Fig. 1a), a positive signal at 410 nm, a strong negative band
in the absorption region of the polyene chain (445 nm) and again a positive band at
520 nm. Since simply water was added to optically inactive (R)-6 the obtained CE can
only be generated from induced optical activity, originating from a chiral association
of (R)-6 monomers. In principle, the observed optical activity of the aggregates could
arise from a handed orientation of all monomers in a possibly existing unilamellar
vesicle."*'" However, it is also possible that few monomers first associate to small
primary units, which then constitute the supramolecular structure. In order to
determine the origin of EOA in the aggregates we tried to simulate the absorption and
CD spectra. At first sight, the experimental CD spectrum seems to be a mixture of
blue-shifted negative and red-shifted positive exciton couplets. The most simple
model explaining such type of spectral behavior may be a tetramer with both right and
left handed overlay anigles. Molecular mechanics calculations were performed using
the Sybyl 6.6 program™®! to find a minimum energy conformation. The calculated
tetramer (Fig. 2) appeared to be in accordance with the spectral data.

%_ N h " _ L O | o e il ¢
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Fig. 2 The simplest basic unit with both negative H-type and positive J-type
arrangements

However, the tetramer arrangement did not fullPx recognize the exciton interactions
according to the excitation model of Buss et al.*! In order to account for these
interactions two tetrameric substructures were combined and optimized using
Molecular Dynamics (MD) and Force-Field-CVFF“**? calculations in the
DISCOVER-program.**! The UV-Vis and CD spectra of the aggregates could then be
simulated with the carotenoid acid 2 in the AM1-model applying a configuration
interaction (CI) with three occupied and two unoccupied MOs and considering singly
as well as doubly excited configurations. The lowest excitation was calculated for 519
nm with a transition moment of 2.74 D. These values were then used within the
excitation model employing the dipole-dipole approximation. The computation
resulted finally in a structure (Fig. 3), which satisfactorily explains the recorded
spectra (cf. Fig. 4).

We conclude therefore that oligomers with the approximate size of 8 form the primary
units leading to the observed chiroptical absorption."** The configuration of these
oligomers is determined by the stereogenic center in the hydrophilic part of
monomeric (R)-6. The CD-spectra express supramolecular chirality of the aggregates



resulting from a helical P-orientation of the polyene chain in the calculated oligomer,
Fig, 3.

Fig. 3 Optically active P-oligomer unit, built from eight optically inactive (R)-6
monomers

Basic units in aggregates have rarely been reported,**” e.g. the monomers of the
mentioned styrylthiophene phospolipid create a tetramer unit.!'! The formation of
aggregation units is in accordance with the observation of quantized aggregation
numbers AN,"*” where the total AN can only be a multitude of monomers in the
primary aggregation unit,

Aggregates of chiral carotenoids often show characteristic exciton couplets in the CD-
spectra caused by chromophore overlapping in specific, ordered arrangements. "
Such ordered arrangements are not encountered in the oligomer discussed here. The
inadequate agreement of the maxima, minima and zero point crossings of the CD
spectrum with that of the absorption spectrum reflects the rather irregular structure of
the calculated oligomer. Further, it follows from Fig. 3 that no defined H- or J-
arrangements exist in the depicted octamer. The interchromophoric geometry of the
molecules in the octamer causes a shift of the absorption maxima to shorter as well as
to longer wavelengths,
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Fig. 4 Absorption (4a) and CD (4b) spectra: the calculated spectra are calibrated by
+40 nm for better adjustment.

A basic unit, such as the selected octamer, cannot exist as an independent entity in
water, since the polar and non-polar groups are oriented in an unfavorable position. In
addition, dynamic light scattering measurements did not detect oligomeric particles
corresponding in size to the association of eight monomers.">' Therefore, we define
the oligomer unit as the lowest spatial extent of monomer association inheriting all the
spectroscopic and chiroptical properties of the aggregates. Such basic units in
agpregates could possibly be compared with elementary (Bravais) units in crystals.
Aggregate formation is sensitive to subtle experimental conditions. Besides the
absorption at 380 nm, Fig. 1b, aggregate dispersions absorbing at 390 or 400 nm were
sometimes observed suggesting the gossible presence of other oligomer structures in
these higher absorbing aggregates.'*!




The few known CE of glycerophospholipid aggregates arise from the ester carbonyl
group located in the hydrophilic part of molecules at the exterior of the
aggregates.”>*) In contrast, the CE of (R)-6 are formed by the hydrophobic polyene
chromophore and correspond to molecular interactions inside the aggregates
(micelles) or inside the membrane (lamellar vesicles). Aggregates of (R)-6 should
possess an enantiomorphous membrane with the potential to differentiate
enantiomeric reactants. In a preliminary experiment the membrane opening protein
melittin did not disrupt the membrane of (R)-6, demonstrated by the absent of energy
and electron transfer in flash photolysis experiments.

Conclusion

Reviewing our experimental results and molecular calculations we conclude that the
highly unsaturated, optically inactive glycerophospholipid (R)-6 forms in water
enantiomeric primary units of moderate size: an octameric oligomer may represent the
simplest repeating unit, satisfactorily expressing absorption properties and
supramolecular EOA.

It appears reasonable to hypothesize that other (crypto)optically active glycerolipid
monomers also may associate to small, enantiomeric units within supramolecular
assemblies.
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Experimental

The product was isolated by means of flash chromatography (Silica 60A 40-63 mm,
SDS). The column was prepared with CHCls, the product solved in CHCI; and
cluated with CHCl3/CH30H (80/20), gradually increasing water and methanol to
CHCI/CH3;0H/H,0 (40:50:10). Smaller amounts were purified on analytic DC plates
(Silika 60 F254, Merck) with CHCl3/CH30H/H,O (40:50:10) as eluent. The product
yield was determined from the VIS spectrum.?

(R)-1-(B-Apo-8'-carotenoyl)-3-glycerophosphocholin [(R)-6] The intermediate
carotenoylimidazol was synthesized reacting f3-apo-8'-carotenoic acid 28 (77 mg,
0,18 mmol) with 1,1'-carbonyldiimidazol (3) (292 mg, 1,8 mmol) and 1,3-
dicyclohexylcarbodiimid (4) (371 mg, 1,8 mmol) solved in CHCl3 (10 ml). The
reaction mixture was stirred under nitrogen (20 °C, 4 hours). sn-1-
Glycerophosphocholine ((R)-1) (100 mg, 0,39 mmol), [a}_f]z -2.5° ¢=0,05 g/ml

H20, p=0,88, ([, ] = -2.84°, ¢ = 0.088 g/ml H,0%) and 1,8-

diazabicyclo[5.4.0Jundec-7-en (5) (119 mg, 0,78 mmol), solved in DMSO, were
added to the solution and the reaction mixture was stirred under nitrogen (40 °C, 24
h). The solution was washed with saturated NaCl (aq) to remove most of DMSO and
then dried over Na,SO,. After evaporation of solvent under reduced pressure
chromatographice work-up gave (R)-6 (5 mg, 4%). UV-Vis in MeOH and H,O: Fig.
1b, ¢. CD in MeOH and H,0: Fi%. 1a, ¢. The 'H and *C-spectra did not indicate
isomerisation by acyl migration.”*)

Attempt for membrane disruption: Phospholipid (R)-6 in water was irradiated with
rose bengal as senzitizer. The transient absorption spectra of carotenoid triplets (car)
or of carotenoid cation radicals ( car ) could not be observed. Melittin (Bachem) was
added and, after few minutes, the solution was irradiated. Again, no energy or
electron tranfer occurred. The photophysics of (R)-6 and other water dispersible
carotenoid will be published elswhere.

Description of the calculation methods

Calculation of the tetrameric structure: Molecular mechanics (MM) calculations have
been performed by the Sybyl 6.6 program.”*® on a Silicon Graphics Octane
workstation under Irix 6.5 operating system. The MM calculations were based on
MMFF94 force field[55] applying energy minimization by the conjugate gradient
technique with 0.001 kcal/mol-A gradient. Tetramers were built up from energy-
minimized monomers using the dock command of Sybyl.¥!

Calculation of the octameric structure: Molecular dynamic (MD) calculations were
performed by the Discover 2.9.7 program®™ on SGI ORIGIN 2000 mainframe under
Irix 5.1 operating system. The applied force filed was CVFF.“"*?1 In order to
determine the conformational space the starting geometry was first equilibrated at
300K for 500 ps followed by slowly cooling to 100K. The final geometry was
obtained by the steepest descent technique for 1000 steps and finally by the conjugate
gradient with 0.001 kcal/mol-A gradient. AM1 (MOPAC 93, Fujitsu Limited,
PentiumIIl, 700 MHz, Windows NT4.0) method with a CI of the 3 highest occupied
and the 2 lowest unoccupied MOs was used to calculate the excitation energies and
transition moments. The individual transition moments were superimposed on the
individual molecules within in the aggregates. Applying the principle of dipole-dipole
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interactions,” an energy matrix was constructed and diagonalized as usual. In this

way the eigenvalues and, thus, the excitation energies of the aggregates and the
corresponding oscillatory and rotatory strengths were obtained.
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